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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. P ost-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. 



      

Current Developments in Agricultural
  
Biotechnology and Food Security
 

Series Editor: 
Charles Oluwaseun Adetunji 

This series intends to provide comprehensive coverage of sustainable modern technologies, aimed 
at the improvement of food production via agriculture and food biotechnological techniques. The 
proposed suite of books focusses on topics in agricultural microbiology, biotechnology, food sci­
ence, crop production, p ost-harvest management, aimed at both basic and advance food and agri­
cultural biotechnology. The series seeks to discuss and provide foundational content from bench to 
bedside in food microbiology, agricultural and food biotechnology. The Series’ goal is to enhance 
knowledge, and present update on hot topics in the field of the Agricultural Biotechnology specifi­
cally, the series aims to translate results and recent findings of studies into enhanced food produc­
tion. This is primarily intended for researchers, students in Food and Agricultural Biotechnology at 
the graduate level and above, including those working in academic, corporate, or n on-profit settings. 

Agricultural Biotechnology
 
Food Security Hot Spots
 

Edited by Charles Oluwaseun Adetunji, Deepak Gopalrao Panpatte and 


Yogeshvari Kishorsinh Jhala
 

For more information about this series, please visit: www.routledge.com/C  urrent-D evelopments-i n­ 
Agricultural-Biotechnology-and-Food-Security/book-series/CRCABFS 

www.routledge.com/Current-Developments-inAgricultural-Biotechnology-and-Food-Security/book-series/CRCABFS
www.routledge.com/Current-Developments-inAgricultural-Biotechnology-and-Food-Security/book-series/CRCABFS


Agricultural Biotechnology
 
Food Security Hot Spots
 

Edited by
 

Charles Oluwaseun Adetunji
 
Deepak Gopalrao Panpatte
 

Yogeshvari Kishorsinh Jhala
 



     
       
     

  

MATLAB® is a trademark of The MathWorks, Inc. and is used with permission. The MathWorks does not warrant the 
accuracy of the text or exercises in this book. This book’s use or discussion of MATLAB® software or related products 
does not constitute endorsement or sponsorship by The MathWorks of a particular pedagogical approach or particular 
use of the MATLAB® software. 

Designed cover image: Shutterstock 

First edition published 2023
by CRC Press
6000 Broken Sound Parkway NW, Suite 300, Boca Raton, FL 3 3487-2742 

and by CRC Press
4 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN 

CRC Press is an imprint of Taylor & Francis Group, LLC 

© 2023 selection and editorial matter, Charles Oluwaseun Adetunji, Deepak Gopalrao Panpatte and Yogeshvari 
Kishorsinh Jhala; individual chapters, the contributors 

Reasonable efforts have been made to publish reliable data and information, but the author and publisher cannot 
assume responsibility for the validity of all materials or the consequences of their use. The authors and publishers 
have attempted to trace the copyright holders of all material reproduced in this publication and apologize to copyright 
holders if permission to publish in this form has not been obtained. If any copyright material has not been acknowl­
edged please write and let us know so we may rectify in any future reprint. 

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or 
utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including pho­
tocopying, microfilming, and recording, or in any information storage or retrieval system, without written permission 
from the publishers. 

For permission to photocopy or use material electronically from this work, access www.copyright.com or contact the 
Copyright Clearance Center, Inc. (C CC), 222 Rosewood Drive, Danvers, MA 01923, 9 78-7 50-8400. For works that are 
not available on CCC please contact mpkbookspermissions@tandf.co.uk. 

Trademark notice: Product or corporate names may be trademarks or registered trademarks and are used only for 
identification and explanation without intent to infringe. 

ISBN: 978-1-032-21446-7 (hbk)
ISBN: 978-1-032-21448-1 (pbk)
ISBN: 978-1-003-26846-8 (ebk) 

DOI: 10.1201/9781003268468 

Typeset in Times
by codeMantra 

http://www.copyright.com
mailto:mpkbookspermissions@tandf.co.uk
https://doi.org/10.1201/9781003268468


v

Contents
Preface...............................................................................................................................................ix
Editors................................................................................................................................................xi
Contributors.................................................................................................................................... xiii

Chapter 1	 Agricultural System Modeling and Analysis................................................................1

Sherine F. Mansour and Nabil Ibrahim Elsheery

Chapter 2	 A Discourse beyond Food Security and Environmental Security: 
Dear Epistemic Community, Should We Consider Agro-Security?...........................23

Ayodeji Anthony Aduloju and Temitayo Adedeji Adedoyin

Chapter 3	 The Epistemic Communities, Food and Agriculture Organisation (FAO) 
and Food Security in the Third World........................................................................ 33

Ayodeji Anthony Aduloju, Victoria Akinyemi Omolara and  
Temitayo Adedeji Adedoyin

Chapter 4	 Recent Advances in Application of Biostimulants Derived from Beneficial 
Microorganisms: Agriculture and Environmental Perspective................................... 47

Chioma Bertha Ehis-Eriakha and Charles Oluwaseun Adetunji

Chapter 5	 Genome Engineering in Agriculturally Beneficial Microorganisms 
Using CRISPR-Cas9 Technology................................................................................ 89

Darshan T. Dharajiya, Yogesh R. Patel, Kapil K. Tiwari and L. D. Parmar

Chapter 6	 AI-Based Agricultural Knowledge System............................................................... 111

Sherine F. Mansour and Nabil Ibrahim Elsheery

Chapter 7	 Augmentation of Precision Agriculture by Application of Artificial Intelligence.... 127

Binny Naik, Ashir Mehta and Manan Shah

Chapter 8	 Modes of Action of Beneficial Microorganism as a Typical Example of 
Microbial Pesticides.................................................................................................. 157

O.P. Ikhimalo and A.M. Ugbenyen

Chapter 9	 Genetically Modified Orange: From Farm to Food the Undiscovered 
Medicinal and Food Benefits.................................................................................... 169

Charles Oluwaseun Adetunji, Muhammad Akram, Olugbenga Samuel 
Michael, Benjamin Ewa Ubi, Chioma Bertha Ehis-Eriakha, Arish Sohail, 
Juliana Bunmi Adetunji, Hina Anwar, Oluwaseyi Paul Olaniyan, Khurram 
Shahzad, Mehwsih Iqbal, Wadzani Palnam Dauda and Neera Bhalla Sarin



vi Contents

Chapter 10	 Advancing Aquaculture with Artificial Intelligence................................................. 189

Nivedita Patel, Shireen Patel, Pranav Parekh and Manan Shah

Chapter 11	 A Computational Approach for Prediction and Modelling of Agricultural 
Crop Using Artificial Intelligence............................................................................. 215

Het K. Patel and Manan Shah

Chapter 12	 Artificial Intelligence in Crop Monitoring................................................................ 247

Dineesha Soni, Priya Patel and Manan Shah

Chapter 13	 Application of Microbial Enzyme in Food Biotechnology....................................... 259

Oseni Kadiri, Temitope Omolayo Fasuan, Charles Oluwaseun Adetunji, 
Deepak Panpatte, Olugbenga Samuel Michael, Daniel Ingo Hefft and  
Juliana Bunmi Adetunji

Chapter 14	 Nanosensor Technology for Smart Intelligent Agriculture....................................... 267

Suresh Kaushik

Chapter 15	 Artificial Intelligence-aided Bioengineering of Eco-friendly Microbes for 
Food Production: Policy and Security Issues in a Developing Society.................... 301

Wilson Nwankwo, Charles Oluwaseun Adetunji,  
Kingsley Eghonghon Ukhurebor and Ayodeji Samuel Makinde

Chapter 16	 Recent Developments and Application of Potato Plant-Based Polymers.................. 315

Omorefosa Osarenkhoe Osemwegie, Abiola Folakemi Olaniran, 
Clinton Emeka Okonkwo, A. Adewumi, Oluwakemi Christianah Erinle,  
Godshelp Osas Egharevba, Adejumoke Abosede Inyinbor and 
Charles Oluwaseun Adetunji

Chapter 17	 The Introduction of Biotechnology into Food Engineering...................................... 339

Daniel Ingo Hefft

Chapter 18	 Plant Resident Microorganisms: A Boon for Plant Disease Management................ 347

Ajit Kumar Savani, E. Rajeswari, Bandana Saikia, Ashok Bhattacharyya 
and K. Dinesh

Chapter 19	 Application of Remote Sensing in Smart Agriculture Using  
Artificial Intelligence................................................................................................ 357

Krishi Godhani, Adit Patel, Devdutt Thakkar and Manan Shah



vii Contents 

Chapter  20	  Trends in Processing, Preservation of Tomatoes and Its Allied Products:  
A Review  .................................................................................................................. 371 

Abiola Folakemi Olaniran, Omorefosa Osarenkhoe Osemwegie, 
 
Oluwaseun Peter Bamidele, Yetunde Mary Iranloye, 
 
Clinton Emeka Okonkwo, Charles Oluwaseun Adetunji and 
 
Oluwakemi Christianah Erinle
 

Chapter  21	  Relevance of Natural Bioresources and Their Application in Pharmaceutical, 
Food and Environment ............................................................................................. 379 

Olugbemi T. Olaniyan and Charles Oluwaseun Adetunji 

Chapter  22	  Genetically Modified and Wild Potatoes: Depository of Biologically Active 
Compounds and Essential Nutrients  ........................................................................ 385 

Charles Oluwaseun Adetunji, Muhammad Akram, Olugbenga Samuel 
Michael, Benjamin Ewa Ubi, Oluwaseyi Paul Olaniyan, Rabia Zahid, 
Ruth Ebunoluwa Bodunrinde, Rumaisa Ansari, Juliana Bunmi Adetunji, 
Areeba Imtiaz, Osahon Itohan Roli, Wadzani Palnam Dauda and 
Neera Bhalla Sarin 

Chapter  23	  Recent Advances in the Application of Metagenomic in Promoting Food 
Security, Human Health, and Environmental Sustainability ...................................409 

Olugbemi T. Olaniyan and Charles Oluwaseun Adetunji 

Index .............................................................................................................................................. 415
 



https://taylorandfrancis.com


ix 

   
   

  

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 C RISPR-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 p ost-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 0 1760-2098 USA 
Tel: 508-647-7000 
Fax: 508-647-7001 
E-mail: info@mathworks.com 
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1 Agricultural System 
Modeling and Analysis

Sherine F. Mansour
Desert Research Center

Nabil Ibrahim Elsheery
Tanta University

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 r eal-world “s ystems” which consists of s pecialist-defined com­
ponents. To assess overall device behavior, these components communicate with each other and 
their environment (W allach 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 r eal-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 ag ro-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 (V ries 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 
(F  igure 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 (H eady, 1957; Heady and Dillon, 1964). This early work during the 
1950s through the 1970s inspired additional economic modeling. 

Dent and Blackie (1 979) 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 f orward-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 (W orthington, 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 (C oleman 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 (D uncan et al., 1967) is an enduring development 
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Timeline of Significant Events 

1950 1960 1970 1980 1990 2000 2010 2020 
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Food Security 

1950’s deWit and 
van Bavel early 
computational 
analysis of plant and 
soil processes 

1950-1970s 
Demand for policy 
analysis of rural 
development 

1960-1970 
Pioneer water 
balance modeling 

1964-1974 
International 
Biological Program 

1965 
UK releases animal 
nutrient require-
ment for modeling 
livestock 

1965-1970 
Early crop 
models-photosyn­
thesis and growth 

1969-1982 
Regional to global 
collaborative 
modeling efforts 
initiated (US and 
Australia-cotton). 
BSSG, IBP, IPM) 

1974-1978 
FAO developed 
Land Evaluation 
& Agroecological 
zoning methods 

1980’s 
Internet world 
wide web 
development 

1976 Launch of 
the first issue of 
Agricultural 
Systems journal 

1980s Development 
in quality theory, 
nonlinear optimi­
zation 

1980 Soil and 
Water Resources 
Conservation Act 

1990 
Publication of first 
IPCC climate 
change assessment 

1970s 
Development of 
early livestock herd 
dynamics models 

1970s 
Early work on 
simulation-based 
decision support 
systems 

1970s 
G. Conway devel­
oped integrated 
Pest management 
systems concepts 

1981-1984 
Personal Computer 
revolution led by 
IBM and Apple 

1990-present 
Emphasis on 
integration of 
livestock models at 
farm to national & 
global scales 

1991-present 
Australia develops 
new APSRU group 
for applied modeling 

1993-2011 
International 
Consortium for 
Agricultural Systems 
Applications 
(ICASA). 

2001-2003 
European Society 
Agronomy publica­
tion on modeling 
ag systems 

2006 
Representation of 
Co2 effects in crop 
models challenged 

2000s 
Increasing interest 
in GHG mitigation, 
ecosystem 
services 

2005-2009 
EU funding of the 
SEAMLESS project 

2005-2010 
Development of 
Earth system 
model components 
of GCMs 

2000’s 
Construction and 
release of global 
datasets for ag 
system modeling 

1982-1986 
CERES, GRO, and 
SARP Models 
initiated (USA and 
Netherlands) 

1984-present 
Dutch support of 
SARP, rice model 
development 

1986 
Launch of IGBP by 
International 
Council for Science 

1990s-2010s 
The molecular 
genetics revolution 

1998 Initiation of 
open source 
software movement 

1972-1974 
Soviet Union 
purchase of US 
wheat reserves 

1980s 
New CGIAR Center 
assessment of 
economic returns 
to investments 

1983-1993 
USAID-funded 
tech transfer 
IBSNAT project 

1980s-1990s 
Development of 
economic models 
for risk management 

1990s-2000s 
Sustainable 
agriculture move 
ment environmen­
tal concerns 

2010 
AgMIP (Agricultural 
Model Intercompar 
ison and Improve­
ment Project) 
created 

2010s 
Increasing 
successes in 
combining crop 
models and 
molecular genetics 

2010s 
Increasing interests 
by the private 
sector in ag 
models 

2013-present 
Increasing 
realization of food 
security challeng­
es, feeding > 9 
billion pepole 

See Table 1 for more key 
events and descriptions 

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 c rop-specific simulation models (f or corn, cotton, and 
peanut, Duncan, 1972). Bouman et al. (1 996) 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 c uriosity-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 (P inter 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 C ERES-Wheat 
and C ERES-Maize crop models by Joe Ritchie and his colleagues in Texas (R itchie and Otter, 1984; 
Jones and Kiniry, 1986). These two models have continually evolved and are now contained in the 
DSSAT suite of crop models (J ones 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 (C onway, 1987). In 
1972, the s o-called Huffaker Integrated Pest Management (I PM) 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 (P imentel 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 (a s 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 (D empster, 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 (1 982) identifies four purposes for systems models: (i ) description, (i i) predic­
tion, (i ii) postdiction, and (i v) 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 a fter-t he-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 
( i) in the process of designing the model structure, or (i i) 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 (F orcella et al., 
1992). Model design experiences often lead to revised priorities for future data collection research, 
based on data gaps defined (D alton, 1982). Hence, systems modeling may provide value not just 
through the e nd-product model developed, but also through the development process itself. 
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FIGURE  1.2 The main resources (l and, 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 (n atural, social, and economic). Note that besides various kinds of vegetation (“c rops”), 
land may support other uses such as silos, waterways, buildings, and tracks. (J ones 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 (F  igure 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 “s ystem” 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 “c lass” (S pedding, 1976). Examples range 
from assessing beef intensification options for a particular site (O gle and Tither, 2000), through a 
group of local farmers seeking improved lamb and ewe performance (W ebby, 2002), to designing 
 resource-efficient dairy technologies for application on a national scale (C lark, 2002). A “f arming 
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 (S pedding 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 (M enz 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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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 

Farm Environment
and Chance

Outcomes

Farm Site, and
Initial Conditions

Farm Management
Policy

Farm Structures,
Management Mechanisms,

Biophysical Processes

FIGURE 1.3  The factors that determine the outcomes of a farming system.
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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 m icro-level plant and animal components to the individual organism to the field, to 
the whole farm, to multiple farm enterprises and multiple farm businesses (s ometimes 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 m acro-economy (o f 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 (C onway, 1987). 
Ridder ( 1997) proposes ag ro-ecosystem hierarchies that integrate space, time, and organization ele­
ments. He observes that in the same space and time, different (e ven 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, l arger-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. 

The first challenge relates to the implementation of modeling outcomes into farming policies and 
structures. In the late 1970s, Roberts (1 977) 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, “t his has not 
generated conspicuous or sustained enthusiasm among farmers or their advisors” for m odel-based 
interventions into farming practice (M cCown, 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 (M ueller, 1993; McCown, 2001, 2002a). In response, 
Lynch et al. (2 000) and McCown (2 002b) argued that “d evelopment methods such as participatory 
or a dopter-based approaches will lead to systems that are perceived as more useful,” compatible 
with user needs and processes, being “e  asy-t o-use and thus, adopted more readily” (L ynch et al. 
2000; Rogers, 2010). Reports from recent case studies where participatory approaches have been 
trialed show promise (H ochman 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 (R oberts, 1977). 

The second challenge relates to problem articulation. Researchers commonly insist that any 
research project must begin by defining the research problem (B unge, 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 l and—the wider community finds ways to impose its values through mechanisms such as 
regulations, taxes, and social pressure (V alentine 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 (1 985) argued that the methodology 
of systems engineering, based on defining goals or objectives, simply does not work when applied 
to messy, i ll-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 (a ddressing 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. 

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 (S orrenson 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 (“ca  lendar-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. 

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 (2 004) argued that since simulation 
models are simplified representations of reality, outputs should be interpreted by comparison with 
other model outputs (b ased 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 (w hich are partially known), and on the future weather (w hich 
is almost completely unknown) (R omera 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 (o r show promise) in addressing these four con­
cerns. These approaches are grouped under two headings: 

•  Establishing project aims and stakeholder relationships. 
•  Model design and development. 

1.8   EVOLUTION OF MODELING APPROACHES IN FARMING SYSTEMS 

Several authors have provided helpful conceptual models of the farm (D illon, 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 (F  igure 1.5a). This 
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FIGURE   1.5 A ‘c ybernetic’ 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 ‘S ystems Analysis and Intervention’ element. (S orrensen and Kristensen, 1992.) 

is a classic data flow diagram from the field of structured systems analysis (J ayaratna, 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 F igure 1.5a is ‘a djustment’. 

Analysis is deemed warranted when a decision about ‘a djustment’ is problematic and interven­
tion might ‘he lp farmers make more rational decisions’. In F igure  1.5b, a scientifically rational 
Systems Analysis and Intervention element is  introduced —a ‘n otional system’ in the data flow 
diagram conventions of Jayaratna (1 986). To date, we recognize six types of systems of analysis and 
intervention having been used in farming systems (T  able 1.1). Type 1, economic decision analysis, 
was underway prior to the advent of f arm-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 T able 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 (T ype 2), e.g. crop models, 
as an opportunity to overcome this deficiency in the way production processes were represented 
in farm economic models (A nderson and Dent, 1971; Dent and Anderson, 1971; Anderson, 1974). 

Prominent efforts were sustained in b io-economic modeling (T ype 3) for most of 20  years (a nd 
optimism for much of this period), by Dent and his students (B lackie and Dent, 1974; Dent, 1975; 



 

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 
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TABLE 1.1 
Approaches to Systems Analysis and Intervention that Have Been Applied to Farming 
Systems 

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 (B lackie 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 ‘p er 
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 ‘s keleton’ model which represents the logical structure and includes 
only the basic parameters of the real system. Such a model becomes functional only when ‘c oupled’ 
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 l ow-cost enhancements of their normal monitoring of the production system 
and the external environment (F  igure 1.5a). Thus, at the interface between the Production system 
and the Management system in F igure 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 v is-à -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: ‘T he 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 (1 975) took a somewhat different tack. Their complex models of both finan­
cial and production aspects of pig and dairy enterprises were b urden-some, but ‘v ery 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, w ell-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 ‘d ecision support system’ (D SS) that had appeared 
in n on-agricultural fields by this time (L ittle, 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 ‘t he 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 (1 976) 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 (F  igure 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 (D oyle, 1990). 

Vaguely echoing the earlier quoted call of Charlton and Street (1 975), 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 (1 990): 

But over time emerged an increasingly c ommonly-held unease, and occasionally conviction, that 
these were trails which, if followed, soon led from the complex and di cult w hole-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, (r ural) 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 (T ype 4 in T able 1.1) in the field in which it originated, 
Management Science, was articulated by Keen (1 987): [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 (K een, 1987). 

In agriculture, an indication of Keen’s ‘a utonomy’ 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 n otion-ally the source of the d eveloper-construed 
farming ‘p roblem’. It was assumed that the Management System of ‘m odern’ farms would naturally 
be increasingly e quip-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 ‘p rogressive’ Management Systems. (S eligman, 1990; Ascough and 
D eer-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 (1 990) ordered an economist’s view: 

The DSS adoption problem was the result of a gross oversupply by enthusiastic,  commercially- 
unaccountable, p ublicly-funded research organizations of a technology which had a potential to 
benefit only a very small proportion of farms (W ebster, 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 (1 989) on EPIPRE, a computer based DSS on pest and disease control in wheat 
in Europe. This g round-breaking DSS e ort began in 1976, reached peak impact around 1 982–1983, 
and appears to have fallen away up until 1986 when this report was made. Zadoks (1 989) 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 ‘l earning 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 c rop–  pest–weather DSS like EPIPRE may be complex, the management decision is  simple —  
basically to spray or not spray. Even in such a w ell-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 s cientist-developers that the DSS is a way of ‘p ackaging’ information or a model that ‘s hould’ 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 ‘h andful’ of the hundreds of products available were actually in use. These few 
had common histories of intimate, intensive c o-development by ‘t  ool-makers’ and practitioners in 
a workplace. Painful compromises on both sides resulted in a ‘t ransformed 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 (T ype 5 in T able 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 (i i) they user 
from problems of ‘l ack of fit’ to specific r eal-world management situations leading to n on-use except 
for very narrow ‘c  ontext-free’ technical problems (J ones, 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 d ecision-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 v alue-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 (V an Keulen and Penning de Vries, 
1993). 

An enlightening history (s panning several centuries) of this ‘t ypical’ view of the way models are 
supposed to aid d ecision-making has been provided by Ulrich (1 983). The limited relevance of such 
‘ decisionism’ lies in its insistence on treating the social Management System ‘o bjectively’. The final 
category of systems analysis aimed at intervention (T ype 6 in T able 1.1) in the next section departs 
from this tradition. 

•	  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. 
•	  The main priority is s elf-sufficiency, which is achieved by growing a wide range of 

crops wherever possible. 
•	  Improvements to the system are held back by a lack of capital to provide fertilizers, 

pesticides, and other farming technology. 
•	  Animals are kept, although where land is limited it is generally too valuable to allow 

grazing or growth of fodder crops. 
•	  Where the climate is too extreme to support permanent settled agriculture, farmers 

become pastoral nomads, moving in search of food for their animals. 
•	  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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•	  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 s ub-continent. 

Commercial agriculture usually takes place on a large, p rofit-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. 

•	  This is often achieved by growing a single crop or by raising one type of animal. 
•	  Commercial agriculture develops in places where there are good communications and 

markets are large, often both domestically and on a global scale. 
•	  Europeans have developed l arge-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. 

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

•	  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. 

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. 

•	  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. (i i) Labour 
is limited and capital higher. For example, cattle ranching and extensive grain cultiva­
tion in the USA, Canada, and Australia. 

•	  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. (i i) 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 (F  igure 1.6). 

It should be remembered that: 

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

•	  Boundaries between farming types, as drawn on a map, are usually very arbitrary. 
•	  One type of farming merges gradually with a neighboring type: there are few rigid 

boundaries 
•	  Several types of farming may occur within each broad a rea - as in West Africa, where 

sedentary cultivators live alongside nomadic herdsmen. 
•	  A specialized crop may be grown l ocally - e.g. a plantation crop in an area otherwise 

used by subsistence farmers. 
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FIGURE 1.6 Global Distribution of farming types. 

FIGURE 1.7 Global distribution of agricultural types. 

•	  Types of farming alter over a period of time with changes in economics, rainfall, soil 
characteristics, behavioral patterns, and politics (F  igures 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 commodity 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 “i n 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 (s uch 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 us er-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 “us er 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. 

REFERENCES 

Anderson, J.R. ( 1974). Simulation: methodology and application in agricultural economics. Review of 
Marketing and Agricultural Economics, 42, 3–55. 



      

    

    

    

    

 
    

 

  

      

18 Agricultural Biotechnology: Food Security Hot Spots 

Anderson, J.R. and Dent, J.B. (1 971). Agricultural systems analysis: Retrospect and prospect. In: Dent, J.B. and 
Anderson, J.R. (E ds.), Systems Analysis in Agricultural Management. John Wiley, Sydney, pp . 383–388. 

Ascough, J.C. and Deer-Ascough, L.A. (1 994). Integrating evaluation into decision support system develop­
ment. American Society of Agricultural Engineers (N o. 943029). St Joseph, USA. 

Barlow, R., Clark, D.A., Crawford, A., Paine, M., Sheath, G.W., and Weatherley, J. (2 002). Guidelines for 
farming systems research and learning. Dairy Research and Development Corporation, Melbourne. 

Berg, M. (1 997). Rationalizing Medical Work: Decision-Support Techniques and Medical Practices. MIT 
Press, Cambridge. 

Blackie, M. J. and Dent, J. B. (1 974). The concept and application of skeleton models in farm business analysis and 
planning.  Journal of Agricultural Economics, 25(2), 165–175. https://doi.org/10.1111/j.1477-9552.1974. 
tb00538.x. 

Bouman, B., Van Keulen, H., Van Laar, H., and Rabbinge, R. (1 996). The ‘Sc hool of de wit’ crop growth simu­
lation models: A pedigree and historical overview. Agricultural Systems, 52(2 –3), 171–198. https://d oi. 
org/10.1016/0308-521x(96)00011-x. 

Bunge, M. (1 998). Philosophy of Science: From Problem to Theory. Transaction Publications, Routledge, 
Taylor & Francis Group, London and New York. 

Charlton, P. and Street, P. ( 1975). The practical application of bio-economic models. In: Dalton, G.E. (E d.), 
Study of Agricultural Systems. Applied Science Publishers, London, p p. 235–265. 

Checkland, P. (1 985). From optimizing to learning: A development of systems thinking for the 1990s. The 
Journal of the Operational Research Society, 36(9), 757. https://doi.org/10.2307/2582164. 

Clark, D.A. ( 2002). Dexcel sees RED to help the environment. Dexcelink Autumn, 4–5. 
Coleman, D.C., Swift, D.M., and Mitchell, J.E. (2 004). From the frontier to the biosphere: A brief history of the 

USIBP grasslands biome program and its impacts on scientific research in North America. Rangelands, 
26(4). https://doi.org/10.2458/azu_rangelands_v26i4_coleman. 

Conway, G.R. ( 1987). The properties of agroecosystems. Agricultural Systems, 24(2 ), 95–117. https://d oi. 
org/10.1016/0308-521x(87)90056-4. 

Cros, M.J., Duru, M., Garcia, F., and Martin-Clouaire, R. (1 997). Characterizing and simulating a rotational 
grazing strategy. In: Kure, H., Thysen, I., and Kristensen, A.R. (E ds.) Proceedings of the First European 
Conference for Information Technology in Agriculture, 1 5–18 June 1997, The Royal Veterinary and 
Agricultural University, Copenhagen, Denmark. pp . 3 79–382. Available online from http://w ww.dina. 
kvl.dk/-efita-confprogram.htm ( date accessed 30 June 2008). 

Dalton, G.E. ( 1982). Managing Agricultural Systems. Springer Science & Business Media. 
Dempster, J.P. (1 983). The natural control of populations of butterflies and moths. Biological Reviews, 58(3), 

461–481. https://doi.org/10.1111/j.1469-185x.1983.tb00396.x. 
Dent, J.B. and Blackie, M.J. (1 979). Systems Simulation in Agriculture. Applied Science Publishers, London, 

p. 180. 
Dent, J.B. (1 975). The application of systems theory in agriculture. In: Dalton, G.E. (E d.), Study of Agricultural 

Systems. Applied Science Publishers, London,  p. 123. 
Dent, J.B. (1 994). The human response. Enabling technologies for land use and resource management. In: 

Proceedings, Fifth International Congress for Computer Technology in Agriculture, 29 J une–5 July 
1994 at Churchill College, University of Cambridge and the Royal International Agricultural Exhibition, 
National Agricultural Centre, StoneleighPark, Warwickshire, UK. Royal Agricultural Society of 
England, National Agricultural Centre, Kenilworth, pp . 4 0–45. 

Dent, J.B. and Anderson, J.R. ( 1971). Systems, management, and agriculture. In: Dent, J.B. and Anderson, J.R. 
(Eds.), Systems Analysis in Agricultural Management. John Wiley, Sydney, p p. 3–14. 

Dillon, J.L. (1 992). The farm as a purposeful system. Miscellaneous publication: Department of Agricultural 
Economics and Business Management, University of New England (N o. 10, iii). 

Doyle, C. (1 990). Application of systems theory to farm planning and control: Modelling resource allocation. 
In: Jones, J.G.W. and Street, P.R. (E ds.), Systems Theory Applied to Agriculture and the Food Chain. 
Elsevier Applied Science, London, p p. 89–112. 

Duncan, W.G. ( 1972). SIMCOT: A simulation of cotton growth and yield. In: Murphy, C.M. ( Ed.), Proceedings 
of a Workshop for Modeling Tree Growth. Duke University, Durham, North Carolina, pp . 1 15–118 

Duncan, W.G., Loomis, R.S., Williams, W.A., and Hanau, R. (1 967). A model for simulating photosynthesis in 
plant communities.  Hilgardia, 38(4), 181–205. https://doi.org/10.3733/hilg.v38n04p181. 

Edwards-Jones, G., Deary, I., and Willock, J. (1 998b). Incorporating psychological variables in models  
of farmer behaviour: Does it make for better predictions? Etudes et Recherches Sur Les Systemes  
Agraires et Le Developpement, 31, 1 53–173. Versailles, France, Institute National de la Recherche  
Agronomique. 

https://doi.org/10.1111/j.1477-9552.1974.tb00538.x
https://doi.org/10.1111/j.1477-9552.1974.tb00538.x
https://doi.org/10.1016/0308-521x(96)00011-x
https://doi.org/10.1016/0308-521x(96)00011-x
https://doi.org/10.2307/2582164
https://doi.org/10.2458/azu_rangelands_v26i4_coleman
https://doi.org/10.1016/0308-521x(87)90056-4
https://doi.org/10.1016/0308-521x(87)90056-4
http://www.dina.kvl.dk
https://doi.org/10.1111/j.1469-185x.1983.tb00396.x
https://doi.org/10.3733/hilg.v38n04p181
http://www.dina.kvl.dk


19Agricultural System Modeling and Analysis

Edwards-Jones, G., Dent, J.B., Morgan, O., and McGregor, M.J. (1998a). Incorporating farm household 
decisionmaking within whole farm models. In: Tsuji, G.Y. et  al. (Eds.), Understanding Options for 
Agricultural Production. Kluwer Academic, Dordrecht, pp. 347–365.

Forcella, F., Wilson, R.G., Renner, K.A., Dekker, J., Harvey, R.G., Alm, D.A., Buhler, D.D., and Cardina, J. 
(1992). Weed Seedbanks of the U.S. corn belt: Magnitude, variation, emergence, and application. Weed 
Science, 40(4), 636–644. https://doi.org/10.1017/s0043174500058240.

Gutierrez, A.P., Mills, N.J., Schreiber, S.J., and Ellis, C.K. (1994). A physiologically based Tritrophic 
perspective on bottom-up-Top-Down regulation of populations. Ecology, 75(8), 2227. https://doi.
org/10.2307/1940879.

Hare, M., Letcher, R., and Jakeman, A. (2003). Participatory modelling in natural resource man-
agement: A comparison of four case studies. Integrated Assessment, 4(2), 62–72. https://doi.
org/10.1076/iaij.4.2.62.16706.

Hassell, M.P. (1986). Parasitoids and population regulation. In: Waage, J.K. and Greathead, D. (Eds.), Insect 
Parasitoids — 13th Symposium of the Royal Entomolgical Society of London. Blackwell Scientific 
Publications, Oxford, pp. 201–224.

Heady, E.O. (1957). An econometric investigation of the technology of agricultural production functions. 
Econometrica, 25(2), 249. https://doi.org/10.2307/1910253.

Heady, E.O. and Dillon, J.L. (1964). Agricultural Production Functions. Ames Iowa State University Press, USA.
Hieronymi, A. (2013). Understanding systems science: A visual and integrative approach. Systems Research 

and Behavioral Science, 30(5), 580–595. https://doi.org/10.1002/sres.2215.
Hoag, D.L., Ascough, J.C., and Frasier, W.M. (1999). Farm computer adoption in the Great Plains. Journal of 

Agricultural and Applied Economics, 31(1), 57–67. https://doi.org/10.1017/s0081305200028776.
Hochman, Z.H., Carberry, P., McCown, R., Dalgliesh, N., Foale, M., and Brennan, L. (2001). Apsim in the 

marketplace: A tale of kitchen tables, boardrooms and courtrooms. Acta Horticulturae, 566, 21–33. 
https://doi.org/10.17660/actahortic.2001.566.1.

Hoogenboom, G., Jones, J.W., Wilkens, P.W., Porter, C.H., Boote, K.J., Hunt, L.A., Singh, U., Lizaso, J.L., 
White, J.W., Uryasev, O., Royce, F.S., Ogoshi, R., Gijsman, A.J., Tsuji, G.Y., and Koo, J. (2012). Decision 
Support System for Agrotechnology Transfer (DSSAT) Version 4.5 [CD-ROM]. University of Hawaii, 
Honolulu, HI. https://foodsupplyissues.weebly.com/agricultural-systems.html.

Jayaratna, N. (1986). Normative information model-based systems analysis and design (NIMSAD): A frame-
work for understanding and evaluating methodologies. Journal of Applied Systems Analysis, 13, 73–87.

Jones, C.A. and Kiniry, J.R. (1986). CERES-Maize: A Simulation Model of Maize Growth and Development. 
Texas A & M University Press, College Station, TX.

Jones, F.T. (1989). Feed quality control in poultry production. Korean Journal of Animal Nutrition & Feedstuffs. 
13(1), 25–37.

Jones, J.W, Hoogenboom, G., Porter, C., Boote, K., Batchelor, W., Hunt, L., Wilkens, P., Singh, U., Gijsman, 
A., and Ritchie, J. (2003). The DSSAT cropping system model. European Journal of Agronomy, 18(
3–4), 235–265. https://doi.org/10.1016/s1161-0301(02)00107-7.

Jones, J.W., Thornton, P.K., and Hansen, J.W. (1997). Opportunities for systems approaches at the farm scale. 
In: Teng, P.S. et al. (Eds.), Application of Systems Approaches at the Farm and Regional Levels. Kluwer 
Academic, Dordrecht. pp. 1–18.

Keen, P.G. (1975). Computer-based decision aids: The evaluation problem. Sloan Management Review, 17–29.
Keen, P.G. (1987). Decision support systems: The next decade. Decision Support Systems, 3(3), 253–265. 

https://doi.org/10.1016/0167-9236(87)90180-1.
Little, J.D. (1970). Models and managers: The concept of a decision calculus. Management Science, 16(8), 

B-466–B-485. https://doi.org/10.1287/mnsc.16.8.b466.
Lynch, T., Gregor, S., and Midmore, D. (2000). Intelligent support systems in agriculture: How can we do 

better? Australian Journal of Experimental Agriculture, 40(4), 609. https://doi.org/10.1071/ea99082.
Malcolm, L.R. (1990). Fifty years of farm management in Australia: Survey and review. Review of Marketing 

and Agricultural Economics, 58, 24–55.
McCown, R.L. (2001). Learning to bridge the gap between science-based decision support and the practice 

of farming: Evolution in paradigms of model-based research and intervention from design to dialogue. 
Australian Journal of Agricultural Research, 52(5), 549. https://doi.org/10.1071/ar00119.

McCown, R.L. (2002a). Changing systems for supporting farmers’ decisions: Problems, paradigms, and pros-
pects. Agricultural Systems, 74(1), 179–220. https://doi.org/10.1016/s0308-521x(02)00026-4.

McCown, R.L. (2002b). Locating agricultural decision support systems in the troubled past and socio-
technical complexity of ‘models for management’. Agricultural Systems, 74(1), 11–25. https://doi.
org/10.1016/s0308-521x(02)00020-3.

https://doi.org/10.1017/s0043174500058240
https://doi.org/10.2307/1940879
https://doi.org/10.2307/1940879
https://doi.org/10.1076/iaij.4.2.62.16706
https://doi.org/10.2307/1910253
https://doi.org/10.1002/sres.2215
https://doi.org/10.1017/s0081305200028776
https://doi.org/10.17660/actahortic.2001.566.1
https://foodsupplyissues.weebly.com
https://doi.org/10.1016/s1161-0301(02)00107-7
https://doi.org/10.1016/0167-9236(87)90180-1
https://doi.org/10.1287/mnsc.16.8.b466
https://doi.org/10.1071/ea99082
https://doi.org/10.1071/ar00119
https://doi.org/10.1016/s0308-521x(02)00026-4
https://doi.org/10.1016/s0308-521x(02)00020-3
https://doi.org/10.1016/s0308-521x(02)00020-3
https://doi.org/10.1076/iaij.4.2.62.16706


      

         

  

  

       

     

  

 
    

    

       

      

         

20 Agricultural Biotechnology: Food Security Hot Spots 

McRae, A.F. (1 993). As applied scientists we serve...? Proceedings of the New Zealand Society of Animal 
Production, 53, 107–110. 

Meinke, H., Baethgen, W., Carberry, P., Donatelli, M., Hammer, G., Selvaraju, R., and Stöckle, C. (2 001). 
Increasing profits and reducing risks in crop production using participatory systems simulation 
approaches.  Agricultural Systems, 70(2–3), 493–513. https://doi.org/10.1016/s0308-521x(01)00057-9. 

Menz, K., and Knioscheer, H. (1 981). The location specificity problem in farming systems research. 
Agricultural Systems, 7(2), 95–103. https://doi.org/10.1016/0308-521x(81)90033-0. 

Mueller, R.A.E. ( 1993). The product of science. In: Proceedings of the XVII International Grassland 
Congress, 8 –21 February, 1993, Palmerston North, New Zealand. New Zealand Grassland Association. 
pp. 607–614. 

Murdoch, W.W. ( 1994). Population regulation in theory and practice. Ecology, 75( 2), 271–287. https://d oi. 
org/10.2307/1939533. 

Musgrave, W.F. (1 976). Problems of change in Australian agricultural economics. Australian Journal of 
Agricultural Economics, 20(3), 133–143. https://doi.org/10.1111/j.1467-8489.1976.tb00184.x. 

Ogle, G. and Tither, P. ( 2000). An analysis of the risks and benefits of beef intensification. Proceedings of the 
New Zealand Grassland Association, 25–29. https://doi.org/10.33584/jnzg.2000.62.2392. 

Parker, C. ( 1999). Decision support systems: Lessons from past failures. Farm Management, 10, 273–289. 
Pimentel, D. and Peshin, R. (2 014). Integrated Pest Management: Pesticide Problems. Springer Science & 

Business Media, USA. 
Pinter, Jr. P.J., Ritchie, J.C., Hatfield, J.L., and Hart, G.F. (2 003). The agricultural research service’s remote 

sensing program.  Photogrammetric Engineering  & Remote Sensing, 69(6 ), 615–618. https://d oi. 
org/10.14358/pers.69.6.615. 

Ridder, N. (1 997). Hierarchical levels in agro-ecosystems: Selective case studies on water and nitrogen 
[Unpublished doctoral dissertation]. Wageningen Agricultural University, Wageningen, Netherlands. 

Ritchie, J.T. and Otter, S. ( 1984). Description and performance of CERES-wheat: A user-oriented wheat 
yield model. In: Wheat Yield Project, ARS ( Ed.), ARS-38. National Technical Information Service, 
Springfield, MI, pp . 159–175. 

Roberts, E.B. ( 1977). Strategies for effective implementation of complex corporate models. Interfaces, 8(1), 
26–33. https://doi.org/10.1287/inte.8.1.26. 

Rogers, E.M. ( 2010). Diffusion of Innovations ( 4th ed.). Simon & Schuster, United Kingdom. 
Romera, A.J. (2 004). Simulation of cow-calf systems in the Salado region of Argentina [Unpublished doctoral 

dissertation]. Massey University, Palmerston North, New Zealand. 
Romera, A.J., Morris, S.T., Hodgson, J., Stirling, W.D., and Woodward, S.J. (2 006). The influence of replace­

ment policies on stability of production in a simulated cow‐calf farm system. New Zealand Journal of 
Agricultural Research, 49(1), 35–44. https://doi.org/10.1080/00288233.2006.9513691. 

Romero, C. and Rehman, T. ( 2003). Multiple Criteria Analysis for Agricultural Decisions. Elsevier. 
Schoemaker, P. (1 982). The expected utility model: its variants, purposes, evidence and limitations. Journal  

of Economic Literature, 20, 5 29–563. 
Seligman, N.G. ( 1990). The crop model record: Promise or poor show? In: Rabbinge, R., Goudriaan, J., Van 

Keulen, H., Penning de Vries, F.W.T., and Van Laar, H.H. (E ds.), Theoretical Production Ecology: 
Reflections and Prospects. Simulation Monographs 34, Pudoc, Wageningen, pp . 249–263. 

Smith, G.F. (1 989). Defining managerial problems: A framework for prescriptive theorizing. Management  
Science, 35(8), 963–981. https://doi.org/10.1287/mnsc.35.8.963. 

Sorensen, J. T., and Kristensen, E. S. (1 992). Systemic modelling: A research methodology in livestock farm­
ing. In A. Gibon & B. Matheron (E ds.), Global Appraisal of Livestock Farming Systems and Study 
on their Organisational Levels: Concept, Methodology and Results: Proceedings of a Symposium. 
Commission of European Communities, Toulose, France, pp . 4 5–57. 

Spedding, C.R.W. ( 1976). Editorial. Agricultural Systems, 1, 1 –3. 
Spedding, C.R.W. (1 990). Agricultural production systems. In: Rabbinge, R, Goudriaan, J, van Keulen, H., 

Penning de Vries, F.W.T., van Laar, H.H. (E ds.), Theoretical Production Ecology: Reflections and 
Prospects. Pudoc, Wageningen, pp . 239–248. 

Stapleton, H.N., Buxton, D.R., Watson, F.L., Notling, D.J., and Baker, D.N. ( 1973). COTTON: A computer 
simulation of cotton growth. University of Arizona, agricultural experiment station. Technical Bulletin. 
206. 

Thornton, P. and Dent, J. (1 984a). An information system for the control of puccinia hordei: II—Implementation. 
Agricultural Systems, 15(4), 225–243. https://doi.org/10.1016/0308-521x(84)90010-6. 

Thornton, P. and Dent, J. (1 984b). An information system for the control of puccinia hordei: I—Design and 
operation. Agricultural Systems, 15(4), 209–224. https://doi.org/10.1016/0308-521x(84)90009-x. 

https://doi.org/10.1016/s0308-521x(01)00057-9
https://doi.org/10.1016/0308-521x(81)90033-0
https://doi.org/10.2307/1939533
https://doi.org/10.2307/1939533
https://doi.org/10.1111/j.1467-8489.1976.tb00184.x
https://doi.org/10.33584/jnzg.2000.62.2392
https://doi.org/10.14358/pers.69.6.615
https://doi.org/10.14358/pers.69.6.615
https://doi.org/10.1287/inte.8.1.26
https://doi.org/10.1080/00288233.2006.9513691
https://doi.org/10.1287/mnsc.35.8.963
https://doi.org/10.1016/0308-521x(84)90010-6
https://doi.org/10.1016/0308-521x(84)90009-x


21Agricultural System Modeling and Analysis

Ulrich, W. (1983). Critical Heuristics of Social Planning: A New Approach to Practical Philosophy. Bern, 
Switzerland, and Stuttgart, Germany: Haupt. Paperback reprint version, Wiley, Chichester, UK, 1994.

Valentine, I., Hurley, E.W., and Glass, W. (1993). Goals and management strategies of dairy farmers. 
Proceedings of the New Zealand Society of Animal Production, 53, 111–113.

Van Dyne, G.M. and Anway, J.C. (1976). A research program for and the process of building and testing grass-
land ecosystem models. Journal of Range Management, 29(2), 114. https://doi.org/10.2307/3897406.

Van Keulen, H. and Penning de Vries, F.W. (1993). Farming under uncertainty: Terminology and techniques. 
International Crop Science I, 139–144. https://doi.org/10.2135/1993.internationalcropscience.c24.

Vries, F.P., Teng, P., & Metselaar, K. (1993). Systems approaches for agricultural development. In: Proceedings 
of the International Symposium on Systems Approaches for Agricultural Development, 2–6 December 
1991, Bangkok, Thailand. Springer Science & Business Media.

Wallach, D., Makowski, D., Jones, J.W., and Brun, F. (2018). Working with Dynamic Crop Models: Methods, 
Tools and Examples for Agriculture and Environment. Academic Press.

Webby, R. (2002). The value of decision support models for farmer learning. Proceedings of the New Zealand 
Grassland Association, 45–47. https://doi.org/10.33584/jnzg.2002.64.2472.

Webster, J. (1990). Reflections on the economics of Decision Support Systems. In: Kuhlmann, F. (Ed.), 
Integrated Decision Support Systems in Agriculture: Successful Practical Applications. Third 
International Congress for Computer Technology, 27–30 May 1990, Frankfurt, Bad Soden. Deutsche 
Landwirtschafts-Gesellschaft, Frankfurt, pp. 307.

Wheeler, T. and Von Braun, J. (2013). Climate change impacts on global food security. Science, 341(6145), 
508–513. https://doi.org/10.1126/science.1239402.

Worthington, E. (2009). The evolution of IBP. Cambridge University Press.
Zadoks, J.C. (1989). EPIPRE: A computer based decision support system for pest and disease control in wheat: 

Its development and implementation in Europe. In: Leonard, K.J. and Fry, W.E. (Eds.), Plant Disease 
Epidemiology, (Vol. 2). Genetics, Resistance and Management. McGraw-Hill, New York, pp. 3–29.

https://doi.org/10.2307/3897406
https://doi.org/10.2135/1993.internationalcropscience.c24
https://doi.org/10.33584/jnzg.2002.64.2472
https://doi.org/10.1126/science.1239402


https://taylorandfrancis.com


23

2 A Discourse beyond 
Food Security and 
Environmental Security 
Dear Epistemic Community, Should 
We Consider Agro-Security?

Ayodeji Anthony Aduloju
Obafemi Awolowo University
Edo State University Uzairue

Temitayo Adedeji Adedoyin
Obafemi Awolowo University

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 (Díaz 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 (Käkönen, 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 20,000–30,000km2 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-à-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 (Díaz 
et al., 2006). 

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!!! 
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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 Food 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/FAO, 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 2009, 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 CFS. 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 5years 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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Derived from Beneficial 
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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; López-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 
García, 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 García, 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 (NO3) uptake in addi­
tion to other essential minerals, Cu, Zn, Fe, P and Mn in barely throughout the period of a season 
(Quaggiotti, 2004; Çelik 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 NO3  assimilation enzymes and (v) increase 
in root activity of HþATPase, 

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-Mañero 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 BFKC01 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. Hernández-León 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 N2, 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-Montaño 
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 × 106 tonnes of N2 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 N2 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 JR5, 
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 CA2+. 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 (Peñuelas 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 (1,-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 



 

 

       

 
 

 

 
 

 
   

 
 

  
  

 

   
 

 
 

 
 

 
  

 
  

 
    

   

  

62 Agricultural Biotechnology: Food Security Hot Spots 

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 IAA 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 
CS11RH1 (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 
AMF 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 Benková, 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). 
Wu 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 (Díaz 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 C10 – C26 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, α amylase and β-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 



 

 

 
 

 

 
 

 
 

 

 

 
  

 

  
 

 
 

 

 

68 

TA
B

LE
 4

.2
En

do
ph

yt
ic

 M
ic

ro
or

ga
ni

sm
s 

w
it

h 
A

gr
ic

ul
tu

ra
l a

nd
 E

nv
ir

on
m

en
ta

l A
pp

lic
at

io
ns

En
do

ph
yt

ic
 M

ic
ro

be
s 

H
os

t 
Pl

an
t/

So
ur

ce
 

En
do

ph
yt

e 
Po

te
nt

ia
l T

ra
it

 
A

pp
lic

at
io

n 
R

ef
er

en
ce

 

B
ac

il
lu

s 
sp

.B
PS

A
C

6 
C

le
ro

de
nd

ru
m

 
Ph

yt
oh

or
m

on
e 

pr
od

uc
tio

n 
(I

A
A

, K
in

et
in

 a
nd

 
A

gr
ic

ul
tu

re
 

Pa
ss

ar
i e

t a
l. 

(2
01

6)
 

co
le

br
oo

ki
an

um
 W

al
p.

 
6-

B
en

zy
la

de
ni

ne
),

 p
ho

sp
ha

te
 s

ol
ub

ili
za

tio
n,

 a
m

m
on

ia
pr

od
uc

tio
n,

 H
C

N
 p

ro
du

ct
io

n,
 a

nt
if

un
ga

l a
ct

iv
ity

 

Pa
ra

co
cc

us
 h

al
op

hi
lu

s 
G

06
2 

Po
ta

to
 p

la
nt

 
ni

tr
og

en
 fi

xa
tio

n,
 s

id
er

op
ho

re
, p

hy
to

ho
rm

on
e 

pr
od

uc
tio

n 
(I

A
A

, 
A

gr
ic

ul
tu

re
 

A
kh

id
iy

a 
et

 a
l.

G
ib

be
re

lli
n,

 a
nd

 z
ea

tin
),

 p
ho

sp
ha

te
 s

ol
ub

ili
za

tio
n 

(2
01

4)
 

St
re

pt
om

yc
es

 s
pp

 
So

rg
hu

m
 s

te
m

s.
 

A
nt

if
un

ga
l a

ct
iv

ity
 a

nd
 e

nh
an

ce
d 

pl
an

t g
ro

w
th

 (
in

cr
ea

se
 in

 w
et

 
A

gr
ic

ul
tu

re
 

Pa
te

l e
t a

l. 
(2

01
8)

 
w

ei
gh

t o
f 

ro
ot

s 
an

d 
sh

oo
ts

)

St
re

pt
om

yc
es

 o
li

va
ce

ov
ir

id
is

, S
. r

oc
he

i 
W

he
at

 
A

ux
in

, g
ib

be
re

lli
n,

 a
nd

 c
yt

ok
in

in
 s

yn
th

es
is

 
A

gr
ic

ul
tu

re
 

A
ld

es
uq

uy
 e

t a
l.

(1
99

8)
 

St
re

pt
om

yc
es

 s
pp

. 
Te

rf
ez

ia
 le

on
is

 T
ul

. 
Si

de
ro

ph
or

e 
pr

od
uc

tio
n,

 I
A

A
, a

nd
 g

ib
be

re
lli

c 
ac

id
 p

ro
du

ct
io

n 
A

gr
ic

ul
tu

re
 

G
ou

dj
al

 e
t a

l. 
(2

01
5)

B
ac

il
lu

s 
sp

. s
tr

ai
n 

M
B

L
_B

17
Ju

te
 p

la
nt

 (
C

or
ch

or
us

 
IA

A
, P

 s
ol

ub
ili

za
tio

n,
 N

2
fix

at
io

n,
 s

id
er

op
ho

re
 p

ro
du

ct
io

n 
A

gr
ic

ul
tu

re
 

H
ai

da
r 

et
 a

l. 
(2

01
8)

 
P

se
ud

om
on

as
 p

sy
ch

ro
to

le
ra

ns
 s

tr
ai

n 
M

B
L

_B
23

ol
it

or
iu

s)
 

St
ap

hy
lo

co
cc

us
 a

rl
et

ta
e 

st
ra

in
 M

B
L

_B
2

K
oc

ur
ia

 s
p.

 s
tr

ai
n 

M
B

L
_B

19
M

ic
ro

co
cc

us
 lu

te
us

 s
tr

ai
n 

M
B

L
_B

18

B
ac

il
lu

s 
sp

 s
tr

ai
n 

B
19

20
, B

19
23

, B
20

84
, B

20
88

 
M

ai
ze

 
P 

so
lu

bi
liz

at
io

n,
 I

A
A

, s
id

er
op

ho
re

, p
ro

du
ct

io
n,

 e
nh

an
ce

d 
pl

an
t 

A
gr

ic
ul

tu
re

 
R

ib
ei

ro
 e

t a
l. 

(2
01

8)
 

bi
om

as
s,

 s
ho

ot
 a

nd
 r

oo
t d

ry
 w

ei
gh

t

Pa
nt

oe
a 

sp
. 

W
he

at
 

IA
A

, s
id

er
op

ho
re

 p
ro

du
ct

io
n,

 P
 s

ol
ub

ili
za

tio
n,

 N
2

fix
at

io
n 

A
gr

ic
ul

tu
re

 
D

ía
z 

H
er

re
ra

 e
t a

l.
(2

01
6)

 

B
ac

il
lu

s 
am

yl
ol

iq
ue

fa
ci

en
s 

(M
P

E
20

) 
an

d 
M

ed
ic

in
al

 p
la

nt
 

m
od

ul
at

e 
w

ith
an

ol
id

e 
bi

os
yn

th
et

ic
 p

at
hw

ay
, a

nt
if

un
ga

l 
A

gr
ic

ul
tu

re
 

M
is

hr
a 

et
 a

l. 
(2

01
8)

 
P

se
ud

om
on

as
 fl

uo
re

sc
en

s 
(M

P
E

11
5)

 
to

le
ra

nc
e,

 im
pr

ov
em

en
t i

n 
ph

ot
oc

he
m

ic
al

 e
ffi

ci
en

cy
, 

up
re

gu
la

tio
n 

of
 b

io
sy

nt
he

tic
 p

at
hw

ay
 g

en
es

 

B
ac

il
lu

s 
sp

, O
ch

ro
ba

ct
ru

m
, s

p,
 S

te
no

tr
op

ho
m

on
as

 
G

ua
ra

na
 (

Pa
ul

li
ni

a 
G

ro
w

th
 p

at
ho

ge
n 

in
hi

bi
tio

n,
 a

m
yl

as
e,

 p
ro

te
as

e,
 c

el
lu

lo
se

 a
nd

 
A

gr
ic

ul
tu

re
 

Si
lv

a 
et

 a
l. 

(2
01

6)
 

m
al

to
ph

il
ia

, P
ae

ni
ba

ci
ll

us
 s

p.
 

cu
pa

na
 v

ar
. s

or
bi

lis
) 

pe
ct

at
e-

ly
as

e 
en

zy
m

e 
pr

od
uc

tio
n

Pa
nt

oe
a 

di
sp

er
a,

 B
ac

il
lu

s 
am

yl
ol

iq
ue

fa
ci

en
s,

 
M

ai
ze

 
Po

ta
ss

iu
m

, Z
in

c 
an

d 
Ph

os
ph

or
us

 s
ol

ub
ili

za
tio

n,
 I

A
A

, H
C

N
, 

A
gr

ic
ul

tu
re

 
M

ar
ag

 a
nd

 S
um

an
St

ap
hy

lo
co

cc
us

 h
om

in
is

, B
ac

il
lu

s 
sp

. 
an

d 
si

de
ro

ph
or

e 
pr

od
uc

tio
n,

 a
nt

if
un

ga
l a

ct
iv

ity
, B

N
F 

ac
tiv

ity
 

(2
01

8)
 

(C
on

ti
nu

ed
) 

Agricultural Biotechnology: Food Security Hot Spots 



69Recent Advances in Application of Biostimulants

(C
on

ti
nu

ed
)

TA
B

LE
 4

.2
 (C

on
ti

nu
ed

)
En

do
ph

yt
ic

 M
ic

ro
or

ga
ni

sm
s 

w
it

h 
A

gr
ic

ul
tu

ra
l a

nd
 E

nv
ir

on
m

en
ta

l A
pp

lic
at

io
ns

En
do

ph
yt

ic
 M

ic
ro

be
s

H
os

t 
Pl

an
t/

So
ur

ce
En

do
ph

yt
e 

Po
te

nt
ia

l T
ra

it
A

pp
lic

at
io

n
R

ef
er

en
ce

B
ac

il
lu

s 
su

bt
il

is
 s

tr
ai

n 
E

D
R

4 
W

he
at

A
nt

if
un

ga
l p

ro
te

in
 (

E
2)

 a
ga

in
st

 n
um

er
ou

s 
fu

ng
al

 p
at

ho
ge

ns
.

E
2 

ex
hi

bi
tio

n 
of

 r
ib

on
uc

le
as

e,
 h

em
ag

gl
ut

in
at

in
g 

ac
tiv

iti
es

 a
nd

 
tr

ifl
e 

pr
ot

ea
se

 a
ct

iv
ity

.

A
gr

ic
ul

tu
re

L
iu

 e
t a

l. 
(2

01
0)

St
re

pt
om

yc
es

 p
lu

ri
co

lo
re

sc
en

To
m

at
o 

(L
yc

op
er

si
co

n 
es

cu
le

nt
um

)
A

nt
im

ic
ro

bi
al

 a
ct

iv
ity

 a
ga

in
st

 n
um

er
ou

s 
ph

yt
op

at
ho

ge
ns

, I
A

A
, 

si
de

ro
ph

or
e 

pr
od

uc
tio

n 
an

d 
ph

os
ph

at
e 

so
lu

bi
liz

at
io

n
A

gr
ic

ul
tu

re
Fi

al
ho

 e
t a

l. 
(2

01
0)

P
se

ud
om

on
as

 a
er

ug
in

os
a 

PM
38

9
pe

ar
l m

ill
et

 (
Pe

nn
is

et
um

 
gl

au
cu

m
)

N
itr

og
en

 fi
xa

tio
n,

 m
in

er
al

 p
ho

sp
ha

te
 s

ol
ub

ili
za

tio
n,

 
si

de
ro

ph
or

e 
pr

od
uc

tio
n 

an
d 

an
ta

go
ni

st
ic

 p
ro

pe
rt

ie
s

A
gr

ic
ul

tu
re

G
up

ta
 e

t a
l. 

(2
01

3)

F
us

ar
iu

m
 tr

ic
in

ct
um

 R
SF

-4
L

A
lt

er
na

ri
a 

al
te

rn
at

a 
R

SF
-6

L
So

la
nu

m
 n

ig
ru

m
IA

A
, p

ro
m

ot
e 

pl
an

t g
ro

w
th

 (
ch

lo
ro

ph
yl

l c
on

te
nt

, r
oo

t-
sh

oo
t 

le
ng

th
, a

nd
 b

io
m

as
s 

pr
od

uc
tio

n)
A

gr
ic

ul
tu

re
K

ha
n 

et
 a

l. 
(2

01
5)

A
sp

er
gi

ll
us

 fu
m

ig
at

us
 T

S1
 a

nd
 F

us
ar

iu
m

 
pr

ol
if

er
at

um
 B

R
L

1 
O

xa
li

s 
co

rn
ic

ul
at

a
Pr

om
ot

e 
pl

an
t g

ro
w

th
 (

ch
lo

ro
ph

yl
l c

on
te

nt
, r

oo
t-

sh
oo

t l
en

gt
h,

 
an

d 
bi

om
as

s 
pr

od
uc

tio
n)

, G
ib

be
re

lli
c 

ac
id

 a
nd

 I
A

A
 

pr
od

uc
tio

n,
 s

yn
th

es
is

 o
f 

bi
oa

ct
iv

e 
co

m
po

un
ds

A
gr

ic
ul

tu
re

B
ila

l e
t a

l. 
(2

01
8)

C
ur

vu
la

ri
a 

ge
ni

cu
la

ta
Pa

rt
he

ni
um

 h
ys

te
ro

ph
or

us
 

L
., 

P 
so

lu
bi

liz
at

io
n,

 I
A

A
 p

ro
du

ct
io

n,
 p

la
nt

 g
ro

w
th

 p
ro

m
ot

io
n

A
gr

ic
ul

tu
re

Pr
iy

ad
ha

rs
in

i a
nd

 
M

ut
hu

ku
m

ar
 (

20
17

)

A
lt

er
na

ri
a 

sp
. A

13
Sa

lv
ia

 m
il

ti
or

rh
iz

a
en

ha
nc

ed
 th

e 
dr

y 
ro

ot
 b

io
m

as
s 

an
d 

se
co

nd
ar

y 
m

et
ab

ol
ite

, 
st

im
ul

at
io

n 
of

 r
oo

t g
ro

w
th

A
gr

ic
ul

tu
re

Z
ho

u 
et

 a
l. 

(2
01

8)

A
sp

er
gi

ll
us

 a
w

am
or

i W
l1

D
ro

ug
ht

-s
tr

es
se

d 
W

it
he

ni
a 

so
m

ni
fe

ra
se

co
nd

ar
y 

m
et

ab
ol

ite
 p

ro
du

ct
io

n,
 in

cl
ud

in
g 

IA
A

, p
he

no
ls

 a
nd

 
su

ga
rs

, p
la

nt
 g

ro
w

th
 p

ro
m

ot
io

n,
 

A
gr

ic
ul

tu
re

M
eh

m
oo

d 
et

 a
l. 

(2
01

9)

Tr
ic

ho
de

rm
a 

au
re

ov
ir

id
e 

Tr
ic

ho
de

rm
a 

ha
rz

ia
nu

m
W

he
at

 (
Tr

it
ic

um
 a

es
ti

vu
m

 
L

.)
sa

lt,
 h

ea
vy

 m
et

al
s,

 a
nd

 d
ro

ug
ht

 to
le

ra
nc

e,
 I

A
A

, a
m

m
on

ia
 

ca
ta

la
se

 a
nd

 s
id

er
op

ho
re

 p
ro

du
ct

io
n,

 p
ho

sp
ha

te
 s

ol
ub

ili
za

tio
n,

 
B

io
re

m
ed

ia
tio

n/


A
gr

ic
ul

tu
re

R
ip

a 
et

 a
l. 

(2
01

9)

A
sp

er
gi

ll
us

 s
p.

 A
31

, C
. g

en
ic

ul
at

a 
P1

, 
L

in
dg

om
yc

et
ac

ea
e 

P8
7 

an
d 

W
es

te
rd

yk
el

la
 s

p.
 P

71
A

es
ch

yn
om

en
e 

flu
m

in
en

si
s 

an
d 

Po
ly

go
nu

m
 

ac
um

in
at

um

R
em

ov
ed

 1
00

%
 m

er
cu

ry
 f

ro
m

 m
ed

iu
m

 a
nd

 e
nh

an
ce

d 
pl

an
t 

gr
ow

th
, 

B
io

re
m

ed
ia

tio
n

Pi
et

ro
-S

ou
za

 e
t a

l. 
(2

01
9)

M
uc

or
 s

p 
M

H
R

-7
Pa

rt
he

ni
um

 s
p

H
ea

vy
 m

et
al

 to
le

ra
nt

, I
A

A
 a

nd
 A

C
C

 d
ea

m
in

as
e 

pr
od

uc
tio

n 
ph

os
ph

at
e 

m
ak

in
g 

it 
ex

ce
lle

nt
 p

hy
to

st
im

ul
an

t f
un

gu
s.

 
B

io
re

m
ed

ia
tio

n
Z

ah
oo

r 
et

 a
l. 

(2
01

7)

Sp
hi

ng
om

on
as

 S
aM

R
12

Se
du

m
 a

lf
re

di
i 

pr
om

ot
e 

zi
nc

 e
xt

ra
ct

io
n/

up
ta

ke
, i

nc
re

as
ed

 p
la

nt
 b

io
m

as
s,

 
in

cr
ea

se
d 

th
e 

ex
ud

at
io

n 
of

 o
xa

lic
 a

ci
d

B
io

re
m

ed
ia

tio
n

C
he

n 
et

 a
l. 

(2
01

4)



70 Agricultural Biotechnology: Food Security Hot Spots

TA
B

LE
 4

.2
 (C

on
ti

nu
ed

)
En

do
ph

yt
ic

 M
ic

ro
or

ga
ni

sm
s 

w
it

h 
A

gr
ic

ul
tu

ra
l a

nd
 E

nv
ir

on
m

en
ta

l A
pp

lic
at

io
ns

En
do

ph
yt

ic
 M

ic
ro

be
s

H
os

t 
Pl

an
t/

So
ur

ce
En

do
ph

yt
e 

Po
te

nt
ia

l T
ra

it
A

pp
lic

at
io

n
R

ef
er

en
ce

P
se

ud
om

on
as

 s
p

R
ho

do
co

cc
us

 fa
sc

ia
ns

 s
tr

ai
n.

 M
ic

ro
ba

ct
er

iu
m

 s
p.

R
ye

gr
as

s 
(L

ol
iu

m
 p

er
en

ne
 

L
.)

m
ul

tip
le

 p
la

nt
 g

ro
w

th
-p

ro
m

ot
in

g 
ab

ili
tie

s,
 I

A
A

 p
ro

du
ct

io
n 

ph
os

ph
at

e 
so

lu
bi

liz
at

io
n 

ce
llu

lo
ly

tic
 e

nz
ym

e 
pr

od
uc

tio
n,

 
ca

pa
ci

ty
 m

ot
ili

ty
 p

ro
du

ct
io

n 
of

 s
id

er
op

ho
re

, a
m

m
on

iu
m

 a
nd

 
hy

dr
og

en
 c

ya
ni

de
 p

ro
du

ct
io

n,
 b

io
su

rf
ac

ta
nt

s 
pr

od
uc

tio
n 

an
d 

ha
rb

or
s 

h y
dr

oc
ar

bo
n-

de
gr

ad
in

g 
ge

ne
s

B
io

re
m

ed
ia

tio
n/


A

gr
ic

ul
tu

re
K

uk
la

 e
t a

l. 
(2

01
4)

St
r e

pt
oc

oc
cu

s 
an

d 
St

ap
hy

lo
co

cc
us

 s
tr

ai
ns

P
si

di
um

 g
ua

ja
va

 (
G

ua
va

) 
an

d 
M

an
gi

fe
ra

 in
di

ca
 

(M
an

go
)

To
le

ra
nt

 to
 d

if
fe

re
nt

 h
ea

vy
 m

et
al

s 
Ph

yt
or

em
ed

ia
tio

n
R

is
ku

w
a-

Sh
eh

u 
et

 a
l. 

(2
01

9)

E
nt

er
ob

ac
te

r 
cl

oa
ca

e 
A

T
C

C
 1

30
47

.
Fi

cu
s 

se
pt

ic
a

H
ig

h 
to

le
ra

nc
e 

to
 C

hr
om

iu
m

, p
ro

du
ct

io
n 

of
 I

A
A

, 
ex

op
ol

ys
ac

ca
ri

de
 a

nd
 P

 s
ol

ub
ili

za
tio

n
Ph

yt
or

em
ed

ia
tio

n
R

oh
m

a 
et

 a
l. 

(2
02

0)

P
se

ud
om

on
as

 s
tu

tz
er

i Z
11

P
hr

ag
m

it
es

 a
us

tr
al

is
Sa

lt-
to

le
ra

nt
 w

ith
 d

ie
se

l o
il 

de
gr

ad
at

io
n 

ab
ili

tie
s,

 
B

io
re

m
ed

ia
tio

n
W

u 
et

 a
l. 

(2
01

9)

Se
rr

at
ia

 s
p 

PW
7

P
la

nt
ag

o 
as

ia
ti

ca
 

Py
re

ne
 d

eg
ra

da
tio

n,
 r

ed
uc

ed
 p

yr
en

e 
up

ta
ke

 in
 r

oo
ts

 a
nd

 s
ho

ot
 

of
 p

la
nt

B
io

re
m

ed
ia

tio
n

Z
hu

 e
t a

l. 
(2

01
7)



 
 

 

  
  

  
 

 
  

 
 

 
 
 

  
 
 
 
 

  
 
 
 

  
 

  
 

  
 
 
 

    
  

  
 

 
  

 

  

71 Recent Advances in Application of Biostimulants 

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 BRL1 andAspergillus fumigatus TS1. 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 IAA 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 (Stępniewska and Kuźniar, 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). Marín 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 (RGENs) (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 meChanIsm 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 Cas1/Cas2 complex (two Cas1 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 Cas1/Cas2 
complex, which acts as integrases to perform two nucleophilic reactions (Nuñez 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 RNaseIII, with the assistance of another 
RNA molecule known as the trans-activating CRISPR RNA (tracrRNA). 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 II 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, β-thalassemia and to (2017); Ma et al. (2017) 
study cause of infertility 

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 RNaseIII cleaves dsRNA 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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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).

Prokaryotic cell

Cleaved DNA

Foreign DNA
having PAM

Cas9/crRNA-tracrRNA complex

mature crRNAS

Transcription of 
CRISPR locus2

3

1

Cas9

CRISPR locusCas genes

Host genome

Pre-crRNA

tra
crR

NA
Cas

9
Cas

1
Cas

2
Csn

2

R S R S R S R

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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gRNA
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Cas9 nuclease RuvC
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FIGURE 5.2  Schematic of the CRISPR/Cas9 system. (DNA and proteins are not drawn to scale).
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Nuclease 

DSB 

B) HDR 

Donar DNA 

Target DNA 

Precise gene editing 
(Insertion/Replacement/Correction) 

Gene knock in 

Gene knockout 
Disruption of DNA sequence 

Indel mutation 

A) NHEJ 

Gene replacement 

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 ClassIFICatIon oF Cas PRoteIns 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 (Cpf1, 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 desIgn CRIsPR nuCleases 

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 RGENs/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 4.2 kb (Cas9 from Streptococcus pyogenes) + 0.1 kb (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 

I A-F, U 

1 III A-D 

IV A-B 

II A-C 

2
 
V A-B, U
 

VI A-C 

Cas1 

Cas1 

Cas1 

Not known Not known Not known 

Not known 

Not known 

RNase III 
(Cas9) 

Cas1 

Cas1 

Cas2 

Cas2 

Cas7 

Cas2 Cas10 (LS), SS, Cas10 

Cas2 

Cas2 

Cas4 

Cas4 

Cas4 

Cas9 

Cas6 
Cas7, Cas5, 

Cas8 (LS), SS, 
HD Cas3 

Cas7, Cas5, 

Cas7, Cas5, 
Caf1 (LS), SS, 

Cas3 

Cas13 Cas13 

Cas12 Cas12 

Cas9 Cas9 

Cas6 

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. Krüppel-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 
CRISPRi. 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 aPPlICatIons 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
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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 

Harmful 

Plant pathogensEnhance uptake of plant nutrients 

Protect against plant diseases 

Enhance plant metabolism 

Increase tolerance to abiotic stresses 

Increase plant growth and development 

Beneficial 

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 (Stamenković 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; Stamenković 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; García 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 α-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 
fluorescens 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 neCessIty 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 (Rütering 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 (glnA 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 Rütering 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 EC18 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-1 (deoxyribonucleases I) and flgM 
(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 

Targeted Main Strategy/ 
Microorganism Application Perspectives Gene(s) Mode of Action Reference 

Cyanobacteria 
Synechocystis sp. PCC 6803 To repress formation of carbon phaE and CRISPRi Yao et al. 
(nitrogen-fixing cyanobacterium) storage compounds PHB and glgC (2015) 

glycogen during nitrogen 
starvation 

Synechococcus sp. strain PCC 7002 Improve lactate production by glnA CRISPRi Gordon et al. 
(nitrogen-fixing cyanobacterium) repressing glutamine synthetase (2016) 

without reducing autotrophic 
growth rates or mutating 
chromosomal genes. 

Anabaena sp. PCC 7120 (symbiotic Conditional photosynthetic glnA CRISPRi Higo et al. 
nitrogen-fixer cyanobacterium) production of ammonium (2017) 

Bacteria 
Paenibacillus polymyxa DSM365 Biosynthesis of tailor-made EPS pepF, pepJ, Gene deletion Rütering 
(biofertilizer and biocontrol agent) pepC, et al. 

ugdH1, (2017) 
manC 

Pseudomonas putida KT2440 To test functional efficiency of endA-1 and Gene deletion Aparicio 
(rhizospheric bacteria) CRISPR–Cas9 system flgM et al. 

(2018) 

Pseudomonas putida KT2440 Establishment of a two-plasmid nicC and Gene deletion and Sun et al. 
(rhizospheric bacteria) CRISPR–Cas9 system rhla gene replacement (2018) 

Bacillus subtilis HS3 (rhizosphere- To study various aspects of sfp, alsD, Gene disruption Yi et al. 
associated bacteria) plantmicrobe interaction and bdhA (2018) 

mechanisms 

Bacillus mycoides EC18 To study various aspects of asbA and Gene disruption Yi et al. 
(rhizosphere-associated bacteria) plantmicrobe interaction dhbB (2018) 

mechanisms 

Fungi 
Trichoderma reesei (biocontrol Reduction of sporulation and lae1 and Site-specific Liu et al. 
agent) cellulolytic capability vib1 mutations (2015) 

Beauveria bassiana To develop highly efficient, low ura5 Gene disruption Chen et al. 
(entomopathogenic fungus) false-positive background (2017) 

CRISPR-Cas9 system for 
disruption of single gene and 
multiple genes simultaneously 

Purpureocillium lilacinum To enhance the effectiveness of lcsL Gene disruption Jiao et al. 
(biocontrol agent against plant homologous recombination and (2019) 
nematodes and pathogens) overexpression 

Phomopsis liquidambaris Higher production of ROS, PmkkA Gene disruption Huang et al. 
(endophytic fungus) chitinase and glucanase activity (2020) 

in rice seedlings 

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 lcsL, 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 lcsL 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 TALENs, 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 
(Demiryürek 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 (Demiryürek 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 (Röling, 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 (Demiryürek, 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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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 

Farmers

ExtensionResearch

Education

FIGURE 6.1  The FAO and The World Bank AKIS/RD model. (Source: FAO and The World Bank, 2000.)

Agricultural
producers

Education

Extension

Support
systems

Research

FIGURE 6.2  Idealised four pillar AKIS model. (Source: Rivera, Qamar and Mwandemere, 2005:6.)
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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) (Demiryürek, 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 

Extension
Information

Media
TV, Newspapers,

magazines, websites,
etc.

Journals and
books

Agricultural Information

Government Information
(Federal, State, Local)

Societies and
organizations

Commerical agricultural
suppliers and consultants Commercial

Information Services

Connet to

Users of Agricultural Information

Agricultural
scientists Students

Hobby farmers/
home gardeners

Communication
professionals
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policy makers

Agribusiness
professionals
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growers/farmers

FIGURE 6.3  Concept map for agricultural information. (Source: McCue et al., 2005:5.)
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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 5 years (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). 

Analysis Design 

Implementation 

Maintenance 

Planning 

FIGURE 6.4 System development life cycle. 

Fill deposit slip 

Submit/Receivesslip 

Verifies account 
Details 

Customer 

Print account 
balance 

Teller 
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FIGURE 6.5 User case diagram. 



 
 

 
 

  
  
  

    

 

   
  
   
  

   

 
 

 

 

 

 
 
 
 
 

119 AI-Based Agricultural Knowledge System 

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): 

•	 Pay in money into a bank account 
•	 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 PRoCess 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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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 �T echnology

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.

Management Infrastructure

TechnologyFunding

people process

Services

Business systems
and applications

organize collect share govern

data+issues +physical e.g. road

+traditional+Government
+Development partners
+Private sector

+ICTs

+communication e.g.
internet

+strategies
+Scaling
+policy support

FIGURE 6.6  Building blocks of framework for accessing agricultural market information.
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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 
• Effectiveness 
• Efficiency 
• Usability 
• 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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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 AI 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, AI 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 AI 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 AI 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, AI systems prove to 
be the best strategies among all the other methods. This is because AI 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 AI-supported 
technology will empower farmers to work more efficiently and enhance the quality of the harvest. 
Some of the AI 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 AI 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 AI 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 AI 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) AI 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 AI 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, MapInfo, 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; László, 1992; 
Mesterházi et al., 2001) content for crops and appropriate cultivation for the individual part of the 
field (Neményi et al., 2003; Jóri 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 
AI-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 neuRal 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. 



  
  

 
 
 

  
 

 
 

  
 
 
 
 
 
 
 
 

   

  
 

 

 

  
 

136 Agricultural Biotechnology: Food Security Hot Spots 

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 AI-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 R2 0.96 and 0.95 as the training and validation stage. The second 
model predicted the soil moisture with an R2 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 10 nm. 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 NDWI 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 bIo-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 R2, 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 × 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 0 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 Rs, RH, T, U2 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 R2 (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 10 days 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 AI 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 AI as its driving force. The use 
of cognitive technologies such as AI, 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 AI technologies are available. 

One such is the Machine Learning-based technologies of Drone and Unmanned Aerial Vehicles 
(UAV). UAVs can collect information 24hours 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 10–15 years. 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 AI 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 AI is promising but when it comes to farming, the formation of AI 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 AI 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. 
AI 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 AI-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 AI methods have shown 
to be a great force that enhanced the tasks related to PA. AI-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 AI 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 Modes of Action of 
Beneficial Microorganism 
as a Typical Example of 
Microbial Pesticides

O.P. Ikhimalo and A.M. Ugbenyen
Edo University Iyamho

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. 

i. 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 mICRobIal PestICIdes 

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 72hours; 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 

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 

References 

Robles-Acosta et al. (2019)
 

Wamiti et al. (2018)
 

Kaaya and Munyinyi (1995)
 

George et al. (2013)
 

De La Rosa et al. (2002)
 

Zayed et al. (2013)
 

Sahayaraj and Borgio (2012)
 

Jensen et al. (2019)
 

Pittarate et al. (2018)
 

Mondaca et al. (2020)
 

Batta (2018)
 

Tuncer et al. (2019)
 

Toledo-Hernández et al. 

(2019), Nguyen et al. (2017), 
and Fiedler and Sosnowska 
(2007) 

Robles-Acosta et al. (2019), 
Migiro et al. (2010), Tuncer 
et al. (2019), Shoaib and 
Pandurang (2014) 

Hanan et al. (2019)
 

Nazir et al. (2018)
 

Dixit et al. (2016)
 

Liu et al. (2014)
 

Khating et al. (2014), Sandhu 

et al. (2012), Vestergaard 
et al. (1995), Banafsheh et al. 
(2004), Javed et al., (2019), 
and Abdel-Raheem and 
Ahmed Al-K (2017) 

Yeo et al. (2001) 

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 24–48hours (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) 

2 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 Gözel 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 moth borer Zeuzera pyrina; Tomato Morris and Grewal (2011), Kamali et al. 
carpocapsae leaf miner, Tuta absoluta; Japanese beetle, (2017), Ndereyimana et al. (2019), 

Popillia japonica Henderson et al. (1995), Mutegi et al. (2017), 
and Salari et al. (2014) 

3 Phasmarhabditis Portuguese slug, Arion lusitanicus Grimm (2002) and Speiser et al. (2001) 
hermaphrodita Grey garden slug, Deroceras reticulatum Morley and Morritt (2006) 

4 S. feltiae Tomato leaf miner, Tuta absoluta; Cotton Gozel and Gozel (2016), Ebrahimi et al. 
bollworm, Helicoverpa armigera; European (2018), Riga et al. (2001) 
corn borer, Ostrinia nubilalis; Fall 
armyworm, Spodoptera frugiperda; western 
corn rootworm, Diabrotica virgifera; The 
seedcorn maggot, Delia platura 

8.3.1.5 Protozoa 
Protozoa are known to cause some debilitating human diseases and are host to some pathogens; they, 
however, control pests by decreasing the number of progeny produced by infected insects, causing 
difficulty in molting and reducing feeding. Protozoa from the general Nosema and Vairimorpha are 
prospective biocontrol agents against lepidopteran and orthopteran insects of which hoppers are 
the most susceptible (Bjørnson and Oi, 2014). They do not instantly kill the insect and may take a 
few days for results to be appreciated, it is best to integrate protozoa with other pest management 
methods (Table 8.5). 

8.4 CONCLUSION 

The ability of beneficial microbes has been ascribed to their mode of action such as antibiosis 
through the production of antibiotics, production of lytic enzyme, competitive exclusion, antago­
nism and hyperparasitism in which the pathogen is directly attacked and killed by the microbial 
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TABLE 8.5 
Protozoa Species and Their Susceptible Insect 

S No. Active Ingredient Susceptible Insect References 

1 Nosema pyrausta Grasshoppers, Heteracris littoralis; European Khaled et al. (2005), Lewis et al. 
corn borer, Ostrinia nubilalis (1983), and Zimmermann et al. 

(2016) 

2 Vairimorpha necatrix Tomato moth, Lacanobia oleracea; Black Cutworm, Down et al. (2004), Grundler 
Agrotis ipsilon; Corn earworm, Helicoverpa zea; et al. (1987), Lewis et al. (1983), 
European corn borer, Ostrinia nubilalis and Patel and Habib (1988) 

3 Malpighamoebamellificae Honeybee, Apis mellifera Örösi-Pál (1963) 

4 Malameba locustae Grasshoppers Henry (1968) 

pesticides. Microbial pesticides have been seen to act using one or more of these mechanisms in 
controlling and destroying pests. 

There are high potentials for microbial pesticides due to the problems associated with the use 
of synthetic chemicals which are not sustainable. The advantage of multiple modes of action, envi­
ronmental safe nature and the host specificity of microbial pesticides gives it an edge over synthetic 
pesticides, integration with other IPM is sure to give comparable results to synthetic pesticides. The 
perception of microbial pesticide is tied to their quality and effectiveness and both needs to be con­
tinually researched. Some rural farmers are still in the dark concerning microbial pesticide and as 
such they still heavily depend on synthetic pesticide, collaboration of multinational companies with 
extension workers to bring new findings to such farmers will change the perception of microbial 
pesticides and increase their acceptability. 
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9.1 INTRODUCTION 

Citrus sinensis generally called orange is a component of Rutaceae family and a chief source of 
vitamins, particularly vitamin C, adequate amount of calcium, niacin, thiamine, folacin, potas­
sium and magnesium (Angew, 2007). Economically, oranges are significant fruit crops, with an 
approximated 60 million metric tonnes made worldwide as at 2005 for an overall worth of $9 bil­
lion. From this total, partially came fromthe United States of America and Brazil (Goudeau et al., 
2008; Bernardi et al., 2010). The worldwide citrus area of agricultural land according to Food and 
Agriculture Organization statistics in 2009 was 9 million hectares with production set at 122.3 mil­
lion tons, categorizing sweet oranges first amid all the crops of fruit (Xu et al., 2013). The genetic 
derivation of Citrus sinensis is unclear, though it is considered to be originated from the interspe­
cific hybridization of a number of earliest citrus species (Xu et al., 2013). 

Citrus fruits are the most important source of essential plant chemical nutrients and for long have 
been rated for their healthy nourishing and antioxidant characteristics. Scientifically it is verified 
that oranges being loaded with minerals and vitamins have lots of health advantages. Furthermore, 
it is now realized that other organically active, non-nutrient complexes established in citrus fruits 
such as plant chemicals antioxidants, dissolvable and in dissolvable dietary fibres are recognized to 
be useful in minimizing the risk for carcinoma, numerous chronic ailments like obesity, arthritis, 
and CHD (Crowell, 1999). A particular orange is supposed to have about one hundred and seventy 
plant nutrients and more than 60 flavonoids with anti-inflammatory, anti-cancer, antioxidant and 
blood clot-reducing properties. All these characteristics assist to support health comprehensively 
(Cha et al., 2001). 

Fruits and vegetables play an important role in the prevention of chronic diseases. Dietary fibre 
is the common component of foods consisting of polysaccharides such as gums, cellulose, pectin, 
hemicellulose and lignin. These dietary fibres play significant roles in the disease prevention and 
treatment of chronic diseases such as gastrointestinal diseases, diabetes, cardiovascular diseases, 
cancer, and obesity and also encourage physiological functions (Adetunji et al., 2020a,b; Adetunji 
and Anani 2020; Adetunji and Varma, 2020; Olaniyan and Adetunji, 2021; Inobeme et al., 2021; 
Anani et  al., 2021; Adetunji et  al., 2021a,b,c,d,e,f,g,h; Jeevanandam et  al., 2021; Adetunji et  al., 
2022a,b). The daily recommended dietary fibre intake is 25–30g, helpful in overcoming dietary 
deficiency and has been linked to many physiological effects. Natural products have been play­
ing a vigorous role in health for many years. Among the natural sources, plants have possessed 
chemical substances, function as drugs as compared to synthetic drugs. The herbs and plants being 
rich sources of bioactive phytonutrients are helpful for human health. Due to the presence of such 
bioactive compounds plants act as antioxidants and medicines. Among the bioactive compounds, 
Flavonoids are important naturally occurring polyphenolic compounds. Flavonoids are available 
in abundant quantity in fruits, vegetables and plant-based beverages. Flavonoids are accepted as 
disease-preventing and health-promoting supplements. Flavonoids pharmacologically exhibit free 
radical scavenging and antioxidant activities (Selmi et al., 2017). 
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Gene modification is the transferal technique of genes to organisms for the purpose of getting 
favourite characteristics biotechnologically. This transferal of genes can be done to plants or ani­
mals and known as genetically engineered food (GE) or genetically modified organisms (GMO). 
Genetically modified organisms are described as follows by World Health Organization: Organisms 
such as animals, plants or microorganisms in which the deoxyribonucleic acid has been modified 
in a means that does not take place normally by breeding and or usual recombination (WHO, 
2016). In the same way, the Food and Agriculture Organization of the UN and the Commission 
of Europe describe genetically modified organisms as a product “not arise naturally by breeding 
and/or expected recombination” (FAO, 2016). Among the agricultural GM products producers, the 
United States is on top producing almost 43% of the world’s genetically modified crops of differ­
ent varieties. American farmers participate on harvesting herbs-resistant sugar beets, alfalfa and 
virus-resistant oranges and papaya on millions of acres (Hallman et al., 2013). The genes transferal 
technique is adopted for improving fruits quality, better fruit yield, shelf life, increasing nutritional 
value and making resistance to abiotic and biotic stresses. The antibiotic-resistant petunias and 
tobacco were the first GMO plants produced by self-governing researchers groups in 1983. The 
GMO tobacco, first time commercialized by China in 1990 (Bawa and Anilakumar, 2013). The 
Food and Drug Administration (FDA) approved the first GMO tomato species having feature of 
delayed ripening. Similarly a lot of transgenic crops have approved from FDA counting Canola with 
desired oil composition and herbs resistant soyabeans and cotton (Zhang et al., 2015). 

Genetically modified foods that are accessible in the market consist of eggplants, carrots, pota­
toes, strawberries, and a lot more are in pipeline (Bawa and Anilakumar, 2013). Now, the pace of 
raise in yield of crop is not more than 1.7% while the yearly amplification in yield should have to be 
2.4% to link up the demands of population expansion, advanced nutritional standards and decreas­
ing capability of producing crops. This is an intimidating task, which seems only attainable by 
implication and optimization of genetics of crops combined with quantitative upgrading in manage­
ment of the farming system. 

The genus Citrus possesses several undesirable characteristics including salt and cold sensitivity 
(Garcia-Agustin and Primo-Millo, 1995; Van Le et al., 1999); they are also susceptible to diseases 
caused by fungi, bacteria and viruses, such as Citrus exocortis viroid (CEV), Citrus infectious var­
iegation virus (CIVV), Citrus cachexia viroid (CCaV) and Citrus tristeza closterovirus (CTV) (Van 
Le et al., 1999; Greño et al., 1988). Citrus exocortis viroid. It has been highlighted that Classical 
genetic selection, micrografting, grafting, gene transfer methodology can enhance the cultivation of 
a particular species. Hence, in vitro manipulation actions could result into quick, genetic transfor­
mation and bud regeneration for effective micropropagation are essential for citrus bud regeneration 
for efficient micropropagation, Also, several practical advantages have been documented from in 
vitro culture techniques in citrus cultivation (Van Le et al., 1999; Grosser et al., 1988; Ghorbel et al., 
1998) while several recent advancements have been employed in the gene transfer methodology 
through the classical regeneration methods to various genus and this has led to inducement of spe­
cific alteration within a short period when compared to classical genetic selection techniques (Van 
Le et al., 1999; Kaneyoshi et al., 1994; Gutiérrez et al., 1997). 

Moreover, examples of limitation encountered in the conventional techniques during the process 
of citrus improvement include auto incompatibility, nucellar polyembryony, long juvenile period, 
and high heterozygosity (Ghorbel et al., 1999; Boscariol et al., 2003). The introduction of biotech­
nological techniques has played a critical role in the eradication of these highlights challenges via 
several techniques such as genetic transformation (Boscariol et al., 2003; Peña and Navarro, 1999; 
Costa et  al., 2002) somatic hybridization and citrus breeding programs (Boscariol et  al., 2003; 
Grosser and Gmitter, 1990; Mendes et al., 2001). These techniques have been affirmed by several 
scientist in numerous countries (Gutiérrez et al., 1997; Boscariol et al., 2003; Cervera et al., 2000; 
Januzzi et al., 2002). 

Globally, there has been a main plunge in citrus enhancement as competition from international 
citrus markets because of several factors such as abiotic and biotic stress conditions and pressure 
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due to the high susceptibility of citrus to pests and diseases (Grosser et al., 2000; Dutt and Grosser, 
2010). Numerous techniques utilized for the enhancement of citrus include conventional breeding 
and genetic transformation (Peña et al., 2007; Dutt et al., 2010). Moreover, the application of geneti­
cally modified of citrus has been recognized as an efficient techniques because it enhance easy 
introduction of a particular desire traits of interest to another elite cultivar by conventional breed­
ing. Citrus cultivars differs when responding to genetic transformation and in vitro organogenesis. 
Therefore, there is a need for the optimization of cultivar-specific through invitro methodology and 
genetically modified techniques (Peña et al., 2007; Dutt et al., 2010). 

The application of Agrobacterium-mediated transformation has been highlighted as one of the 
most common techniques utilized for genetic alteration of citrus utilizing epicotyl explants as target 
cells for integration of the T-DNA (Dutt et al., 2010; Dutt and Grosser, 2009) but unfortunately, it 
could not be used for alteration of any seedless cultivar. Also, some cultivars in the mandarin group 
remain strong to the process of transformation when this methodology is applied (Dutt et al., 2010; 
Khawale et al., 2006). 

Therefore, this chapter intends to discuss the recent advances in the medical and nutritional ben­
efits of genetically modified oranges. 

9.2	 MUTATION AND CONVENTIONAL TECHNIQUES 
FOR THE BREEDING OF ORANGE VARIETIES 

Several methods have been discovered to be very effective in the enhancement of various types 
of citrus which has led to the development of new varieties. During conventional citrus breeding 
researcher normally blend the DNA of two different species one from the father and the other from 
the mother which eventually results in hybrid embryos by the process referred to as meiosis. The 
embryo normally generates hybrid seeds which will carry some interesting features from differ­
ent orange cultivar. Moreover, some interesting varieties have been produced using the process of 
induced mutation or through natural techniques. 

The natural techniques occur extemporaneously over time. The citrus breeder sometimes selects 
natural mutants and fruit which has been discovered to show some level of variation from the par­
ent will be selected, assessed, and mass produced through the process of propagation. Also, some 
breeders have utilized other techniques such as zapping budwood with radiation to induce mutations 
or somaclonal variation which has led to the development of enhanced cultivars with interesting 
features. 

Mutation occurs whenever the DNA disintegrates and rearranges each other or a point mutation 
where a single nucleotide show some level of alteration which eventually leads to enhanced variet­
ies. The process of natural mutation has led to the production of some special species which are 
seedless such as Tango, Kinnow LS, N40W-6-3 (Seedless Snack), and Fairchild LS. 

Furthermore, the University of Florida/Institute of Food and Agricultural Sciences (UF/IFAS) 
has also released some sweet oranges varieties which are seedless such as OLL-8 and Valquarius. 
These varieties are produced as a result of somaclonal variation. Moreover, it has been highlighted 
that most of the citrus cultivar has an extended juvenile period which makes most of the cultivar to 
take a minimum of six for their seed to germinate to flower. Interestingly, the recent advances in 
genetic enhancement has led to prevention of biotic and abiotic conditions which normally prevent 
this extended juvenile phase. 

9.3	 RECENT ADVANCES ON GENETICALLY MODIFIED 
ORANGES WITH SOME SPECIFIC EXAMPLES 

It has been highlighted that somatic hybridization and genetic transformation studies have been 
applied as sustainable biotechnological tools in citrus breeding programs in numerous countries. 
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Also, the application of genetic transformation techniques has been used for the transfer of particu­
lar desired traits without changing the genetic background (Marques et al., 2011). The application 
of Agrobacterium has been highlighted in the genetical transformation of citrus plant with explants 
obtained from seedlings germinated in vitro or under a greenhouse environment (Almeida et al., 
2003). Another example of transformation techniques utilized in the improvement of citrus includes 
the application of techniques such as RNA silencing. There is a need to optimize the process of 
vitro regeneration before the process of transforming genes can take place. In view of the aforemen­
tioned, several authors have reported the various genetically modified process towards the enhance­
ment of the citrus plant. 

RNA interference (RNAi) has been recognized as a posttranscriptional gene-silencing process 
triggered by the double-stranded RNA. It has been utilized as a knockdown technology for the 
evaluating the role of numerous gene in organism. This techniques has been utilized in plant for 
the production of transgenic that could generate hairpin RNA. RNAi has several benefits which 
includes the genetical enhancement of plants which form an advantage of cosuppression and 
antisense-mediated gene silencing when compared to effectiveness and high stability (Kusaba, 
2004). Soler et al. (2012) discovered that Citrus tristeza virus responsible for the viral diseases of 
citrus plant possesses three silencing suppressor proteins at intercellular level (p20 and p25) and that 
could suppresses the host viral defense system. It was observed that there was a complete transfor­
mation of Mexican lime when amplified with an intron-hairpin vector having full-length untranslat­
able versions of the genes p23, p25 and p20 derived from Citrus tristeza virus strain T36 which play 
a crucial role in the silencing of the expression of these gene in Citrus tristeza virus affected cells. 
The result obtained shows that the 3 transgenic lines available stimulates the high level of resistance 
to viral infection without the presence of any symptom, absence of virus aftergraft inoculation with 
CTV-T36 whether in transgenic scion or non-transgenic rootstock. It was observed that the buildup 
of transgene-derived siRNAs was mandatory but might not be adequate for the development of a 
high resistance to Citrus tristeza virus. Also, it was observed that the presence of a divergent Citrus 
tristeza virus strain resulted into overcoming of the resistance which play a vital function of the 
sequence in the mode of action. The application of RNAi showed that this one of the techniques 
that could ensure the transgenic resistance to Citrus tristeza virus and also validated that aiming 
concurrently by RNA interference (RNAi) the three viral silencing suppressors seem perilous for 
this function, though the contribution of coexisting RNAi modes of action cannot be excepted. 

Orbović et al. (2011) evaluated the influence of seed age on shoot regeneration capability and the 
transformation of “Flame” and “Duncan” grapefruit cultivars in addition to “Hamlin” sweet orange 
cultivar. The authors applied the process of genetically transformation to the citrus explants as stated 
in a protocol developed by 93 with using A. tumefaciens strain EHA105 (Hood et al., 1993) which 
possesses a binary vector obtained from pD35s (Dutt, et al., 2010). Their study showed that there 
was variation in the transformability and regeneration potential of citrus juvenile explants which 
also changes during the fruits harvest season. This make it difficult to establish a specific methodol­
ogy for the genetic transformation of citrus but maximum transformation effectiveness swill need a 
flexible methodology that could account for timing of seed collection and cultivar variability. Khan 
et al. (2012) genetically modifies the transformation of leaf segments from “Valencia” sweet orange 
(C. sinensis L. Osbeck) utilizing green fluorescence protein (gfp) as an important marker (Khan 
et al., 2012). This a typical example of generating transgenic plant using leaf segments as explants. 

Moreover, apartfrom A. tumefaciens, some other researchers have reported the application of A. 
rhizogenes for the manifestation of rol genes and for effective delivery of foreign genes to suscep­
tible plants (Christey, 2001). It has been highlighted that the hairy root possess the T-DNA segment 
of Ri-plasmid inside its nuclear genomes (Chilton et al., 1982). Also, the A. rhizogenes could facili­
tates the movement of T-DNA of binary vectors in trans which play a crucial role in the collection of 
genetically modified plants from screened hairy roots (Christey, 2001). The application of hairy root 
play a crucial role in the monoclonal antibody production (Wongsamuth and Doran, 1997), genetical 
alteration and mass production of phytochemicals (Shanks and Morgan, 1999), phytoremediation 
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(Nedelkoska and Doran, 2000), large scale secondary metabolite production (Choi et al., 2000). 
Furthermore, the utilization of A. rhizogenes has been acclaimed to effective for protecting binary 
vectors with preferred gene constructs (Christey, 2001) for the purpose of genetic transformation 
(Kumar et al., 2006). 

Chávez-Vela et al. (2003) applied A. rhizogenes A4 agropine-type strain for the development and 
during the process of the transformation system. It was observed that A4 entails wild-type plasmid 
pRi A4 which play a crucial role in the binary vector pESC4 and hairy-root genotype. The author 
utilized a transgenic sour orange (C. aurantium L.) plants and 75-day-old sour orange seedlings 
were regenerated from A. rhizogenes transformed roots the result obtained indicates that 91% of 
all the explants generated transformed roots with an average of 3.6 roots per explant. Similarly, 
the transformation of A. rhizogenes strain A4, possessing the binary vector pESC4 with nos-npt II, 
cab-gus genes and the wild-type plasmid pRiA4 were employed for the production of genetically 
modified orange from transgenic Mexican lime (C. aurantifolia (Christm.) Swing) plants. Their 
result showed that more than 300 Mexican lime transgenic plants were derived from the genetically 
modified experiment performed. Furthermore, it was observed that 60 out of these cultivars were 
confirmed to improve in their growing condition when transferred to the soil (Pérez-Molphe-Balch 
and Ochoa-Alejo, 1998). 

Apart from the method of indirect gene transfer, some scientists have employed the direct gene 
transfer method for the genetic modification of citrus plants. The process of particle bombard­
ment was applied on the Carrizo citrange (C. sinensis Poncirus trifoliata) thin epicotyl sections 
after the optimizing the condition involved in the process of for transient gene expression for the 
enhancement of citrus oranges. The maximum conditions that enhance the transient GUS expres­
sion includes culture of explants in a high osmolarity medium (sorbitol) 4 hours prior, M-25 tungsten 
particles, 9 cm distance between DNA/particle holder and specimen. Moreover, an average of 102 
blue spots per bombardment (20 explants/plate) were obtained. Their study showed the suitability 
of the procedure for the genetical transformation of sweet orange (C. sinensis) and Carrizo citrange. 

The process of electroporation has been highlighted as an operative direct gene transfer system 
utilized for the transformation of genetical make up of citrus fruits. Hidaka and Omura (1993) have 
validated the application of electroporation techniques for the gene transformation in citrus plant. 
The authors applied the protopalat derived from embryogenic callus of “Ohta” ponkan (C. reticu­
lata Blanco) and the process of electroporation with exponential decay pulses was carried out in 
the solution that contains the CaMV 35S promoter (pBI221) together with β-glucuronidase (GUS) 
chimeric gene, It was observed that an anehnaced GUS activity was recorded in the cells when 
performed using fluorometric assay. Moreover, it has been observed that the application of Plasmid 
DNA encoding the nondestructive selectable marker improved the activity of green fluorescent 
protein gene that was inserted using polyethylene glycol into protoplasts of “Itaborai” sweet orange 
derived from an embryogenic nucellar-derived suspension culture. After the process of protoplast 
cultivation in the submerged medium and their relocation to the solid medium, the transformed 
callus were recognized through manifestation of the green fluorescent protein, which separated 
physically from the tissue that were not transformed and they were later cultivated somatic embryo-
genesis induction medium. The transgenic plantlets were obtained later from in vitro rooting of 
shoots and from the germinating somatic embryos. 

In eukaryotes, the process of methylation and histone acetylation have been identified to play a 
crucial role in directing various plant defense and the rate of their growth. The process of histone 
alteration is regulated by several histone modification gene families. It has been noted that there 
is no single study on genome-wide characterization of histone modification that involves genes 
that are somehow related to various citrus species. In view of the aforementioned, Xu et al. (2015), 
performed a study on histone alteration and their role in the development of citrus fruits. The result 
obtained from some of the recent studies established that the sequenced sweet orange genome data­
bases possess a cumulative of 136 CsHMs (Citrus sinensis histone modification genes) that con­
tain 16 CsHDACs (histone deacetylase genes), 47 CsHMTs (histone methyltransferase genes), 50 
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CsHATs (histone acetyltransferase genes), and 23 CsHDMs (histone demethylase genes). The identi­
fied genes were later grouped into 11 gene families. The evaluation of these 111 genes was carried 
out with gene structures, conserved domain compositions of proteins, chromosome locations and 
phylogenetic comparison respectively. Furthermore, in order to have a better understanding of these 
genes played in the citrus fruit development selection of 42 CsHMs with high mRNA abundance in 
fruit tissues was carried out so as to evaluate their appearance profiles at six stages of fruit growth. 
The result obtained showed that numbers of genes were manifested in high quantity in flesh of rip­
ening fruit while the other citrus fruits showed enhanced expression levels as the citrus plant devel­
oped. Also, the manifestation of all 136 CsHMs response to the infection of blue mould (Penicillium 
digitatum) which is responsible for the post-harvest losses of most citrus crops showed strong 
changes to their expression levels during the fruit-pathogen infection. Their study established that 
the various comprehensive evaluation performed on the histone modification gene families in sweet 
orange affirms their role during the development of citrus fruit and the role they played by inducing 
a high resistance to blue mould infection. 

It has been shown that sweet orange cultivars do not have resistance to Huanglongbing (HLB) 
which constitutes a phloem-limited bacterial disease. Therefore, there is a need to develop vari­
eties that is more resistant to HLB. Dutt et al. (2015) ‘Valencia’ and ‘Hamlin’ which are typical 
examples of sweet orange that showed the expression of Arabidopsis thaliana NPR1 gene under the 
influence of a phloem specific Arabidopsis SUC2 (AtSUC2) promoter and constitutive CaMV 35S 
promoter were performed. The result obtained indicated that the manifestation of AtNPR1 in trees 
with the ordinary phenotic expression demonstrates more resistance to HLB while Phloem-specific 
expression of NPR1 also showed strong resistance against invading pathogens. Furthermore, it was 
observed that the genetically modified trees showed a decrease in diseases severity and only a small 
few lines still retained diseases free after 3 years of planting in a presence of heavily infested field 
site. The manifestation of NPR1 gene induced expression of numerous native genes that are entailed 
in the plant defense signalling pathways. The AtNPR1 gene being plant derivative can assist as a 
constituent for the growth of an all plant T-DNA resultant consumer-friendly genetically modified 
tree. 

In plant breeding programs, the application of genetic modification has been recognized sustain­
able biotechnological method that could increase the quantity and quality of crop yield and enhance 
the level of disease resistance. Also, the utilization of Targeted genome engineering is assumed to 
play a vital role in the development of various varieties and genome editing technologies for the 
production of transgenic citrus trees using transcription activator-like effector nucleases, clustered 
regularly interspaced short palindromic repeat (CRISPR)/Cas9/single guide RNA (sgRNA), zinc 
finger nucleases. Moreover, there is no report yet on the application of current genome editing for 
the improvement of sweet orange. In view of the aforementioned, Jia and wang (2014) utilized 
an innovative tool, and Xcc-facilitated agroinfiltration, for the improvement of transient protein 
manifestation in sweet orange leaves. The authors, later utilized Xcc-facilitated agroinfiltration for 
effective delivery of Cas9, together with artificial sgRNA targeting the CsPDS gene inside a sweet 
orange. The result obtained showed that there was a mutation of CsPDS gene at the target site of 
the treated orange leaves. Furthermore, it was observed that the mutation rate of 3.2%–3.9% was 
observed when Cas9/sgRNA system was employed. Their study is the first report on the application 
of Cas9/sgRNA system for targeted genome alteration of the role of gene present in citrus plant. 

Genetically modified science has been identified as a sustainable solution that could also help in 
the mitigation of various challenges against citrus greening (Allen, 2016). These diseases affected 
majority of the US citrus industry without any apparent solution. Moreover, a particular bacterium 
has been identified as the causal agent for the following diseases such Huanglongbing or citrus 
greening. The disease is normally spread by Asian citrus psyllid which normally affects the whole 
tree and eventually has an adverse effect on the taste of the citrus by becoming bitter (UF/IFAS 
Citrus Extension, 2016a,b). The worst part of this situation was that most farmers do not have suf­
ficient money to prevent the incident of this citrus greening because there is no cure presently. This 
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situation has affected the rate of citrus production which led to the dropping of over 100 million 
boxes in Florida during the 2014 season and farmers reported that almost 80% of their citrus tree 
have been affected by HLB (Singerman and Useche, 2016). The incident of this diseases aggravated 
the situation by ending almost $9 billion citrus industry in Florida (Voosen, 2014). Moreover, the 
scientist in this region have invented some sustainable biotechnological techniques for the revital­
ization of the citrus industry in this region through the introduction of trees that are resistance to 
citrus greening, and citrus canker (Allen, 2016). Moreover, numerous experts have suggested that 
the industry should expect the introduction of genetically modified citrus tree as a sustainable solu­
tion to all the highlighted problems provided that the consumers could demonstrate a stronger inter­
est to purchase and consume orange juice derived from genetically modified orange (Voosen, 2014). 

The University of Florida/Institute of Food and Agricultural Sciences (UF/IFAS) research team 
has discovered several improvement on citrus. They explore the application of genetically modified 
technology to produce new tools that could led to the breeding of conventional plant. 

These Biotechnology techniques used in the breeding of new transgenic orange varieties has 
been affirmed to be sustainable because they could mitigates against several diseases that nor­
mally affect the mass cultivation of several orange species. This could be linked to their capability 
to produce an immunity against any infection. Moreover, known as systemic acquired resistance 
(SAR) has been highlighted to prevent subsequent infection by enhancing the immune system of 
the affected plant. It has been observed that SAR gene commonly referred to as NPR1 derived from 
Arabidopsis, a mustard plant has been confirmed to demonstrate high biological control effective­
ness against huanglongbing. This was achieved by insertion of NPR1 into the citrus plant using 
Agrobacterium as a vector which enhances the immunity of the plant by preventing any external 
infection. This is also facilitated by the presence of a promoter which is a switch that regulates the 
manifestation of any particular gene at any particular location. 

Some of their discovery on transgenic sweet orange trees includes: Regulation of a phloem-targeted 
promoter or constitutive promoter, improvement of the citrus tree immunity to foreign diseases, 
pests and infection most especially a high tolerance to HLB. They have achieved huge success by 
this gene which allows the persistence of HLB resistance for two and a half years when an experi­
ment was performed in a greenhouse (Citrus Industry, 2015). 

Moreover, they have been able to generate transgenic rootstocks which are HLB-tolerant culti­
vars. Much effort has also been put in place for the addition of this gene into rootstocks in commer­
cial scions which will serve as additional protection against pathogens and other infections thereby 
strengthening the immune system of citrus plant. In addition, these scientists have obtained several 
genes from plants such as soybean, grapes, beans, tomato, pepper, and tobacco for their capability 
to produce resistance against HLB. They have been able to produce transgenic citrus plants either 
rootstocks or scion cultivars that are fabricated through a process referred to as “gene stacking.” In 
this process, they have identified several genes of inters that are involved in several mechanisms of 
action which are incorporated into the citrus plant. This technology was established because they 
realized that the cultivation of citrus is a long-term investment and there is a probability that patho­
genic microorganisms, pathogens and HLB disintegrate the resistance of a single gene. Therefore, 
the addition of several genes could enhance the mechanism of action against the invading pathogen 
or pests which eventually led to stability in the long-term resistance. 

Moreover, they have discovered edible and eco-friendly citrus produced through a special pro­
toplast where its cell wall was removed through the application of digestive enzymes. This process 
enables the application of genetic engineering for the incorporation of edible plant-derived. 

Transgenes in the absence of either viral or bacterial DNA sequences. They inserted a 
plant-derived visual reporter gene which has been selected based on special interest unswervingly 
into an isolated citrus protoplast with the assistance of electroporation or polyethylene glycol. 

Additionally, they have been able to isolate another reporter gene referred to as Ruby obtained from 
blood orange which results in the fabrication of purple anthocyanin. They utilized a citrus-derived, 
embryo-specific promoter, which enables them to generate a DNA transformation construct that 
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permits anthocyanin to be communicated in the preliminary stages of plant regeneration (purple 
embryos) but which is consequently prevented in the mature or developing plant. Their finding 
showed that by exploring the ruby gene, they can obtain phenotypically normal transgenic citrus 
plants entailing specific and interesting DNA of special interest most especially from edible plants 
which will improve consumer acceptability of these citrus fruits. 

Furthermore, they have been able to use genetically modified technology to minimize juvenility 
which is a common setback in most citrus plants. This was carried out through the identification of 
a key gene referred to as FT that generates a protein that initiates the floral process. 

This particular protein of interest is normally available at minimal levels in juvenile plants and 
the quantity increases as the plant attains maturity. They have been able to isolate floral induction 
gene either with CFT protein or Citrus FT derived from Clementine with the help of genetically 
modified technology added to Carrizo rootstock genome. Interestingly, they engineered the gene to 
turn on at a very high level most of the time rather than switching on whenever the plant matures. 
This resulted in an improvement in the level of FT protein level and rapid flowering in 3-month-old 
Carrizo plantlets. This will also minimize the time involved in the evaluation of the new created 
germplasm (Citrus Industry, 2015). 

Ruth et al. (2017) carried out a research study that focus on the innovative features that were 
presented by Rogers to validate if the application of genetically modified science could bring about 
a sustainable solution to the problem of citrus greening that affected most parts of the US resident. 
The study was carried out by collating necessary information from 1,051 respondents across vari­
ous parts of the US. The various respondent was later distributed into various geographical regions 
while demographic variation among the respondent in various region was observed. Conversely, the 
information was collated from respondents from several regions who had neutral knowledge about 
genetically modified science, observability, compatibility, complexity, and trialability. The result 
obtained from the western region attests that there are benefits to the application of utilizing geneti­
cally modified science while the Midwest attests they would prefer to consume genetically modified 
citrus when compared to the northern region. Their study showed that extension agents could play 
a crucial role in the education of most people in these areas that are affected by citrus pests and 
diseases about the benefits of genetically modified citrus in the future. 

Singerman and Useche (2017) carried out a study that specializes in the growers’ survey-based 
evaluation of the impact of citrus greening on the rate of citrus processes in Florida as well as 
growers’ evaluation regarding the level of potential concerns, information and their general believe 
pertaining their acceptability of genetically modified technology as a means of managing the 
diseases. Moreover, the authors also evaluate growers’ preferences on certain characteristics of 
a Huanglongbing-resistant tree. It was discovered that the most significant heterogeneity in produc­
ers’ apprehensions and trait favourites could be found in the some are such as safety, gene origin 
and environment. 

9.4 ANTICANCER ACTIVITY OF ORANGE 

Cancer is a group of diseases that affect human health leading to death. According to 2012 study, 
there were about 14 million cases of cancer and 8 million deaths due to cancer. Cancer is a disease 
of uncontrolled growth of cells as a result of proliferation, so the only treatment is to stop prolifera­
tion. Nowadays and in past days chemotherapy is used to prevent and reduce the rate of growth of 
cancer which is very expensive. The main cause of the increasing cancer rate is diet. We use less 
fruits and vegetables in diet. It is studied that most of cancer preventive chemoprotective agents are 
naturally present in fruits and vegetables. So, peoples with increased use of fruits and vegetables 
have low risk of cancer. Many chemoprotective constituents like flavones, vitamins and limonene 
are present in orange juice and orange peel. 

The main cause of cancer in the human body is oxidative stress thus antioxidants can play 
important role in protection from cancer. Flavones present in orange juice are highly antioxidant. 
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TABLE 9.1 
The Chemoprotective Constituents of Available in Various Orange Varieties and Their 
Modes of Action 

Chemoprotective 
S/N Constituents Causative Enzyme Cancer Sites References 

1 Hesperidin Azoxymethane COX-2, IL-6 Colon, bladder, esophagus Tanaka et al. (1997) 

2 Limonene DMBA Benzo pyrene Buccal cavity, skin Miller et al. (1992) 
Forestomach, lungs 

3 Auraptene Azoxymethane Colon Miyagi et al. (2000) 

4 Perillyl alcohol P13K/Akt Brain tumors Jayaprakasha et al. (2013) 

5 Blood orange EO Colon Murthy et al. (2012) 

6 Alpha pinene Lungs Zhang et al. (2015) 

7 Citral ALDH1A3 Stem cells Thomas et al. (2016) 

Carotenes like beta carotenes and lutein that are actually colouring agents also have antioxidant 
protection along with other benefits. Folate is needed for DNA synthesis and its mild deficiency 
leads to altered DNA and decrease the expression of tumour suppressor proteins. It is also reported 
that orange juice has some phytochemicals that can inhibit the initiation stage of colon cancer. As 
flavones are glycosides so they are not digested by small intestine, they go to colon where their 
break down occur by hydrolysis, so these are highly active against colon carcinogens. For different 
chemoprotective constituents and their action see Table 9.1. 

Citrus flavonoids has been highlighted to inhibit cancer through the following process which 
includes apoptosis, selective cytotoxicity and antiproliferative actions (Elangovan et  al., 1994). 
Moreover, Citrus flavonoids have been highlighted to possess antimutagenic effect which prevents 
DNA from destruction by their potential to enthrall ultraviolet light (Stapleton and Walbot, 1994). 
They have the capability to prevent and neutralize free radicals that stimulates the process of muta­
tion whenever they are formed near DNA. This has also been affirmed in mice body exposed to 
X-ray (Shimoi et  al., 1994). Moreover, citrus flavonoids could prevent the DNA by interrelating 
unswervingly with the tumoral agents when induced by chromosomal aberrations by bleomycin 
(Heo et al., 1994). Bracke et al. (1989) reported the modes of action of citrus flavonoids against cell 
proliferation and tumoral growth in cardiac, rat malignant cells and rat malignant cells. Oranges 
have been highlighted to possess several biological constituets such as amino acids, folic acid, 
iron, amino acids, chlorine, beta-carotene, manganese, pectin, zinc, pectin, sodium, potassium, 
manganese, folic acid, calcium, iodine. Cha et al. (2001) stated that a single oranges poseses over 
60 flavonoids and 170 phytonutrients that poseeses anti-inflammatory, antioxidant properties, blood 
clot inhibiting. 

9.5 ANTIOXIDANT PROPERTIES 

Orange is virtually referred to as a natural source of bioactive components involved in promot­
ing a good health system. These bioactive components are mostly antioxidants whose capacity 
needs to be increased or boosted. However, enhancing particular antioxidants concentration in 
the fruits of orange is attainable with metabolic engineering which will help strengthen the fruits 
to build a sustainable health system (Pons et al., 2014). Pons and colleagues (2014) performed 
an experiment on improving the beta carotene level in the fruits of orange via the obstruction of 
beta carotene hydroxylase gene (Csb-CHX) with the assistance of RNA intervention. The authors 
also concurrently express in excess the rate-limiting gene (Flowering locust T) responsible for 
the flowering transition in the engineered pulp sweet orange to produce fruits within a limited 
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time frame. On the other hand, obstructing the beta carotene hydroxylase gene gave a golden 
phenotype juvenile orange with a substantial increase in the beta carotene level to about 36-fold 
(Pons et al., 2014). The level at which the beta carotene was able to prevent the oranges from 
being exposed to oxidative stress was also determined through experimental studies using ani­
mal models by Caenorhabditis elegans. It was observed from Pons et al. (2014) studies that the 
engineered golden phenotype orange was able to increase the antioxidant capacity by 20% greater 
than that seen in the isogenic control orange. It was then concluded that genetic engineering has 
the potential to elevate the nutritional capacity of oranges by improving the antioxidant capacity 
to fight oxidative stress. 

Polyamine oxidase (PAO) is the fundamental enzyme responsible for the catabolism of poly­
amine for the production of H2O2. Wang and Liu (2016) reveal the explanation behind the efficacy of 
CsPAO4 gene in the catabolism of polyamine and its ability to suppress the growth of plant expose to 
salt stress. It was observed that CsPAO4 uses spermidine and spermine present in plasma membrane 
of the citrus as their substrate for catabolism at the terminus. Furthermore, the genetic engineered 
citrus displayed an overexpression in the CsPAO4 gene which is evident in increasing the activity 
of polyamine oxidase (PAO) thereby elevating the production of H2O2 with parallel reduction in 
spermidine and spermine level (Wang and Liu, 2016). The authors also observed that under a stress 
condition, the seeds of engineered citrus had a better growth than the wild type. The H2O2 was 
higher in the transgenic citrus seed with inhibition of it vegetative germination and root elongation 
leading to apoptosis. Application of catalase from external source was able to scavenge the H2O2 

thereby leading to partial recovery of the vegetative growth and root elongation. Hence, spermine 
was able to suppress the growth of the engineered citrus using the CsPAO4 gene to induce oxidative 
stress and then lower the production of polyamine oxidase (Wang and Liu, 2016). 

9.6 ANTI-CANKER 

Fu et al. (2011) reported on the Ectopic expression of MdSPDS1 gene in Citrus sinensis ability to 
suppress canker vulnerability, hydrogen peroxide (H2O2) production and transcriptional modifica­
tion. It is known that polyamines are substance with wide physiological processes. Fu and colleagues 
reported on the introduction of an apple spermidine synthase gene (MdSPDS1) into Citrus sinensis 
through an Agrobacterium-mediated transformation of embryogenic calluses. It was observed that 
the two transgenic lines (TG4 and TG9) were less susceptible to Xanthomonas axonopodis pv. citri 
(Xac), like the wild type (WT) to citrus canker (Fu et al., 2011). The authors also showed that there 
was higher free spermine (Spm) and polyamine oxidase (PAO) activity when there was Xac attack 
on TG9 cell line more significantly in comparison with WT where there was an apparent overexpres­
sion and H2O2 accumulation. Hence, prior treatment of TG9 cell line of leaves with guazatine ace­
tate a substance that suppress the activity of PAO and the accumulation H2O2 thereby revealing the 
plant to more disease symptoms than the controls when exposed to Xac. Furthermore, the TG9 lines 
in the transgenic citrus was upregulated with the help of pathogenesis-related protein and jasmonic 
acid synthesis on exposure to Xac than what was observed in the WT (Fu et al., 2011). Moreover, 
mRNA levels of most of the defense-related genes involved in the synthesis of pathogenesis-related 
protein and jasmonic acid were upregulated in TG9 than in the WT regardless of Xac infection. The 
authors conclude that MdSPDS1 gene was over-expressed in the transgenic citrus to fight against 
the development of cancer. 

9.7 CONCLUSION AND FUTURE RECOMMENDATION 

This study provided detailed information about the nutritional and medical benefits of genetically 
modified orange. Also, during this study special attention was laid on some nutritional benefits of 
biological and pharmacological components of oranges such as antihyperlipidemic anti-obesity, anti­
oxidant, anti-diabetic, antiulcer and many more. Moreover, some recent and novel Biotechnological 
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techniques which are based on genetically modified science were also highlighted in details. 
Moreover, there is a need to strengthen policy that will enhance the introduction of these technolo­
gies to the farmers most especially those that dwell in developing countries about the advantages, 
profits and yield involved in genetically modified crops. Moreover, more transgenic orange tree that 
has been tested to entail a high resistance to diseases and pests should be distributed to the farm­
ers. This chapter has established that the application of genetic manipulation methods could lead to 
drastic improvement of plants. The application of plant transformation has given enough room for 
genetic modification of one or more traits while maintaining the uniqueness of the original citrus 
cultivar. Also, there is a need to strengthen the development of citrus plant that could resist the 
adverse effect of pests and diseases, climate changes, and abiotic stress using genetically modified 
techniques. 
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10.1 INTRODUCTION 

As posited by the NOAA, aquaculture is the cultivational method responsible for achieving feats 
such as increased food production, habitat restoration, and replete populations of threatened and 
endangered species. This cultivational method does not strictly fit its norm since it involves the culti­
vation of freshwater and seawater populations under controlled conditions. Such populations include 
fish, mollusks, crustaceans, algae, aquatic plants, and other underwater organisms. Fish supplies 
have burgeoned as a result of aquaculture (Naylor et al., 2000). This however has been considered 
by them as a mixed blessing that depends greatly on aquatic populations that are being impacted. 
The conservation of aquatic biodiversity is equally important (Diana, 2009) as the increasing use 
of aquaculture is evident (Bostock et al., 2010). Aquaculture as an industrial sector has been recog­
nized, along with its global status and trends. It seems conclusive that aquaculture is an essentially 
growing field that will require technical feedback for its prime functioning. 

The benefits of aquaculture are vast as it involves the breeding of specific plant and animal species 
under controlled environments which can lead to the development of healthier habitats, provision of 
an additional food source and commercial products, and engendering species that are close to extinc­
tion. Productions through aquaculture systems are a major source of income for many countries as 
well since they contribute to the economy of the country through exports (Li et al., 1997). The sec­
tor of food fish production has benefited greatly from aquaculture with a consistent increase in the 
average growth rate. Moreover, aquaculture provides vast economic and environmental benefits by 
reducing the sea trade deficit, increasing jobs, and reducing fishing pressure and pollution. 

In the modern era technology has become an essential tool that is used to increase the productiv­
ity and efficiency of almost every sector and aquaculture is no exception as well (Patel et al., 2020; 
Shah et al., 2020; Ahir et al., 2020; Kundalia et al., 2020). Artificial Intelligence is one such field 
that is collaborated and used in aquaculture to further its progress (Gupta et al., 2020; Naik et al., 
2020; Parekh et al., 2020; Patel et al., 2020). AI is the field of study that is essential for its tech­
niques in solving problems and developing tools that are commonly associated with or done using 
human intelligence (El-Gayar, 1997; Kakkad et al., 2020; Pandya et al., 2020; Sukhadia et al., 2020; 
Jani et al., 2020). The following sections illustrate and elucidate the AI technologies that are used 
in improving aquaculture systems, and discuss the other information technology systems that are 
used in collaboration with AI. They also elucidate specific aquacultural processes that are improved 
using AI and discuss the importance and procedures of optimization in an aquaculture system. 
Also, swarm intelligence, an application of AI, has also been discussed along with its incorporation 
in aquaculture. 

10.2 SMART FISH FARM SYSTEMS 

Precision First Farming may be defined in a cyclical operational process realized in four phases: 
Observe, Interpret, Decide, Act (Føre et al., 2018; Talaviya et al., 2020; Pathan et al., 2020). In the 
first phase, observations are made in order to represent the assessments of the general population 
in the fish farms. Common tools utilized in the process are submerged cameras which are further 
processed with the help of computer vision technologies. Computer vision is capable of an array of 
things such as counting, quality inspection (Misimi et al., 2008), gender classification (Zion et al., 
2008) and monitoring of welfare and behavior (Papadakis et al., 2012; Zion, 2012). In combination 
with other AI technologies it is further capable of assessing many things like sea lice infestations, 
feed pellet quantities (Skøien et al., 2014), as well as behavioral changes in terms of both swimming 
behavior (Pinkiewicz et al., 2011) or feeding behavior (Føre et al., 2011). 

In the second phase, the observations are interpreted. Conventionally, this has been done by 
knowledgeable farmers based on their experience. However, modern research aims to automate this 
process with the help of artificial intelligence technologies that involve mathematical modeling. 
After this, decisions are made by humans as this is a highly complex task and finally, in the fourth 
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FIGURE 10.1 Representation of influence of the four stage PFF model (outer cycle) on traditional fish farm­
ing models (inner cycle) (Føre et al., 2018). 

stage, these decisions are acted upon to incite the desired biological response from the fish farms 
(Figure 10.1). 

The addition of this knowledge to aquaculture is primarily what has led to the commercialization 
and industrialization of this sector. Currently, by the addition of artificial intelligence technolo­
gies in this particular sector, there are anticipated benefits expected to change aquaculture process 
control systems. Increased process efficiency, reduced water loss, reduced energy wastage, reduced 
labor costs, reduced disease, and better understanding of the process are some of these anticipated 
benefits (Mustafa, 2016). Intelligent fish farm systems mainly help farmers with three major prob­
lems among the many challenges that they face. 

Firstly, by monitoring the water quality constantly, control of water quality can be monitored in 
order to lower fish mortality and simultaneously increase the feed ratio. Feed management is impor­
tant because it has been recorded that 70% of costs in aquaculture are attributed to feed and hence, 
conservation and management of feed is bound to have economic benefits and increase profitabil­
ity. It has been found that the high mortality rate of fish farms is attributed to poor water quality a 
majority of the time and hence, this is quite important. Besides this, disease management is another 
aspect of smart aquaculture that focuses on immediate disease detection and rapid reporting to 
make informed decisions about how to control it or combat it. 

For optimization, it is necessary to get an insight into collected datasets and statistics, so that 
we can turn mined knowledge into better procedures and systems today (Costa and Rihtar, 2016). 
Existing data as well as information technology can be used for data management and implemen­
tation of computerized models for decision support (El-Gayar, 1997). The automation, standard­
ization and intellectualization of aquaculture as well as animal husbandry improves the level of 
production management when it is successfully implemented. Aquaculturists have started to recog­
nize the potential of controlling the environmental conditions and system inputs (e.g. water, oxygen, 
temperature, feed rate and stocking density) in order to be able to get the required or anticipated 
growth rates of cultured species and process outputs. 

In order to be able to observe the successful implementation of artificial intelligence in aquaculture, 
the major factors that are to be considered in the use and design of a process control software that is 
based on artificial intelligence are the functionality or intuitiveness and the compatibility (Lee, 2000). 
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10.3	 ARTIFICIAL INTELLIGENCE FOR THE DEVELOPMENT 
OF AQUACULTURE SYSTEMS 

Planning for aquaculture development as well as improved management for aquaculture facilities 
has further emphasized the need to develop and adapt advanced Information Technology meth­
odologies such as Artificial Intelligence, IoT, etc. The advances in such IT fields have had a huge 
impact on the field of aquaculture. (El-Gayar, 1997). Huge improvements in the efficiency and sus­
tainability of global aquaculture have been obviated through Artificial Intelligence and its underly­
ing associated systems. The underlying associated systems include data management, computerized 
models, decision support systems, and image recognition. 

10.3.1 teChnologIes emPloyed In suPPoRt oF aRtIFICIal IntellIgenCe 

10.3.1.1 Data Acquisition for Aquaculture Processing 
The first step for the application of Artificial Intelligence in an aquacultural outset is the acquisi­
tion of data and its management . Due to the high damage incurred as a result of an inappropri­
ate decision and the variable nature of the production process, the timely availability of data is 
of extreme importance. Apart from the timely availability, it is also necessary that the data is 
not only appropriate but also accurate. A menu-driven, pond-oriented, microcomputer program 
called FISHY 2.0 allowed fish farmers to accumulate and analyze data regarding fish production 
operations. This database technology was used alongside a spreadsheet called LOTUS@123 which 
enabled data logging alongside a data management system (El-Gayar, 1997). The current methods 
of data acquisition and data monitoring comprise IoT concepts such as Wireless sensor networks, 
fog computing, and cloud computing for the acquisition and monitoring of data in a coherent and 
contiguous manner. 

A Recirculation Aquaculture System (RAS) is an essential technology that brings about 
high-density fish farming in an environmentally friendly manner. Data acquisition and data manage­
ment through fog computing technology are necessary for the implementation of RAS (Al-Hussaini 
et al., 2018). The usage of temporary storage of data is made possible through such a technology 
which also enables the quick access of data when required to process. A traceability system for RAS 
is implemented through Wireless Sensor Networks (WSN) due to its comparable data accuracy as 
well as easy configuration (Qi et al., 2011). A hardware platform is developed that automatically 
monitors and transmits data to the software for processing or the fog for temporary storage. 

10.3.1.2 Computerized Models 
The processes following the acquisition and management of data are associated with how that par­
ticular data is processed. The requirement of computer modeling is to process such data in an effi­
cient manner and to make intelligent predictions through the data. They provide a more precise and 
quantitative method in aquacultural research and also facilitate the evaluation of interactions of the 
aquacultural systems under observation with other externalities. Computerized modeling helps put 
together laboratory, field and theoretical studies to identify the areas where data is lacking, incon­
sistent or sparse (El-Gayar, 1997). 

The computerized models are further classified as economic, biological, bio-economic and bio­
physical. A bio-economic model comprises a fusion of physical, biological and fusion elements to 
assist decision-making systems and producers in identifying operation management and optimal pro­
duction system designs. A bio-economic model includes various different biophysical components 
that include economic strategies for its optimization (Brown, 2000). An integrated bioeconomic 
model consists of decision-making modeling and biological process modeling. Decision-making 
modeling, as the name suggests, is the optimization of a decision maker to make smart decisions. 
On the other hand, biological process modeling must capture the dynamic nature of biological pro­
cesses involved and must allow for dynamism in biological processes and human decisions. 
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The need for bioeconomic models (BEM) for fisheries is primarily due to the presence of exter­
nal factors which directly affect the biological side which further affects the economic profitability 
of the fisheries. BEM for fisheries is developed to capture long term, such as investments as well as 
short-term behavior such as population dynamics. Biological components for such a model include 
the factor of availability of stock assessments which is the segregation of fish stock and data based 
on the variety of species available in the fisheries. The economic components of such a model 
primarily include fleet and effort dynamics, price dynamics and cost dynamics. Despite the func­
tioning of the individual components, the integration of the different components is essential to the 
success for the functioning of the fisheries. The integration should be such that there is an efficient 
dynamic interplay between the human and biological parts of the system (Prellezo et al., 2012). 

10.3.1.3 Decision Systems 
Besides efficient modeling, we require a system that facilitates better decision-making while 
encountering complex decision problems. A decision support system (DSS) is a system that enables 
decision makers in making informed decisions as such systems can combine technical and domain 
knowledge of the project under study, in a single package (Mathisen et al., 2016). A DSS system can 
contribute a significant improvement to the already developed computerized models, and it helps 
the decision makers in using the collected data and computerized models in an effective manner. To 
further elaborate on this point, an aquacultural development decision system (ADDSS) consists of 
three main components which are the dialog component, the database component, and the modeling 
component (El-Gayar and Leung, 2000). The dialog component provides a graphical user interface 
so that the user of the system can interact with the two other underlying components. The two other 
underlying components are the database component which provides a database management system 
(DBMS) to store the relevant data, and a modeling component which is a collection of the relevant 
models that are essential for the planning of the aqua cultural system. 

The aqua farm project is one such implementation that provides simulation along with the dia­
log, database and modeling components. To further elaborate on this point, it is stated that an aqua 
farm project enables the simulation of the chemical, physical and biological unit processes and the 
simulation of faculty and fish culture management. The aqua farm is a modular programming archi­
tecture based on the fundamentals of Object Oriented Programming (OOP) that is suited for the 
development of a complex, aqua cultural model (Ernst et al., 2000). The five major components for 
an aqua farm system, as opposed to the DDS system, now include the simulation managers, domain 
experts, GUI and data managers, facility managers and facility components. 

Decision support systems are used for cage aquaculture which involves the implementation of a 
fishery system and growing of fishes within a net cage that also allows the free flowing of water. Two 
additional steps involved in cage aquaculture is the selection of the best site and calculating a sustain­
able holding density for that particular site (Halide et al., 2009). Site selection and fisheries manage­
ment is efficiently carried out by various Multi Criteria Decision Making (MCDM) techniques. The 
goal programming (GP) technique is one of the oldest MCDM techniques and it can be linear, non­
linear, fuzzy or fractional in nature. Another division of the MCDM techniques consists of the Multi 
Criteria Decision Analysis (MCDA) which is further subdivided into Multi Attribute Utility Theory 
(MAUT) and the Analytic Hierarchy Process (AHP). Despite their widespread applications in other 
fields, GP and MAUT have not thus far been used extensively in aquaculture systems. However, on 
the other hand AHP is used essentially in cage aquaculture for fisheries management (Mardel et al., 
2004) and site selection (Vafaie et al., 2015). The AHP analysis tool assigns suitability through a 
‘good’, ‘bad’ or ‘medium’ score thereby enabling site selection necessary for cage aquaculture. 

Holding capacity, on the other hand, refers to the maximum value of fish biomass permissible for 
an aquaculture cage. It gives an idea of the maximum value of fish production that can be sustained 
for a particular period of time, given that certain constraints are kept constant (Halide et al., 2009). 
The solution to such a problem is provided by the Modelling Ongrowing Monitoring (MOM) model 
(Stigebrandt et al., 2004). 
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A DSS system can be implemented using fuzzy logic and a fuzzy inference system (FIS) as well. 
Fuzzy logic is implemented over the process information obtained from an operator rather than 
a predefined mathematical model (Rana and Rani, 2015). Due to this a fuzzy logic system often 
delivers faster solutions as compared to a DSS system or a computerized model. One such objective 
of fuzzy logic in aquaculture is the design of an algorithm required for making feeding decisions 
during the feeding process of the fishes in a fishery (Zhou et al., 2018). The decision making was 
primarily performed by an adaptive network based fuzzy inference system (ANFIS) which works 
on the basis of fuzzy control rules to achieve on demand feeding. The performance for such a model 
is evaluated by model parameters such as feed conversion rate, specific growth rate, weight gain rate 
and water quality parameters. 

10.4	 ARTIFICIAL INTELLIGENCE CONCEPTS COMMONLY 
USED IN AQUACULTURE SYSTEMS 

AI is a field of intersection of expert systems and knowledge based systems (KBS), Logic and lin­
guistics, computer vision and deep learning and machine learning algorithms. The following fields 
have a significant importance in the development of aquaculture systems. The primary objective 
of such a system is to implement a management model and a Decision support system (DSS) that 
is both inferential, smart and intuitive in nature. The other benefits of such a system is the reduced 
energy and water losses, increased process efficiency and reduced labor costs (Lee, 2000). 

10.4.1 exPeRt systems (es) oR knoWledge based systems (kbs) 

In China, aquaculture plays an important role in generating income for farmers, however the rapid 
growth of aquaculture has led to the occurrence of infectious diseases that pose a great challenge 
to system owners. The problems and the different techniques to provide solutions regarding a fish 
disease diagnosis program using expert systems is described in Zeldis and Prescott (2000). On the 
other hand, a web based application of an expert system, called Fish Expert is used to treat fish 
diseases by mimicking human fish disease expertise (Li et  al., 2002). The domain information 
involved for implementation of such a system involves the inspection of the pond and the fish, and 
the examination of the water quality to determine if the problem is a water quality problem or a 
parasite problem. The fish expert system design includes the use of a database for the storage of 
information, a knowledge base that consists of the modelled rules for the fish diagnosis disease and 
an inference process that is used to match the facts against the patterns. The knowledge base and 
inference engine plays an essential role in making the expert system intelligent while the database 
is concerned primarily with data storage and data management. 

Expert systems that are used in aquaculture can be case based ES, rule based ES, neural net­
works based ES and fuzzy logic ES. Fish Vet is another effective fish disease diagnosis software 
program that can be implemented mainly using rule based expert systems or case based expert 
systems (Zeldis and Prescott, 2000). A rule based expert system consists of a database of rules 
relating to the problem domain in question. In Fish Vet, the primary objective of using a rule based 
expression is to cut down the problem space to a diminished size through which all the species spe­
cific diseases are thrown out that do not belong to the species in question. A case based ES, on the 
other hand, consists of a large number of previously solved cases of fish diseases. When a new case 
is presented to the user by the system, the database of a case based ES is searched to locate similar 
cases and present them to the user. A notion of similarity between the actual problems from the case 
base are used to deduce a solution to the problem at hand. 

Apart from the databases that are essential to an expert system, an inference engine is necessary 
as well. An inference engine for an expert system is analogous to that of a human brain. Disease 
diagnosis in eels that is carried out by an expert system called SEDPA comprises an inference 
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engine that implements fuzzy logic using a fuzzy logic controller (Gutiérrez-Estrada et al., 2005). 
Fuzzy logic consists of fuzzy sets that are divided into geometric partitions and any value of the 
dataset can be described as a function of its membership in the different sets (Zeldis and Prescott, 
2000). The fuzzy logic controller consists of an input fuzzy set and an output fuzzy set whose rela­
tionship in data is captured and stored in a fuzzy associative memory (FAM). A FAM is created by 
a human expert and three such memories are used by three such domain experts. The eel disease 
data is given as an input to a fuzzy logic controller and an output is drawn from it through the 
fuzzy associative memory. Apart from this, the other principal components of the SEDPA inference 
engine are the augmented transition network (ATN), which is a syntactic analysis methodology to 
access the data stored in the domain databases and a system of uncertainty transmission that is used 
to manage uncertainty using the Dempster Shafer theory. 

An expert system based over a neural network refers to an artificially intelligent system that 
works with a neural network at its core. An intelligent aqua cultural growth model is implemented 
over a neural network taking into account the various quality parameters (Deng et al., 2010). A 
feed forward neural network is used to achieve the expression of the knowledge base of the growth 
model. Taking into the different parameters such as salinity, dissolved oxygen, temperature, pH, 
ammonia nitrogen and time. The output of such a model is the body length of the aquaculture 
organisms. Hence, with the help of expert systems and neural networks, the system has predicted 
the forecast of the growing length of the organisms. 

10.4.2 neuRal netWoRks 

Neural networks are one of the most widely used Artificial Intelligence techniques that are used in 
aquaculture. A neural network consists of a sequence of layers where each layer consists of a PE 
which corresponds to the response variables of every layer. A transfer function is a mathematical 
equation associated with the PE of every layer. Usage of a neural network involves training of the 
data set which is a vector in the data matrix (Suryanarayana et al., 2008). A neural network having 
such a structure is used for fish stock forecast, determination of life cycle and age of a fish and fish 
identification. Neural networks are acclaimed for great success in fish stock forecast which refers to 
the automatic counting of fishes of a particular species by a three layer feed forward neural network 
(FFNN). The abundance of fish depends on the parameters such as distribution, stages of growth, 
recruitment, dynamics of eggs, death due to predator, closure of fishery, biomass availability, unor­
ganized fishing and natural deaths. Fish identification refers to the detection of a fish of a particular 
species or formulation of clusters based on the different types of fishes present in the pond. Another 
important use of a neural network is in modeling such as the eco path modeling of a river system 
and the fish yield map modeling . 

Temperature is a principal factor which is very important for shrimp growth since it provides a 
superior environment for growth and reproduction. The control of pond water temperature can be 
achieved through neural networks and mathematical models. Regulation of temperature is essential 
since the most essential parameter of a solar thermal system is the storage tank temperature. A 
mathematical model based on energy balance is developed to simulate the thermal behavior of an 
open pond upon which the ANN is applied. The NN controller is fitted to regulate the input tem­
perature with respect to the value of the temperature required, which is read by a thermostat (Atia 
et al., 2011). Temperature control can also be performed through a fuzzy logic controller in which an 
input is converted into a fuzzy set which is subsequently processed by the inference controller that 
derives its knowledge from the rule stated in the rule based database (Atia et al., 2011). 

Another important use case of neural networks in aquaculture is that of fish stock prediction. The 
modeling of a neural network and the prediction of fish yield pertaining to a data set of 59 African 
lakes is developed from a combination of six variables, which are depth, latitude, altitude of pres­
ence of lake, catchment area over maximum area, conductivity and fishing effort . The neural net­
work algorithm used is the backpropagation algorithm in stochastic approaches which gives us the 
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predictive power required for fish stock prediction. The back propagation algorithm was also used in 
the prediction of three commercially important marine fishes on the basis of five different variables 
which are the latitude and longitude, biomass upon abundance ratio, sampling month and depth of the 
water column (). A three layered perceptron model is used where the input layer comprises five nodes 
each representing a single node for the variable stated above and output layer is a binary output, 
1 or 0 where 1 represents that the fish is of the desired species and 0 represents otherwise. Another 
technology used for fish stock prediction is discriminate analysis (DA). DA uses classification func­
tions to classify linearly modelled groups which thereby helps us in discriminating the groups and 
classifying them accordingly (Baldridge and Palmer, 2009). However, it is observed in many distinct 
comparative studies that neural networks provide a more accurate classification as compared to DA. 

Another modelling procedure that is carried out for intelligent aquaculture systems involves the 
use of geographical information systems (GIS). A GIS model is developed to provide modelling to 
the data pertaining to a particular geography, and which varies from geography to geography. A 
neural network can be used alongside with a GIS for predictive mapping. For example, in the map­
ping and predictive modelling of fish and decapod assemblages, ANN is used for predictive model­
ling while a GIS is used for mapping of occurrences of the species present in the river water (Joy and 
Death, 2004). Remote sensing and GIS are used along with neural networks for shrimp culture. GIS 
integrated with remote sensing plays an important role in providing information on water quality, 
productivity, land or water cover, coastal infrastructure and tidal influence. In the following case, 
through remote sensing and imagery, we can obtain the generated data which is modelled using a 
GIS to provide suitable information which is finally used by a neural network in performing predic­
tive modelling (Table 10.1). 

10.5 PROCESSES PREVALENT IN AQUACULTURE SYSTEMS 

10.5.1 management oF FIsh Feed 

The majority of economic cost related to aquaculture comes from fish feed. Therefore, the impor­
tance of proper management of fish feed is great. This includes monitoring of feeding activity, 
estimation of feed, removal of excess feed and reduction in the wastage of feed. The monitoring 
of fish tanks can be done via different techniques. An underwater camera system was used for the 
monitoring of coral reef fish in real time (Jan et al., 2007), a digital stereo-video camera system 
for three-dimensional monitoring of Pacific bluefin tuna (Torisawa et al., 2011) and a baited cam­
era called BotCam for the monitoring of bottomfish species (Merritt et al., 2011). Wireless Sensor 
Networks can also be used to detect changes in dissolved oxygen levels and monitor fish activities 
which ultimately determine fish feed. The most popular techniques used today are telemetry and 
computer vision based monitoring. 

Fish telemetry is particularly useful considering it allows remote measurements through the 
use of a battery driven electronic tag that contains sensors (according to the required parameter) 
along with a processor and or storage unit used for logging (Øyvind Aas-Hansen et al., 2010). The 
incorporation of these sensors into radio and acoustic transmitters has provided novel insight into 
the environmental associations as well as their different behaviours and reaction to stressors (Cooke 
et al., 2013). 

Telemetry is further of two types: acoustic telemetry and radio telemetry. Radio telemetry con­
sists of detecting the fish based off of a radio tag that is attached to the fish. The radio tag is capable 
of identifying the frequency and the pulse rate and the frequency (Moore et al., 1997). Acoustic 
telemetry tags monitor parameters and convert electrical waveforms to frequency modulated acous­
tic signals that are transmitted through the water. The receiving system receives it after demodulat­
ing it (Dewar et al., 1999). 

Estimation of fish feed is crucial to increase in efficiency. The intake of fish is dependent on 
their individual activities as well as factors such as temperature, dissolved oxygen etc. Due to this 
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TABLE 10.1 
An Overview of Different Types of Intelligent Aquaculture Systems 

Other Technologies Domain under 
Sr. No. Objective AI Technology Used Used Study 

1. A fish feeding A fuzzy logic controller Sensors, site Tilapia production 
system	 used alongside a rule-base technology
 

expert system
 

2.	 Fish farming Case based reasoning Sensors, physical A DSS that increases 
expert systems and modelling, site export of farmed fish 
machine learning modules. technology in Norway 

3. 	 Modelling and The neural network shell Site technology and Algal blooms and 
prediction of EXPLORER data phytoplankton in 
algal blooms freshwater systems. 

4. Water quality Genetic algorithm Wireless network Water quality which 
prediction	 optimization as a search system for data is essential for 

technique, support vector acquirement intensive breeding of 
regression for predictive river crab. 
modelling 

5. Aquaculture site Fuzzy logic implemented GIS for obtaining Suitable site 
selection	 over a MCDM model, geographical selections along the 

Analytical Hierarchy information about coast for carrying 
Process (AHP) different sites out shrimp culture 

6.	 Fish stock An intelligent expert system A software application Recommendations on 
prediction and called SimerFish for data processing, the management of 
allowable catch user interface and biological resources 
evaluation additional databases for the pelagic fish 

stock present in the 
Caspian and Azov 
seas 

7. 	 Monitoring of A fuzzy controller and and PID controller, sensor The aquaculture 
an aquaculture its inference system networks which system under study 
system follow the Zigbee that requires 

protocol, a monitoring 
temperature sensor 
and other site 
technology 

References 

Soto-Zarazúa 
et al. (2010) 

Tidemann et al. 
(2012) 

Recknagel et al. 
(2001) 

Liu et al. (2011) 

Vafaie et al. 
(2015) 

Sazonova et al. 
(1999) 

Chang et al. 
(2013) 

complexity of the problem, it is not possible to solve feed intake problems by mathematical models. 
Therefore, models such as back propagation neural networks have to be implemented (Chen et al., 
2020). In a proposed MEA-BPNN model, data acquisition is the first stage. 

It was observed that the fish either swim freely for continuous feeding, return to their original 
position after feeding, eat food that simply falls in front of them, or do not respond to bait. If fish 
do not respond it is possible that there is excess feed in the tank and this leads to wastage of feed. 
A BPNN with the structure 4–10–1 was used with the four input factors being water temperature, 
dissolved oxygen, the average weight, and the number. Ten hidden nodes were present in the model 
and the output was the feed intake. The model was further optimized by the mind evolution algo­
rithm (MEA) that is used for convergence and alienation. The experimental results showed that the 
Spearman correlation coefficient between actual values and the predicted values was up to 0.994, 
which is a successful and a strong correlation. 

Further, remote feeding could be done which largely reduces the labor cost in aquaculture. A 
trigger button is implemented through a web application that controls the feed. By using such an 
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application on a smartphone, it is easier to start and stop feeding. Moreover, adapting feeding tech­
nologies can also be used. These adaptive feeders continue to feed the fish until the feed is no longer 
dropped based on the Fish Learning Index (FLI) value. The FLI value is based on two factors: Time 
Feeder Inder (TFI) and the smart feeder index (SFI) and it acts as a threshold value for control­
ling the feed. It is determined by fish activities and the time period since last feed was conducted 
(AlZubi et al., 2016). 

So, the management of fish feeding can be potentially optimized and has been done such as the 
study of the intelligent feeding of Rohu (Saikia et al., 2013) or the development of an intelligent 
system used for deployment in eel culturing (Chang et al., 2013). 

10.6 DISEASE DETECTION IN FISH 

Among production limiting challenges, disease takes the lion share by causing multibillion-dollar 
loss annually (Assefa and Abunna, 2018). Fish disease is another substantial source of monetary 
loss to aquaculturists. Disease outbreaks and subsequent death leads to investment loss, increase in 
cost due to treatment, and decreased growth. It also leads to food safety issues (Zhang et al., 2012). 
Fish disease problems tend to be less significant in nature backgrounds due to the fact that predators 
prey on sick animals easily and also because these fish are less crowded in natural surroundings. 
However, under no natural conditions, the bacteria and parasites can cause substantial problems and 
hence, disease detection is important to the process of aquaculture. 

Fish Detection is normally a process that requires expertise. It involves pond inspection, general 
fish inspection, water quality inspection, and ultimately recommendation of treatments and preven­
tion mechanisms. Fish disease management and control requires assistance in the form of smart 
systems as the use of AI technology has the ability to do what can be done with human expertise. 

The fish disease management system presented (Li and Gatlin, 2006; Zhang et al., 2012) consists 
of different modules: 

1. The water eutrophication model that is used to asses/rank the trophic status of pond water 
2. Factor forecasting model which gives more insight into the complex interactions between 

the water factors and dynamically predicts their short term variation. 
3. Fish disease risk early warning models to estimate the degree of fish disease risk and issue 

a warning signal. 
4. EW/Response model: This module consists of decision making and action implementation. 

The thresholds to trigger actions are defined according to the early warning levels. 

An example system, Fish Expert (Li et al., 2002), was developed using a combination of Internet 
technologies as well as SQL programming. A server side database kept records of all the informa­
tion that was used for diagnosis of a fish disease. There were separate databases like symptoms data­
base, fish medicine database, fish disease database, etc. for each purpose. The users were expected 
to query this system and it would match the input facts with patterns and make suggestions based 
on the rules that were applicable. 

Therefore, Expert Systems contain an inference engine, an explicative subsystem (provides infor­
mation on the disease), a proposal engine, and a learning subsystem (incorporates new learned infor­
mation into the system) besides the user interface (Gutiérrez-Estrada et al., 2005). SEDPA, another 
example of a similar system used in eel rearing, has an inference engine which is the brain of the sys­
tem that has been implemented using a fuzzy logic controller. It also uses the ATN syntactic analysis 
method in order to assure that the information that is introduced to the expert system is coherent. 

Similarly, expert systems are implemented using fuzzy neural networks and artificial neural 
networks (Deng et al., 2013b). In the latter, the diagnosis system uses the old cases of fish disease to 
train the neural network and further disease diagnosis is achieved through these neural networks. 
Therefore, while lack of human expertise increases loss in aquaculture, these expert systems can 
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TABLE 10.2 
Disease Detection in Fish Using AI Techniques 

No. Technology for Inference System Fish Specimen Accuracy References 

1. Artificial Neural Networks Grass Carp 90% Deng et al. (2013a) 

2. Fuzzy Logic Discus Fish 90.32% Hanafia et al. (2015) 

3. Nearest Neighbour Search N/A 93.57% Wang et al. (2009) 

4. Case Based Reasoning N/A N/A Sun and Li (2016) 

5. Fuzzy Logic Shrimp N/A Rao et al. (2019) 

User InterfaceApplication Layer 

Decision Making Layer 

Fusion Layer 

Data Processing Layer 

Decision Making Controller 

Neural Networks 

Data preprocessing and
Normalization 

Temperature DissolvedHardware Layer pH Sensor Salinity SensorSensor Oxygen Sensor 

FIGURE 10.2 Layers of water quality assessment model. 

help with the process of accurate diagnosis and timely treatments. It can also reduce labor costs 
(Table 10.2). 

10.7 WATER QUALITY MONITORING 

Water Temperature, Dissolved Oxygen, pH, Ammonia and nitrates concentration, salinity, and 
alkalinity are some of the important parameters that help determine the quality of water (Simbeye 
and Yang, 2014). This is because parameters like water temperature have the capability to directly 
affect feed utilization, animal health, growth rates, and quality of fish stock. Furthermore, once 
water quality deteriorates and organisms are forced to survive in poor environments, they are easily 
susceptible to disease and consequently death (Khotimah, 2015). Therefore water quality prediction 
plays an important role in modern intensive aquaculture management. 

Water Quality monitoring has significantly been done using WSN (Zhang et al., 2011) largely 
as it allows real time monitoring and enables remote monitoring in some cases (Wang et al., 2009). 
WSN were also used for monitoring water turbidity (Rocher et al., 2017). However, by the introduc­
tion of AI technologies, it is possible to form systems that can be used for the processing of data 
and decision making so that different results of water quality triggers different levels of alarm and 
suggestions. 

Therefore, this type of monitoring system will consist of four parts: hardware layer, data process­
ing layer, decision making layer, and application layer (Figure 10.2). 
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An environment monitoring system and control is implemented with artificial neural networks 
(Gustilo and Dadios, 2011). Sensor readings are taken from five different sensors that measure criti­
cal parameters- salinity, temperature, pH, dissolved oxygen, and volume. These values are accepted 
by the ANN which then gives the state of each input parameter along with the overall water quality 
index (wqi). It also provides methods of correction in the case the parameters are not in optimal 
conditions. 

The input parameters depend on the system selection. In (Simões et al., 2008) turbidity, total 
phosphorus and dissolved oxygen concentrations were normalized on a scale from 0 to 100 and 
translated into statements of water quality (excellent, good, regular, fair and poor). The parameters 
such as dissolved oxygen (DO), acidity (pH), and temperature were used in another model (Salim 
et al., 2016). 

The quality assessment system can also be implemented using a fuzzy inference system 
(Hernández et  al., 2012). The Fuzzy inference systems (FIS) provided a non-linear relationship 
between input variables and Water Quality Index. 

The input set for an FIS would be as follows: 

1 i j k iz = ⎡⎣µtemp ,µsal ,µDO,µpH ⎤⎦ 

The output rules function is as follows: 

i j k iµR = min{µtemp ,µsal ,µDO,µpH } 
The rule sets that are defined for classification were used and based on this the water quality status 
were classified as poor, regular, good, and excellent. Similarly, the FIS used in the water monitor­
ing system for eels gives an output in the form of a survival rate of the eels (Wahjuni et al., 2016). 

10.8 SWARM INTELLIGENCE IN FISHING 

10.8.1 need FoR oPtImIzatIon In aquaCultuRe 

Optimization is extremely important in almost all fields ranging from technology to industrial 
applications. Optimization means improving productivity, utilization, efficiency, and strength of a 
system. The aim is to always maximize or minimize the factors that affect a particular system. The 
need for optimization in aquaculture has increased over the years due to problems faced by the con­
ventional system majorly in the decision-making process. The mathematical models can be used to 
improve the process of feeding, harvesting, and seed selection (Cobo et al., 2015). Generally, there 
is one objective function that has to be optimized, few decision variables, and some constraints 
that limit the values that could be assigned to decision variables. But in real-world applications, 
optimization of multiple objectives at the same time might be required. This could lead to different 
objectives conflicting with each other. Sometimes, it is also difficult to get an optimal solution for 
a single objective function. Thus, metaheuristic algorithms have been gaining attention since the 
last few years. Balancing intensification and diversification, the two characteristics of metaheuristic 
algorithms could help achieve a global optimal solution to a problem (Yang, 2011). Intensification is 
to search in a local region and try to find a solution from that region, whereas diversification means 
to search on a global scale to generate diverse solutions. 

Metaheuristic algorithms are classified on the basis of a number of criteria (Blum and Roli, 
2003). Metaheuristics can be classified as nature-inspired or non-nature inspired depending on the 
origins of the algorithms. Ant algorithms and genetic algorithms are examples of nature-inspired 
algorithms. Another classification is based on the number of solutions that are used at the same 
time. It could be a single solution or an entire population. Thus, categorizing into trajectory-based, 
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and population-based algorithms respectively. Particle Swarm Optimization (PSO) algorithm is an 
example of population-based metaheuristics. 

Swarm Intelligence (SI) algorithms are the subset of population-based algorithms (Cobo et al. 
2015). Due to the capability of metaheuristics to work with complex problems, its acceptance in 
the management of aquaculture has been increasing. The following sections will introduce swarm 
intelligence, SI technique called PSO, and how the management of aquaculture farms has improved 
with swarm intelligence and swarm robotics. 

10.8.2 sWaRm IntellIgenCe 

A swarm is a group of similar agents who interact among themselves locally and, with their envi­
ronment, in order to emerge a global behavior (Ahmed and Glasgow, 2012). Swarm Intelligence, 
an emerging and a new branch of Artificial Intelligence (AI), is a paradigm that is used to model 
the collective behavior of a number of social insects such as ants, wasps, bees, and also from other 
animal groups like schools of fish and flocks of birds. Swarm intelligence was first introduced by 
Beni and Wang (1993) for cellular robotic systems. They introduced a set of algorithms where the 
agents use nearest neighbor interaction to self-organize. 

Swarms perform actions to solve complex behavior and show intelligence in forming 
self-organizational and decentralized systems (Cobo et  al., 2015). These groups of agents show 
intelligent behavior by interacting and communicating with their environment locally even though 
they have limited capabilities on their own. The nature of interactions that occur among the agents 
has also been classified into two categories (Ahmed and Glasgow 2012). Swarms might communi­
cate among themselves either directly or indirectly. Direct interaction might happen through audio 
or visual contact. An example for this is a honey bees’ waggle dance. An indirect interaction occurs 
when a single agent changes or modifies the environment followed by other agents responding to the 
new surroundings. Such an interaction is seen when the ants leave pheromone trails while searching 
for food. 

Swarm-based algorithms are population-based and nature-inspired algorithms that have proved 
to be cost-efficient, robust and fast to be able to solve complex problems. These algorithms are used 
for situations that do not have global information about an environment. In such cases, groups of 
agents are made to interact with each other and the environment at a local scale, whose behavior is 
then used to solve an objective at a global level. The two most popular and widely used algorithms 
based on the behavior of natural swarms are Ant Colony Optimization (ACO) and Particle Swarm 
Optimization (PSO). ACO is based on the behavior of ants, where artificial ants generate solutions to 
problems and communicate via methods similar to the ones used by real ants (Dorigo et al., 2006). 
PSO was introduced by Kennedy and Eberhart (1995) to understand the concept of optimization 
of continuous non-linear functions with the help of the behavior showcased by the flocks of birds. 

Artificial Bee Colony, Particle Swarm Optimization, Ant Colony Optimization, Cat Swarm 
Optimization and Artificial Immune System are a few of examples of swarm intelligence models. 
As this paper discusses aquaculture, we will mainly focus on particle swarm intelligence as it has 
been inspired by schools of fish along with flocks of birds. Hence, the following section talks about 
PSO in detail and how the conventional PSO must be modified in order to be able to work in a 
dynamic environment. 

10.8.3 PaRtICle sWaRm oPtImIzatIon (Pso) 

Particle Swarm Optimization is a technique based on the intelligent behavior of flocks of birds or 
fish schools, providing optimal solutions to real-life problems. Kennedy and Eberhart were the first 
to introduce PSO in 1995. PSO algorithm is connected to two methodologies, artificial intelligence 
and evolutionary computation (Kennedy and Eberhart, 1995). PSO has been used to evolve the 
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structure of neural networks, in reactive power plants, learning to play games and tracking dynamic 
systems. 

Particle swarm optimization is a population-based algorithm that generates solutions that can be 
represented as a set of points in the n-dimensional solution space (Ahmed and Glasgow, 2012). The 
behavior of an entire population of particles is observed and analyzed to get the best solution. Each 
particle has a velocity vector that represents its speed in each dimension. Here, each particle is con­
sidered as an individual solution whose memory and knowledge is constantly improved by updating 
its current memory to the historically best solution. Here, historically the best solution refers to the 
best position a particle attains which is better than any previously attained location. A fitness func­
tion is evaluated for any given problem in order to get the best optimal solution (Cobo et al., 2015; 
Ahmed and Glasgow, 2012). 

The process starts by choosing a random swarm of agents in the search space. All the candidates 
chosen are set in motion throughout the solution space looking for an optimum influenced by global 
and local factors. Hence, all particles have their respective velocity vector Vi(t) and position vector 
Xi(t), where i stands for a particular particle (Xin-She Yang, 2011; Blackwell et al., 2008; Cobo et al., 
2015). Xi(0) and Vi(0) are initial vectors that are randomly selected from the search space. Slowly 
these particles evolve in terms of their memory of the best solution, and their knowledge of their 
neighbor’s or the global best. At each iteration, all moving particles evaluate their current position 
with respect to the fitness function and then compare it to that of the other individuals and their 
own previous best positions. Therefore, at the end of each iteration, the index of the swarm’s global 
optima is updated if there is a new position better than the previous index value of the swarm’s 
global best. This procedure continues until there are no longer improvements in the solutions, or if 
the function was to be evaluated only for a specific number of iterations. 

The new velocity vector can be evaluated using the formula 

V t + =1) V t  i + αε g * −X t( ) + βε Xi 
* − X t i ( ( ) [ i ] 2 ⎡⎣ i ( )⎤⎦ 

Where: 
g* stands for the value of the current global best 
Xi 

* stands for a particle’s own best-known position 
Vi represents the velocity vector 
Xi represents the location vector 
· t represents the time 
i stands for a specific particle 
α and β are the acceleration factors or also known as the learning parameters, whose value is 

generally taken as 2. These parameters control the importance of a particle’s own experience versus 
the social experience of the entire swarm. 

ε1 and ε2 are two random vectors whose values are in the range [0,1] and are helpful in the ran­
dom search strategy of the PSO algorithm (Figure 10.3). 

Then, the new position can be modified as 

X t  + =1 X t  V t +i ( ) i ( ) + i ( 1) 

This is the standard PSO algorithm that has undergone a number of improvements, one of which 
is using the inertia function, θ(t). So, Vi(t) is replaced by θ(t)Vi(t). θ can have any value between 0 
and 1 (Shi and Eberhart, 1998). 

The standard PSO needs to be modified in order to work in dynamic environments. Outdated 
memory and diversity loss are the two problems that need to be addressed (Blackwell et al., 2008). 
If a problem changes then the algorithm should be able to update the memory accordingly before 
searching for the optimal solution. Hence, a lot of enhanced versions of PSO have been proposed. 
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Multi-swarm PSO (MPSO), and speciation-based (SPSO) are the two algorithms that work in dyna-
mism. In MPSO, a swarm is divided into multiple sub-swarms that are allocated to different areas of 
a specific region to maintain diversity among the swarm. While SPSO already has a specific number 
of particles that are then dynamically allotted to swarms. PSO has also been advanced based on 
the behavior of fish schooling (FSPSO) (Yan et al., 2015). The main objective of using FSPSO is 
to achieve an improved global best position and eliminate weak particles. Area-oriented particle 
swarm optimization (AOPSO) has been proposed to improve the learning strategy of the original 
PSO (Liu et al., 2019). MBPSO is an algorithm that has been inspired by the migration behavior 
of animals that is used to improve the convergence speed and avoid the standard PSO from being 
trapped in local optimum (Jiang et al., 2019). Enhanced partial search optimization (EPS-PSO) is 
another modification that has been proposed to improve the efficiency and convergence of PSO (Fan 
and Jen, 2019).

10.8.4 �A pplications of PSO in Aquaculture

In recent years, aquaculture has become a significant industry for sustaining the demand for fish. 
Hence, efficient management of fish farms has become one of the most crucial factors in order to 
maintain the economy of the fish industry. There are a number of internal factors such as fingerling 
weights or feeding rates, and external factors like social behavior of individuals or water tempera-
ture, that have an impact on aquaculture. Complex interactions of biological, economical, technical, 
and environmental aspects have generated a need for a model that could make efficient decisions 
regarding feeding rates, diet composition, and harvesting time (Cobo et  al., 2015, 2019). As the 
management of fish farming is complex, using classical optimization methods would not be feasible 
due to their limitations. Many real-world problems are multimodal and highly non-linear, where the 
task of finding an optimal solution is not easy and too complex. Thus, using classical optimization 
methods could have a risk of being trapped in local optima or might face problems in handling the 
constraints. Such optimization problems would require a method that would give accurate results in 
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FIGURE 10.3  Flowchart for the working of PSO algorithm.
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a non-linear, stochastic, and complex environment. Hence, a more powerful optimization method is 
PSO which has become one of the most used algorithms in management of the aquaculture farms. 

PSO can be used for production planning and for making the process of decision-making more 
efficient. A model had been proposed for optimal planning in the production of sea breams in float­
ing cages (Cobo et al., 2015). Biological submodel and economic submodel of farming in sea cages 
have been interrelated in order to consider the implications resulting from any changes that might 
occur in the market or the farm. Swarm intelligence techniques have been applied in order to deter­
mine the harvesting strategy for maximizing the gross margin and eliminating the operational risks 
faced by aquaculture managers and enterprises. Gross margin calculated in a particular time period 
is taken as the objective function that has to be optimized. For this, the cost of feed and the cost 
of stocking is considered. The results obtained after implementing this model show that the opti­
mization technique applied generates a near-to-optimal solution. Similarly, PSO has been applied 
for determining optimal production techniques for the production of gilthead seabream in floating 
cages in two different places, the Mediterranean and the Canary Islands (Llorente and Luna, 2014). 
But, the algorithm was used only for optimizing a single production unit. Difficulty increased with 
introducing more cages. Moreover, industrial dynamics or the geographical location of aquaculture 
farms hasn’t been analyzed, opening up the path for future research. 

A model-driven Decision Support System (DSS) for fish farming in floating cages has been also 
implemented that uses the PSO algorithm to understand the operational risks as well as to support 
strategic decisions such as production capacity, feed, harvest weight, and site selection (Cobo et al., 
2019). DSS developed is applied to the sea bream production facility in Spain which is able to deter­
mine the cultivation strategies that would maximize the present profits of the farmer. However, it is 
seen that the present model design has a few limitations that need to be addressed in future research. 
The future work might apply the DSS to other species like catfish and salmon or could integrate 
DSS with ERP (Enterprise Resource Planning) software. Such works will allow the uncertainty of 
the aquaculture process to reduce more and more. 

Prediction and detection of algal blooms using PSO were employed in ToloHarbour, Hong Kong 
(Chau, 2005). Precise prediction could help farmers take precautionary measures quickly in enough 
time. Artificial Neural Networks (ANNs) could be used as they prove to be cost-effective solu­
tions. ANNs, especially back-propagation (BP) algorithms have been used widely in water projects. 
However, their slow convergence and easy entrapment of local minimum have generated a need 
for a better method. Hence, PSO has been used to train multi-layer perceptrons to determine and 
forecast the algal bloom dynamics with different lead times and input variables. As per the results, 
it was found that the performance of PSO-based perceptron was better than that of BP-based per­
ceptron with respect to speed and accuracy. 

In a lot of places, it has been identified that fish farming faces negative effects due to poor man­
agement techniques. Due to this, the risk of spreading fish diseases within and between different 
farms might increase. Hence, a model that integrates both ABMs (Agent-Based Models) and PSO 
algorithms for farms in Norwegian fjords has been proposed (Alaliyat et  al., 2019). ABMs are 
used to analyze the fish disease dynamics and PSO is used to attain the optimal value of fish farm 
locations and fish density. The results demonstrated that PSO was able to converge at a rapid pace 
in only 18 iterations and was able to get the optimal value of fish density three times larger than 
the original value while the risk of infection stays at the same level. The future work includes this 
method to be applied to more complex scenarios and more fish farms. 

Dissolved oxygen is an important parameter of water quality in aquaculture. It affects the envi­
ronment of water as well as the growth of all water animals. Hence, predicting the concentra­
tion of dissolved oxygen in a pond will help let the farmer know if the oxygen content is lacking. 
Fuzzy neural networks along with the PSO algorithm have been applied and compared with the 
BP algorithm (Deng et  al., 2006). The model is implemented for a pond at Dalian. About 300 
groups of data have been collected over a period of 3years from which 260 groups were selected 
as simulating data. The 240 groups of data have been set for training the network model and 20 
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others for testing. The results showed that the neural network model trained by PSO is more stable, 
noise insensitive, more precise and faster than that trained by BP. Determining dissolved oxygen 
content is helpful for river crabs as increased amounts of dissolved oxygen reduce their mortality 
rates, reduce river crab stress, lead to high reproduction and increase overall quantity and quality. 
Thus, predicting the oxygen content in water will let the managers take precautionary measures 
beforehand. A model that integrates least squares support vector regression (LSSVR) and improved 
particle swarm optimization (IPSO) algorithm has been proposed (Liu et al., 2013a,b). Its results 
were compared with that of standard support vector regression (SVR) and BP neural network. It 
was found that the former method had more accuracy and better performance than that of the latter. 
Another model proposed is the one that combines wavelet analysis (WA) with LSSVR and improved 
Cauchy particle swarm optimization (CPSO) for predicting dissolved oxygen in crab culture ponds 
(Liu et al., 2014). This hybrid model was able to increase the overall performance for both linear 
and non-linear patterns. Cauchy distribution is broader and hence has a better searching ability 
than the conventional PSO algorithm. Using this model proved to be more adequate than other 
traditional methods applied for the crab culture dissolved oxygen prediction. BPNN optimized by 
PSO and coupled with the Kriging interpolation method has also been applied to the crab pond in 
Gaocheng town in China (Chen et al., 2016). WA has also been used for de-noising. Kriging method 
is used for three-dimensional predictions, thus achieving more accurate results than the traditional 
one-dimensional prediction model. However, even this model has its own limitations that need to be 
solved in the future. Time and breeding regions’ limitation needs to be addressed along with factors 
such as carbon and nitrogen that have not been considered. 

Despite all the limitations and challenges faced by various models discussed above, the PSO 
algorithm has been used widely by researchers to improve the current aquaculture scenario and 
work on more improved models. 

10.8.5 sWaRm RobotICs 

Swarm robotics is an application of swarm intelligence that has taken inspiration from the behavior 
of social animals to form robotic systems or physically embodied agents that interact among them­
selves and the environment to generate their collective behavior (Şahin et al., 2008; Brambilla et al., 
2013). The three main properties seen in the natural swarms that should be present in the swarm 
robots are robustness, scalability, and flexibility. Robustness is the ability to cope with any malfunc­
tions or loss of individuals, scalability is the ability to operate with different group sizes, and flex­
ibility is the ability to perform well in different environments and with tasks of different natures. As 
interactions among the individuals and between individuals and the environment are probabilistic 
and not straightforward, analysis and modeling of the swarms are required. Swarm robotic systems 
have been modeled at three different levels: sensor-based modeling, microscopic modeling, and 
macroscopic modeling (Sahin et al., 2008). In sensor-based modeling, interactions of robot-robot, 
individual robots, and between robot environments are sensed and actuated. Such kind of modeling 
is used when the experiments are to be held in simulation and its output has to be in accordance 
with that of the physical robots. Microscopic modeling is similar to sensor-based modeling, but the 
modeling is carried out at an individual level. Here, the states of an individual can evolve with time. 
However, macroscopic modeling is done at the swarm level and these models need to be solved only 
once to get the required steady state. 

A microscopic as well as macroscopic model has been proposed for jellyfish bloom detection 
using UAVs (Unmanned Aerial Vehicles) (Aznar et al., 2017). It has been assumed that there is GPS 
positioning in the simulator and the UAVs have local communication mechanisms among nearby 
agents. MASON simulator has been used for the simulation. It is found that the macroscopic model 
is able to evaluate the global swarm behavior effectively. However, the proposed model is to be 
implemented on the real platform in the future in addition to increasing the communication range 
of the agents. 
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The biggest problem faced by underwater swarm robotics is the absence of wide bandwidth and 
reliable communication systems that are used to control their behavior. Mostly, SONAR is used 
by underwater communications which is a very slow method (Waduge and Joordens, 2017) which 
leads to time delays and minimal information. Hence, either a control method that could work 
with out-of-date or minimal information must be proposed, or the need for communication can be 
eliminated. The control method proposed is based on modern communication systems where each 
system knows what other systems are up to (Joordens and Jamshidi, 2009). The strategy is to elimi­
nate the need for a central command robot as all the robots will have the same knowledge which 
will let them take further actions on their own. Another approach is to use wireless battery charg­
ing and wireless programming that will cancel the need for an underwater communication system 
and keep the bio-inspired fish robot waterproof at all times (Waduge and Joordens, 2017). A fish 
eye sensor is embedded in the robot that tells the robot where the object is. This helps the robot be 
self-sufficient. A fish eye consists of four IR (Infrared) sensors that help the robot roughly detect the 
positions of other robots in the swarm and help them make decisions from the gathered data (Elege 
et al., 2017). The position of the object detected is determined in terms of whether the object is in 
the front, behind, lower, or higher. Such sensor-based fish eye is useful for fish robots that have low 
processing power as the eye is a cost-effective and efficient feature. Further, 3D printing can be used 
for the designing and manufacturing of a simple robotic fish along with the integration of IR sensors 
(Kiebert and Joordens, 2016) (Figure 10.4). 

Area Extended Particle Swarm Optimization (AEPSO), an enhanced version of PSO, has been 
applied to swarm robotics as AEPSO provides better communication capability, dynamic velocity 
adjustment, and dynamic neighborhood topology over PSO (Atyabi and Powers, 2010). A simulated 
environment consisting of 50 survivors, 5 robots, and 50 obstacles with random positioning ini­
tially is developed. The robots are required to locate the survivors. After, the number of survivors 
becomes 15 in a new scenario called population density. Then, there is a dynamic environment 
where the survivors are randomly moving without any knowledge of the robots’ whereabouts. The 
experimental results show that AEPSO performed better than the basic PSO in various scenarios 
and also in a more complicated environment that reflected dynamism. 

Integration of Virtual Reality (VR) in swarm robotics has also been explored for situations where 
the testing environments are difficult to set up (Joordens and Jamshidi, 2018). A robotic fish was 
developed for fish schooling. But, the problem was that the robot cannot be used with real fish unless 
it behaves like one. Also, a fish robot won’t be able to behave like a real fish if it does not know 
what it is supposed to monitor. Hence, the use of VR can help develop a digital twin of the robotic 
fish developed, reducing the difficulty and the development time. Doing so will also help us decide 
what systems can be created physically. However, VR needs to be applied to different fish sizes and 
types in the future. 

FIGURE 10.4 Fish robot body (Waduge and Joordens, 2017). 
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As swarm robotics is still an emerging technology, facing and solving the issues and challenges 
faced by the technology right now would be beneficial in the later stage. Like any other environ­
ment, swarm robotics also requires certain security services to be met in order to be safe and 
secure. These services include confidentiality, integrity, authentication, and availability (Higgins 
et al., 2009). However, swarm robotics like other systems too face challenges in integrating these 
services. Few challenges faced by the fish robots are the same as those faced by other related tech­
nologies like multi-robot systems, MANETs, and software agents (Higgins et al., 2008). Still, there 
are other security problems that are faced by only the swarm robotic environment. Resource con­
straints, control, communication, intrusion detection, and swarm mobility are some of these issues. 
With simple robots comes the need to limit resources that could jeopardize the security of a system. 
Some of the swarm robots used are autonomous which means that there is no need for a control 
mechanism to look after them. This might cause a problem when these autonomous systems might 
go out of control. Any communication, whether implicit or explicit, has a risk of being tampered 
with by the attacker. Hence, the sensors used in fish robots need to be thoroughly investigated. Also, 
sometimes a rogue agent might intrude on the swarm location that could be malicious for the entire 
swarm behavior. This kind of intrusion also needs to be addressed in the future. Providing security 
in a mobile environment is difficult, as putting any bounds on the movement of the swarm agents 
could give rise to more security issues. The problems discussed here along with a few others need to 
be solved in the future as they might have an impact on the practical implications of swarm robotics. 

10.9 CHALLENGES AND FUTURE SCOPE 

Artificial Intelligence has the potential to revolutionize the fishing industry as it could help reduce 
the wasted feeds, help make data-driven decisions for optimizing feeding schedules and help in 
detecting any spread of disease among the aquaculture animals. However, few challenges AI faces 
to be incorporated fully by the aqua farms. Firstly, farmers are too concerned about their data being 
used and are quite aware of the data security issues which make them not fully trust or accept the 
technology. Secondly, proper training and knowledge need to be provided to all farmers to expose 
them to the new technology and make them comfortable with the idea of using it. Thirdly, even with 
all data and resources sometimes people wouldn’t be able to use them efficiently and effectively, 
which would make all the data useless. Thus, all these challenges need to be tackled for advancing 
the use of AI in aquaculture. 

Despite all challenges, AI has a huge scope in the aquaculture industry as the demand for fish 
is increasing rapidly. Hence, the need to manage and improve the production of fish is necessary 
and has to be adopted by more companies in the future. Drones, robots, sensors, augmented reality, 
virtual reality and blockchain are some of the technologies that are being researched and trying to 
be incorporated with the current technologies being used in the farms. 
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11.1 INTRODUCTION 

In the 19th century, the idea of revolution from machine to intelligent machines was deployed to 
eradicate human labour by means of computational intelligence (Shah et  al., 2020; Patel et  al., 
2020b; Ahir et al., 2020). In artificial Intelligence based agriculture, there is a quick accommo­
dation in various farming techniques. The advanced intelligent farming solution, contends the 
farmer to do more efficient work in less time, intensifying the quality, and securing a quick GTM 
(go-to-market strategy) strategy for crops (Dharmaraj and Vijayanand, 2018). There are several 
ways for predicting and modelling crops based on various intelligent techniques. In the last twenty 
years, fuzzy sets have procured a demanding research interest, and its increasing applicability to 
help the farmer, make the correct decision for their cultivated crops (Kakkad et al., 2019; Pandya 
et al., 2020; Sukhadia et al., 2020). The most useful capability of fuzzy sets is to represent and 
manage uncertainty, and also ensure that incomplete information is valued and provide a solution 
for crucial agricultural issues. The complex process of yield production is solved by the methods of 
Fuzzy cognitive maps (FCM) (Jani et al., 2020; Parekh et al., 2020). FCM is a mixture of cognitive 
map theories and fuzzy logic, which is useful for representing an expert’s knowledge. This devel­
oped FCM model comprises nodes mapped with directed edges. For example, cotton is considered 
the best outcome of the FCM model, hence the organic matter, pH, Ca, K, Na, and cotton yield will 
act as the nodes and the weighted relationship between the cotton yield and soil properties will be 
illustrated by the directed edges (Papageorgiou et al., 2011). 

In agriculture, the fuzzy expert system provides advanced expert knowledge to farmers, and 
hence they can take the appropriate right decision. To improve the expert system in agriculture, 
the crop protection expert system plays a vital role. The arising uncertainty during crop plantation, 
crop disease management, crop production marketing, etc. is constituted from the reality that many 
decision-enhanced activities are imprecise and vague. To eliminate the vagueness, fuzzy logic plays 
a vital role and allows the expert system to efficiently minimize the uncertainty (Figure 11.1). 

The prescience knowledge of problems of the crop yield will enhance the subsequent profit and 
intensifies the crop yield. The most effective tool for the prediction and modelling of crop yields is 
Artificial Neural Network (ANN). The ANN uses the feedforward and back propagation algorithm 
to train the model that predicts the crop based on certain parameters like rainfall, soil moisture, tem­
perature, pH, nitrogen, potassium, phosphate, etc. To plant a specific crop, ANN can be useful to find 
all the parameters quantity for that specific crop. The accurate prediction of the crop is done with the 
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FIGURE 11.1 Fuzzy expert system components. 

help of a clustering algorithm called Self Organizing Map (SOM) followed by the multilayer neural 
network to find the best combinations of the crop for the specific soil (Ogwueleka, 2016). 

To increase crop production now and in the future, constant attempts are needed to sustain soil 
fertility. The genetic algorithm, an NP-hard problem, influences the agricultural crop yield, main­
taining soil fertility (Olakulehin and Elijah, 2014) (Figure 11.2). 

The crop-planning issues can be solved using different approaches. The first approach is the 
ε-constrained method, in which any one objective function is selected and optimized while all other 
objective functions, by applying upper bounds are transformed to some constraints. The second 
approach is the Weighted Sum Method (WSM), in which all the objective functions are interlinked 
with the weighting coefficient and finally it tries to minimize/maximize the weighted sum. 

Annual Crop Planning (ACP) is an optimization problem in which the various crops which are 
to be grown are allocated for the appropriate agricultural land. There are many swarm intelligence 
techniques that provide the solution to these ACP problems. The main metaheuristics of swarm 
intelligence are (1) Cuckoo Search (CS); (2) Glow worm swarm optimization (GSO); (3) Firefly 
Algorithm (FA). 

The crop prediction is more accurate when Artificial Bee Colony (ABC), a hybridization technique 
along with a fuzzy clustering algorithm is implemented. Initially, fuzzy clustering is done and then 
with the use of an artificial bee colony algorithm the best suitable seasonal crop is selected. The effi­
ciency of this method is higher than the clustering algorithms like k-means, k-median, k-mode, etc. 

11.2 FUZZY SET IN AGRICULTURE 

Modelling, Predicting and management of agricultural crops are composite conceptual process, 
where there are large number of input variables which are taken into consideration and interrelated 
for decision making and system analysis (Patel et al., 2020a; Kundalia et al., 2020). Almost every 
process in agricultural sector include ambiguity, uncertainty, and incomplete information. Fuzzy 
sets came into existence to solve this problem of uncertainty, also assures that all the incomplete 
information is considered which is crucial to take decisions in agricultural sectors (Pathan et al., 
2020; Talaviya et al., 2020). 

This present chapter aims to a refinement of review studies by applying Fuzzy sets (FS), Fuzzy 
logic (FL), Fuzzy expert system (FES), Fuzzy Inference System (FIS), and Fuzzy cognitive map­
ping (FCM) to the exploration of modelling, predicting and management of the agricultural crops 
(Papageorgiou et al., 2011). 

11.2.1 Fuzzy sets In agRICultuRal sustaInabIlIty 

The idea of sustainability has procured expanding attention from economists who are continu­
ously working in areas related to agricultural crops and farming land. It is asserted that fuzzy sets 
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FIGURE 11.2 Genetic algorithm flowchart. 

methods provide important leads to overcome three difficulties in sustainable modelling of agricul­
tural crops: (1) by use of the linguistic variables the problem of nonfigurative units could be handled 
fruitfully; (2) with the use of fuzzy sets the vague or the imprecise information can still be taken 
into consideration; (3) relationship among the dimensions of sustainability can be included to the 
model by fuzzy rule base. 

11.2.1.1 Sustainability in Agriculture 
There has been considerable engrossment in merging the concepts of agricultural sustainability 
with the agricultural systems (Barrow, 1990). There are three sustainability dimensions: (1) envi­
ronmental dimension; (2) social dimension; (3) economic dimension. In order to enhance agricul­
tural sustainability, along with the farmers, the system analyst also must subsume the information 
from all the three sustainability dimensions into their effective decision. The models of agricultural 
sustainability are in huge demand due to the multidimensional nature of taking decisions, which are 
assimilated into both private and public decision-making systems. 

In the public sphere, to stabilize the contradictory outcome goals of the different parts of society, 
decision models which are capable to merge all three dimensions of sustainability can only aid in 
selecting the agricultural land. In the private sector, with the help of decision support systems, the 
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best sustainable and efficient farming systems from all the available farming options are selected 
by the farmer. 

11.2.1.2 Modelling Sustainability with Fuzzy Sets 
There are in general three problems that add difficulty to facilitating actual decision support: (1) dif­
ferent type of scales is used for estimating the information on the dissimilar sustainability dimen­
sions; (2) vague or imprecise information is available to pilot the decision maker; (3) because of the 
interrelation between variables which are incorporated in the sustainability models, the performance 
of the model can’t be affected by the single course of action. The fuzzy sets and their associated 
fuzzy methods have ability to rectify the each of three problems (Gandhi et al., 2020; Panchiwala 
and Shah, 2020; Parekh et al., 2020). The application of fuzzy sets assisting in the modelling of the 
agricultural sustainability to surmount three challenges is described in the following section. 

11.2.1.2.1 Nonfigurative Units 
As the decision variables are measured using different scales, the issue of nonfigurative units evokes 
in many applications where there is a need for decision analysis by means of multiple criteria. Also, 
all the decision variables measured on variety of scales must be facilitated in the model of sustain-
ability. In the social dimension, decision criteria are measured in the range of 0–20, depicting a 
qualitative assessment. All the decision criteria, such as cost, profit, etc are measured on a monetary 
scale in the case of economic dimension. In case of environmental dimensions such as soil loss due 
to erosion, the agricultural chemicals used in water supply, etc, are measured in parts per billion 
and tons per acre. Therefore, both quantitative variables (i.e. both physical and monetary units) and 
qualitative variables should be combined to achieve a high-performance model of sustainability. 

The most common approach for modelling multiple criteria decisions would be to normalize all 
the variables to a similar scale (Yoon and Hwang, 1995). After rescaling, the normalized measure­
ment is used to rank alternatives. Also, the ranking of alternatives depends highly on the selection 
of normalization technique. 

Another approach would be to represent all the decision variables as linguistic variables . In 
the model for every linguistic variable, the base variable is determined using the normalized scale. 
Many base variables are measured on a ratio scale (i.e. in physical and monetary units), while if 
the base variable uses an interval scale, then more qualitative decision variables are modelled. This 
approach has a major advantage because there isn’t any need to apply any random transformation. 
The measured base variables are in fact most appropriate for the specific problem. 

11.2.1.2.2 Imprecise or Vague Information 
With the increasing complexity in the models of agricultural sustainability, all the imprecise vari­
ables must be included in the decision variables to achieve more precision. To measure the sus­
tainability variables, two fuzzy uncertainties are present: informational fuzziness and intrinsic 
fuzziness. With the help of fuzzy sets, both imprecise and important information can be fused with 
the models of agricultural sustainability. 

There is a difference between fuzzy uncertainty and stochastic uncertainty. Fuzzy uncertainty 
represents the interpretation and measurement of events, whereas stochastic uncertainty represents 
the lack of preceding information for any events, such as rainfall prediction or price prediction at the 
time of harvest. In fuzzy uncertainty, the result of an event is prior known, while there is ambiguity 
in characterization of an event. 

There are some decision variables that are fundamental fuzzy as they are suitable to the concept 
of agricultural sustainability. For example, “life quality”, “landscape attractiveness”, and “farmers 
dignity” are concepts in which it is understood in qualitative terms rather than quantitative base 
variables. 

Even though fundamental fuzzy linguistic variables are measured qualitatively, they can also be 
measured with the help of an artificial quantitative base variable. For example, the health of any 
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person can be evaluated on a scale between 0 and 25. Fuzzy sets represent several labels such as 
“very serious”, “serious”, “normal”, “good”, “fit”, for linguistic variables. These variables can be 
constructed in which every base variable has the membership degree in the fuzzy sets. 

The informational fuzziness and uncertainty evoke in sustainability models of agriculture. This 
uncertainty arises when the decision variables are quantitative instead of qualitative, nonetheless 
understanding the resulting measurement is a subject of concern. For example, if there is an erosion 
rate of nine tons per hector per year can also have a non-zero membership degree which categorize 
into both a normal and high rate of soil loss. In the sustainability model, the decision variables 
have both the types of intrinsic fuzziness and informational fuzziness. With the help of the lin­
guistic variables and fuzzy sets, the decision variables can be fused with the quantitative models of 
sustainability. 

In addition, a fuzzy rule base describes how to model the interrelationships among the linguistic 
variables and uses those linguistic variables just to measure agricultural sustainability. 

11.2.1.2.3 Interrelationships in Sustainability 
The decision variables mapped with three dimensions of sustainability can be linked when a single 
decision can affect the dimensions of sustainability and the decision variables. In crop production, 
the choice of farming method has an adverse effect on all three dimensions. It affects the eco­
nomic dimension by investments and profits, social dimensions by the lifestyle and confidence of 
the farmer, and the environmental dimension by using agricultural chemicals, and fossil fuel. 

Fuzzy rule base pictures a brief idea of the interrelationships among the variables of the sustain-
ability models. With the help of fuzzy rule base, inference engine can be proved useful for natural 
language processing (Zimmerman, 1987). It is possible to rank the farming system using fuzzy rule 
base. 

11.3 CREATING FUZZY LOGIC MODELS 

In 2012, Bosma proposed an approach for the development of fuzzy logic models (FLMs), which 
sets out tactical decisions where motives and human motorist are the most primal variables. Also, 
ten steps modelling approach is proposed in which fuzzy rules and membership functions are deter­
mined. This method is also used in the hybrid agriculture system. The fuzzy sets (FS) maintain a 
sequential structure of five subsets: 

• Primary production factors 
• Product opportunities 
• Product options 
• Reference frame of farmers’ 
• the final output layers 

This transparent structure allows stakeholders’ participation to strengthen the ability of the mod­
eller to empathize with the experts’ reasoning. 

11.3.1 Flms and Image PRoCessIng teChnIques 

For the management and planning of irrigation, the utmost significant parameter is the land usage 
information. Estimating the crop water needs for irrigation, image classification of satellite data 
proves to be a very efficient technique to create crop area thematic maps (Murmu and Biswas, 
2015). Various fuzzy classifiers were examined and concluded that fuzzy logic (FL) uses general 
rules resulting in less time-consuming rather than any conventional methods. Fuzzy c-means clas­
sifier can prove to be a good tool for generating models which are used for multivariate studies by 
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recognizing appropriate parameters and using the interpretation of satellite data. A fuzzy inference 
System (FIS) is merged with an image processing method to advance a decision support system to 
monitor and measure the qualitative grading of pulverized rice. The percentage of broken kernels 
(PBK), and the degree of milling (DOM) are the quality indices and are divided into five subclasses. 
Now both the satellite images and the two quality indices were used by the classifier to generate one 
output variable (Quality). All the indices, images and output variables are in the form of a triangle 
membership function. Fuzzy classification of remotely perceived data is used in order to estimate 
parameters of potato crops (Pandey et al., 2013). A FIS is executed to measure the parameters of the 
potato crop such as plant height, leaf index, soil moisture, and biomass. 

11.3.2 Fuzzy exPeRt system In agRICultuRe 

Expert system in agriculture creates the mainstay for precision agriculture. In order to achieve 
higher quality and quantity of crop, expert knowledge is required to make an effective choice during 
sowing, irrigation management, storage, pest management, land preparation, fertilizer management, 
etc. Fuzzy expert system guides the farmer to take the right decision in terms of crop modelling. 
Expert system is significantly used for crop protection and pest management. For crop protection 
and pest/fertilizer management, knowledge of weeds, plant pathology, entomology, nematology, 
nutritional disorders, and several techniques is required. Uncertainty is very much challenged from 
the time of sowing, to pest management, or to nutritional disorders, etc. As there are many decision 
activities in the agricultural sector considered often imprecise or else based on some perception, 
uncertainty is compounded. This vagueness, imprecision and lack of knowledge can be handled by 
fuzzy logic. When dealing with ambiguous data or insufficient knowledge, fuzzy logic allows the 
expert systems to perform optimally. In the Fuzzy expert system, fuzzy logic is used rather than 
Boolean logic and is focused in the direction of numerical processing. 

Lotfi A. Zadeh proposed the theory of fuzzy sets and fuzzy logic (Zadeh, 1965). Soft computing 
is an effective approach to overcome imprecision, sub-optimality, and thus provides efficient solu­
tions. Fuzzy logic itself is a sub-part of soft computing (Chen and Chen, 1994). Fundamentally in 
fuzzy sets, all the elements must have a degree of membership in between 0 and 1. Whereas in clas­
sical sets, all the elements must have membership degree as either 0 or 1. If the value is zero, then it 
is outside the set, and if a value is one then it is fully inside the set. The fuzzy logic, rules which are 
used for reasoning and the membership degrees are all used by the Fuzzy expert System to handle 
the uncertain information. 

As shown in Figure 11.1, fuzzy experts system comprises of fuzzification, followed by inference 
engine where knowledge base is provided, and finally defuzzification. It uses fuzzy logic for reason­
ing the data in the inference system. As the inference engine has set of programs, the knowledge 
base provides submissive data structures. The knowledge base is created by Knowledge engineer, 
who gathers knowledge from the entire domain expert and the knowledge is converted into produc­
tion rules which provides knowledge base. 

Fuzzification is the process in which the real values are converted into linguistic values having 
membership function vacillating from 0 to 1. Fuzzy reasoning and fuzzy “IF-THEN” rules are 
considered as the two pillars of fuzzy expert system and is the most effective approach for model­
ling of the agricultural crop. With the help of “IF-THEN” rules, the linguistic variables can make 
a conclusion with respect to all the combinations of conditions. For a fuzzy logic system, the rule 
base is formed by these collections of if-then rules, and appropriate conclusion is fetched with the 
relevant inference procedure. Thus, the result obtained in form of one fuzzy subset is assigned to 
every output variable. Now, for every output variable, all the fuzzy subsets are merged into a single 
fuzzy subset. Defuzzification is the process in which the set fuzzy output is converted to a crisp 
output which describes the primal fuzzy set. The inference engine has the tendency to take both the 
fuzzy or crisp inputs, and output is provided in the form of fuzzy sets . 
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FIGURE 11.3 Model design flow chart. 

11.3.3 neuRal netWoRk aPPRoaCh In agRICultuRal seCtoR 

The most powerful approach for prediction and modelling of crop yield is Artificial Neural Network 
(ANN). The ANN design is based on the learning function exactly the same as the human brain, 
and hence it can recognize and predict patterns. The ANN functioning is the same as the human 
brain; hence it receives the signals, sums up, and is redirected back when the threshold is achieved 
(Parekh et al., 2020; Shah et al., 2020; Patel et al., 2020a). Farming itself is the mainstay that con­
tributes more than 50% to the economy. The ANN model can be useful for the farmers to take cor­
rect decisions by predicting the crop yield based on various parameters including climatographic 
factors. The local weather conditions and climatographic factors play a vital role in the quality of 
crop yield. 

As illiteracy is the main reason among farmers for lower quality crop, the prediction of crop 
yield on particular soil and the actual fertilizer needed for that specific crop is estimated by the 
ANN model. Feed-forward back propagation network is the most common type of ANN, in which 
the crop performance factors and the climatographic factors are chosen to be the input param­
eters. Based on the input parameters the model is trained using feed-forward neural network and 
to minimize error, back propagation algorithm is applied. Self-organizing map is a clustering 
technique used to categorize the different types of soil based on their geology. To develop this 
model, the following four steps are required: (1) Data collection; (2) Build/Develop the prediction 
model; (3) Classification of predicted crop; (4) Appropriate fertilizer based on the required crop 
(Figure 11.3). 

11.4	 AGRICULTURE CROP PREDICTION USING 
ARTIFICIAL NEURAL NETWORK 

The use of systems trained by ANN models is increasing rapidly. Agricultural crop prediction is 
an important aspect in order to get the better quality crop in lesser time. The crop modelling and 
prediction system are built using the ANN model, which gives better efficiency than regression 
models. In an Artificial neural network, the model is trained with the help of feed-forward neural 
network and back-propagation algorithm. The model’s architecture and design are demonstrated in 
the following part. 
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FIGURE 11.4 Feed-forward neural network using back-propagation algorithm. 

11.4.1 Feed-FoRWaRd neuRal netWoRk usIng baCk PRoPagatIon algoRIthm 

This Feed-forward network architecture using a back propagation algorithm is the most common 
type of ANN which is used for different tasks. Feed-forward ensures that how this network will 
process by recalling the patterns and the back propagation algorithm, a supervised training tech­
nique, ensures to minimize the error by updating the weight. The difference in weights (i.e. error) is 
calculated and all the weights need to be adjusted in the backward direction using back-propagation 
algorithm i.e. from output/target layer to hidden layers, and from hidden layers to the input layer. 
Initially, random weights are taken based on the input parameters and a bias and learning rate is 
selected. Training of this network begins with random weights and the error is minimized by adjust­
ing the weights while considering the goal (Figure 11.4). 

The gradient-descent method is used for back propagation to secure the mean squared error. The 
error function is defined as: 

n 

yi = ∑ω ij x j (11.1) 
j=1 

ˆ − )E = ( y y
2 

(11.2) 

Here, E is the square error, ŷ is the desired output, where y is the definite output of neuron, n denotes 
the total number of inputs to the network, w is the weight for every corresponding input parameter. 

A node output (Oi) is calculated by applying the activation/transfer function to the weighted 
values. There are many activation functions like Step function, sign function, sigmoidal function, 
etc. Commonly, the Sigmoidal function is used as an activation function. The sigmoidal function is 
represented as 

1φ x (11.3) ( ) = 
+ −1 e ax 

Using the chain rule, to update the weight based upon the error, the partial derivative is taken with 
respect to every weight of the input parameter. 

∂E ∂E ∂y ∂net = (11.4) 
∂wi ∂y ∂net ∂ω i 
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TABLE 11.1 
Database for the Prediction System 

Crop pH N P K Depth Temp Rainfall 

Sugarcane 6.5–7.5 175 100 100 60 20–50 750–1,200 

Cotton 7–8.5 100 50 50 30 27–33 700–1,200 

Bajra 7–8.5 40 20 25 15 28–32 400–750 

Jowar 6.0–8.5 80 40 40 50–20 25–30 800–1,000 

Corn 7.5–8.5 100 25 0 20–50 13–30 500–600 

Soybeans 6.5–7.5 30 75 15 15–20 25–33 700–1,000 

Wheat 5.5–8.5 100 50 50 50–20 22–25 1,000–1,500 

Groundnut 6–7.5 25 50 30 20 24–27 500–1250 

Rice 6–8.5 100 50 50 15–20 16–22 25–180 

The weights of all the input parameters are updated and using back propagation the network is again 
trained until the error tends to zero (Dahikar and Rode, 2014). 

11.4.2 model desIgn WIth guI 

There are four processing steps to develop these agricultural crops predicting models. 

11.4.2.1 Data Collection 
For different types of crops, the standard data which is suitable based on the different environmen­
tal and climatographic conditions is given in Table 11.1. 

11.4.2.2 Build/Develop the Prediction Model 
There are three stages to develop this analysing and prediction model. They are as follows: 

Step 1: For the finest possible optimum configuration, the various prototypes of ANN are 
merged together. Many different algorithms such as Delta-bar-delta, Quickprop, Silva and 
Almeida’s Algorithm, etc. are used to train the model. Using Silva and Almeida’s algo­
rithm, the model improves the back-propagation algorithm by updating the learning rates 
of each weight wi for input parameter xi. Using the Delta-bar-delta algorithm, on studying 
the sign of gradient, the learning rates are controlled. 

Step 2: The number of hidden layers is carefully observed and decided using the trial and 
error method. 

Step 3: Similarly, certain parameters including bias and the initial weight are initialized ran­
domly (Figure 11.5). 

11.5 CLASSIFICATION OF PREDICTED CROP 

After training the model using ANN, the prediction of the crop is done. The input parameters are 
passed to the system to predict which type of crop is more suitable based on the favourable clima­
tographical and environmental factors. With the help of GUI, the prediction of crop from the input 
parameters is clearly explained in Figure 11.6. The model has been trained with the input param­
eters. The input parameters have to be entered to test the sample. By clicking on the test button, the 
predicted crop is found out, which is displayed in Figure 11.6. 
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FIGURE 11.5 Flowchart of the model. 

TABLE 11.2 
Appropriate Fertilizer Based on the Deficit 

Sr. No. Deficit Advised Fertilizer 

1.	 Phosphorus Ammonium Hydrogen 
Phosphate, 
Calcium Hydrogen 
Phosphate or 
Superphosphate, 
Ammonium Phosphate. 

2.	 Potassium Potassium Nitrate (), 
Potassium Chloride, 
Potassium Sulphate. 

3.	 Nitrogen Sodium Nitrate, Urea, 
Ammonium Sulphate. 

11.6 APPROPRIATE FERTILIZER BASED ON THE REQUIRED CROP 

There are chances of the situation when the farmers don’t want to cultivate the best-predicted crop, 
instead the farmer wants to cultivate another crop. The deficit of fertilizer for the specific crop is 
also predicted from the model. Farmers will try to eradicate the deficit of that fertilizer by adding 
the suggested organic and composite fertilizer (Table 11.2). 
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FIGURE 11.6 Prediction model using GUI 

Here phosphorous, potassium, and nitrogen are the three most significant minerals used for crop 
cultivation (Giritharan and Koteeshwari, 2016). With the help of GUI, the appropriate fertilizer 
needed to grow the sugarcane is elaborated in Figure 11.7. 

11.6.1	 agRICultuRal CRoP gRoWth and soIl FeRtIlIty usIng selF-oRganIzIng maPs and 

multIlayeR Feed-FoRWaRd neuRal netWoRk usIng baCk PRoPagatIon algoRIthm 

In agricultural engineering, the application of artificial neural network is enormously expanding. 
The biggest challenge is to handle the large database. To model, analyze, and cluster the different 
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FIGURE 11.7 Appropriate fertilizer needed for specific sugarcane production using GUI. 

enormous database, Self-Organizing map (SOM) can play a vital role. Of various ANN models and 
algorithms, SOM is the most popular clustering and modelling algorithm which is based on unsu­
pervised learning. The inherent features of the data can also be identified using SOM, and hence it 
is also known as Self-Organizing Feature Map. A low-dimensional representation of the training 
sample is produced by SOM, called a map (Figure 11.8). 

A topology sustaining mapping is delivered by SOM, which converts higher dimensional data to 
low dimensional representation or map. 

Figure 11.9 gives a brief idea of how the architecture of the prediction model works using SOM 
Clustering and Multi-layer Perceptron Neural Network (MLPNN). The working of SOM comprises 
five major steps: 

1. Initialization: weight vectors are initialized with random values. 
2. Sapling: from input space, select an input training sample. 
3. Matching: neuron whose weight vector is closest to the input vector is considered as win­

ning neuron and is known as Best Matching Unit (BMU). 
4. Updating: weight is updated by ΔWji = η( )t T  j I,  x ( )t xi − wij ).( )  ( 
5. Continuation: repeat step 2 until there is no change in the feature map. 
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FIGURE 11.8 Self-organizing map. 
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FIGURE 11.9 Prediction model using SOM and MLPNN 

Using Best Matching Unit (BMU), the distance between each weight vector and sample vector is 
measured, by the means of commonly used Euclidean distance. If a node is closer to BMU, then 
it learns more by altering its weight and if the neighbour is far away from BMU, it learns less 
(Mokarram et al., 2018). 

11.6.1.1 Clustering Using Self-Organizing Map on IRIS Dataset 
The simple SOM clustering is applied and the following things are inferred from it. 

A colour with higher intensity is applied, if lower average distance and a colour with lesser 
intensity is applied, if higher average distance (i.e. there is a difference in surrounding weight). The 
higher or lesser colour intensity of species is shown in Figure 11.10. The part with lesser intensity 
represents a cluster, while the part with higher intensity represents segregation of clusters. 

||||After clustering, the clusters of the species are formed which is illustrated in Figure 11.11. 
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FIGURE 11.10 Cluster division based on density 

FIGURE 11.11 Three cluster predominant in three different zones (Round → Iris-setosa, Rectangle and star 
→ Iris-virginica, Square→ Iris-versicolour). 

11.6.1.2 Limitations of Self-Organizing Maps 
The SOM when applied on the categorical data doesn’t operates softly, and performs even worst in 
case of the mixed-data (i.e. numerical, categorical, etc). The efficiency of the model is decreased if 
the data is evolving slowly. 

11.7 EVOLUTIONARY COMPUTING IN AGRICULTURE 

The Evolutionary Algorithms are used to solve the NP-Hard problems which cannot be solved in 
the polynomial time. The early similarities among the natural selection procedure and a learning 
process which led to the evolution of so called “Evolutionary algorithms”. The main goal of evo­
lutionary computing is to simulate the evolutionary algorithms and its paradigm into a computer. 
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11.7.1 multI-objeCtIve oPtImIzatIon methods 

In order to elucidate multi-objective solutions, two most widely used multi-objective optimization 
technique is illustrated. First conventional method is weighted sum method (WSM) and second 
conventional method is ε-constrained method. Along this, nondominated sorting genetic algorithm 
(NSGAII), a very popular evolutionary method, is also illustrated. 

11.7.1.1 Weighted Sum Method (WSM) 
The motive behind this method is to associate a weighting coefficient to every objective function, 
and maximize/minimize the weighted sum. In this approach, all the multiple objective functions 
are converted into a single objective functions, and are executed as a single objective optimization 
problem. The function can be given by 

k 

F x( ) = ∑w f x i i ( )  (11.5) 
i=1 

Where, fi(x) = ith objective function 

∑ 
k 

k= number of objectives, wi ≥ 0 and wi = 1. The weights of all the objective function denotes the 
i=1 

effectiveness of the functions. Due to change in the weighting coefficient, the solutions will vary 
according. Using different weights, a trade-off set of solution is generated by WSM. 

11.7.1.2 ε-Constraint Method 
In ε-Constraint method, by setting an upper bound, all the objective functions are transformed into dif­
ferent constraints except the one which is selected for optimization. The problem can be expressed as: 

Minimize :  f x( )l 

f x ≤ ε , for all k = 1,, , i lSubject to :  k ( ) k n ≠ 

x S∈ 

where l ∈ {1, … , n} 
Here, by this method every time a single objective model is solved. In this method, the upper 

limit of εk is adjusted based on the primal value of a single objective function k. The Pareto optimal 
set is generated altering the level of εk. 

11.7.1.3 Non-Dominated Sorting Genetic Algorithm (NSGAII) 
In 1994, a Non-dominated sorting genetic algorithm (NSGAII) was proposed in measure for 
multi-objective optimization. The two single objective optimization technique GA and NSGA-II 
differs in allocating of fitness for every individual. After many improvements, NSGAII is consid­
ered as the latest form. In NSGAII, the non-domination level over the population size of P, is used 
to measure the fitness of every individual. To generate a child population of size P, operators like 
recombination, selection and mutation are selected. And hence, the population of P parents and P 
child is sorted based on the non-domination level. Until the size surpasses the total population size 
P, by augmenting the solutions successively the new population set of parents is formed. If the total 
solutions at a given non-domination level surpasses the number which can be adjusted in the new 
population set of parents, the use of crowded comparison operator is used. 

11.7.2 evolutIonaRy stRategIes 

Ingo Rechenberg found that the optimization problems of hydrodynamics can be solved using 
mathematical programming techniques (Rao, 1996). In 1964, with the development of optimization 
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algorithms, “evolution strategy” was introduced (Fogel, 1998). Initially, the evolution strategy con­
sists of mutation of single parent to yield an offspring and it was known as (1 + 1)-ES. Further, the 
best from parent and its offspring was picked up to be a parent for the next iteration. 

A new individual is yielded using Eq. (11.6): 

t+1 tx = x + N (0, )  σ (11.6) 

Where, t= current iteration (or generation), 
N (0, σ ) = vector of independent Gaussian numbers having median value as zero and standard 

deviation given as σ . 
In an evolution strategy, an individual has the set of decision variables. No modification or 

encoding is applied to the decision variables. Therefore, if there are real numbers in decision vari­
able, then all the real numbers are combined together to form a single vector for every individual. 

The example of a (1 + 1)-ES is given below: 

Example 11.1 

Suppose we want to maximize: 

2f y y  ) = 100 y − y 
2 

+ 1 − y )2( 1,  2 ( 1 2 ) ( 1 

Give that: − ≤ y y, 2 ≤ 2.0482.048 1 

Let us assume that our population consists of arbitrary generated individual, given below 

t = −1.0,1.0 ,  1.0,1.0)y , σ (  ) (  

Let us now suppose that the mutations generated are the following: 

t +1 ty1 1 + (  0,1.0 ) 1.0 += y N = −  0.61 = − 0.39 

t +1 ty2 = 2 + (  0,1.0 ) = 1.0 + 0.57 =y N 1.57 

Now, on comparing the parent with its offspring: 

Parent: Parent : ( ) = f (− ) = 4.0f xt 1.0,1.0 

Child: Child : f x( t +1 ) = f (−0.39,1.57) = 201.416 

Since: 201.416 > 4.0 the offspring will replace its parent in the following generation and offspring 
will act as parent in the next generation. 

In 1973, Rechenberg gave a rule to regulate standard deviation (SD) in such a way that evolution 
strategy could be converged to primal globally. The rule is named as “1/5 success rule”, and can be 
expressed as following: 

⎧σ (t n c  − ) /  if ps > 1 / 5 
⎪

σ ( )t = ⎨
⎪σ (t n  c  − )* if ps < 1  / 5  (11.7) 
⎪ 
⎪σ (t n− ) if ps = 1 / 5 ⎩ 

Where, n= no. of decision variables, 
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t = current generation,
 
ps = relative frequency mutations in which the parent is replaced by its offspring
 
c = 0.817 (constant given by Schwefel (1981)).
 
The value of σ ( )t  is accustomed for every mutation.
 
After the concept of population set was introduced, many modified evolution strategies were 


developed over many years. The (μ + λ) – ES and the (μ, λ) − ES are the latest modified approach 
of the evolution strategy. Here μ denotes number of parents are mutated to generate λ number of 
offspring. Initially, from the both parents and offspring, μ number of finest individuals are selected. 
Furthermore, the next finest individuals are only selected from the offspring generated. 

Along with decision variables of the given problem, parameters (like standard deviation) of algo­
rithm have also advanced in the modern evolution strategies. It is known as “Self-adaptation”. The 
mutation in the parents is done using Eqs. (11.8) and (11.9). 

i i  exp σ ( )  σ ( )′ = × (11.8) 

x i x i N i(0,σ )( )  ( )  ( )′ = + ′ (11.9) 

Where, τ and τ′ gives the proportionality constants which are expressed in terms of n. 
The evolution strategies are used in Biochemistry, Routing and networking, Optics, Engineering 

design, etc. 

11.7.3 evolutIonaRy PRogRammIng 

Lawrence J. Fogel introduced in the 1960s an approach called “evolutionary programming”, in 
which intelligence is seen as an adaptive behaviour (Rechenberg, 1973). In order to match genetic 
operators, the social relationships between offspring and their parents are highlighted by evolution­
ary programming (same as genetic algorithm). 

The algorithm of evolutionary is almost identical to evolution strategy. Alike evolution strat­
egy, the population set is selected and mutated in order to generate offspring. In evolutionary pro­
gramming, several genres of mutation operators are there and no recombination, therefore only the 
same species can interbreed. In contrast to evolution strategy, in this method parents can generate 
maximum of only one offspring. In evolutionary programming, whether the parent is eligible or not 
eligible is decided based on the probabilistic manner, rather than a deterministic manner (like in 
evolution strategy). 

Finally, no encoding is used in this case (similarly to the evolution strategy) and emphasis is 
placed on the selection of the most appropriate representation of the decision variables. 

In the below example, it is clearly explained how evolutionary programming works. Consider 
finite automaton shown in Figure 11.12. The transition table for the given finite automaton is given 
below: 

Current State A A B B C C 

Input Symbol 0 1 1 0 0 1 

Next State B C B C C A 

Output Symbol a B c b a b 

Considering the type of problem at hand, several mutation operators are possible. For example: 
change an output symbol, change a transition, add a state, delete a state and change the initial state. 
The goal is to make this automaton able to recognize a certain set of inputs (i.e., a certain regular 
expression) without making a single mistake. 
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A B 

C 

o/b 

o/a 
1/c 

1/c 
1/b 

FIGURE 11.12 Finite automata having three states. The symbols which are present on the right side of “/” 
are the output symbols, and which are on the left of “/” are input symbols. A is the initial state. 

The evolutionary programming approach is used in Generalization, Traveling salesperson prob­
lem (TSP), Games, Forecasting, Route planning, Automatic control, Pattern recognition, Artificial 
Neural networks training (ANN) (Fogel, 1998). 

11.7.4 genetIC algoRIthm 

In the early 1960s, the Genetic algorithm (GA) (initially known as “genetic reproductive plans”) was 
discovered by John H. Holland. Solving the machine learning problems was the main motivation 
of discover genetic algorithm. GA is enthused by the process of natural evolution (Holland, 1975). 
By modelling all the evolutionary process such as crossover, mutation, selection, a chromosome 
population is evolved from one generation to another. For discrete optimization problems, the chro­
mosomes are coded in binary, whereas for continuous optimization problems, real-value encoding 
is done . 

In GA initially, an arbitrarily generated population set of solutions/chromosomes is selected. For 
every solution, a fitness value is measured which depicts their individual asset. The pair of solutions 
at every generation is selected stochastically from the population set. Then offspring solutions are 
produced by these selected pairs of solutions using crossover and mutation. Now, the new popula­
tion set is formed by these offspring solutions, which depicts the population set for the next genera­
tion. Until the appropriate fitness value is not found, this process of producing new generations will 
be continued, and once found the process is stopped. 

The different efficient techniques of selection are random selection and roulette wheel selection. 
In random selection, the fitness values are not considered, while in roulette wheel selection, fitness 
values are considered. After the pair of solutions are selected, then by crossover process, offspring 
solutions are generated which are recombination of their parent solutions. There are three tech­
niques to perform recombination: (1) uniform crossover; (2) arithmetic crossover; and (3) n-point 
crossover. The genes from the offspring solutions have a likelihood of enduring mutations, so the 
risk of premature convergence is highly reduced. 

Firstly, from the total samples, a population set of n solutions/chromosomes is generated (i.e. 
chrom1, chrom2, …, chromn). The gene in every chromi is characterized by an arbitrarily created 
number vacillating in range 0 to 1. For each chromi, fitness value is premeditated, and the solution 
having the best fitness value is stored in the variable bestIndividual. 

Algorithm 11.1 

1. Generate an initial random population of 𝑛 individuals = 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (for 𝑖 = 1,…, 𝑛) 
2. Initialize another population of size 𝑛, i.e.𝑛𝑒𝑤𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 
3. Evaluate the fitness of each individual 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑖, i.e. 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛.fitnessi 
4. Determine the best individual from 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 using 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛.𝑓𝑖𝑡𝑛𝑒𝑠𝑠𝑖 = 𝑏𝑒𝑠𝑡𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 
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5. Set crossover rate = 𝑐𝑅𝑎𝑡𝑒 
6. Set mutation rate = 𝑚𝑅𝑎𝑡𝑒 
7. for 𝑖 till 𝑚𝑎𝑥𝑁𝑜𝑂𝑓𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 do 

7.1. 𝑐𝑜𝑢𝑛𝑡 = 0 
7.2. while 𝑐𝑜𝑢𝑛𝑡<𝑛 do 

7.2.1. Select parents 
7.2.2. Perform crossover using 𝑐𝑅𝑎𝑡𝑒 
7.2.3. Perform mutation using 𝑚𝑅𝑎𝑡𝑒 
7.2.4. Add offspring to 𝑛𝑒𝑤𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 
7.2.5. 𝑐𝑜𝑢𝑛𝑡 = 𝑐𝑜𝑢𝑛𝑡+ 2 

7.3. end while 
7.4. 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑛𝑒𝑤𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 
7.5. 𝑏𝑒𝑠𝑡𝐼𝑛𝑑𝑖𝑣 = find_Best_Individual(𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛) 
7.6. if 𝑏𝑒𝑠𝑡𝐼𝑛𝑑𝑖𝑣.𝑓𝑖𝑡𝑛𝑒𝑠𝑠 better then 𝑏𝑒𝑠𝑡𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙.𝑓𝑖𝑡𝑛𝑒𝑠𝑠 then 

7.6.1. 𝑏𝑒𝑠𝑡𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 = 𝑏𝑒𝑠𝑡𝐼𝑛𝑑𝑖𝑣 
7.7. end if 

8. end for 
9. return 𝑏𝑒𝑠𝑡𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 

For every iteration, using roulette wheel selection, two parent solutions are selected from the old 
population set, until the novel population set is generated. Let us assume any arbitrary value arb. 
The crossover rate (cRate) and mutation rate (mRate) is predetermined and if arb is less than cRate, 
then crossover is performed for every index of the adjacent genes of the parent solutions. If arb is 
less than cRate, then to generate the offspring solutions adjacent genes are exchanged. If arb is less 
than mRate, then mutation is carried out on every gene and a new arbitrary number is assigned. 
After completion of mutation, the offspring are added to population set. 

From the new population set, again the best solution is fetched and compared with the bestIn­
dividual. If any improved solution is found then the bestIndividual is updated with the improved 
solution. Finally, the bestIndividual is returned when the stopping criterion is met. 

11.8 SWARM INTELLIGENCE 

An Annual Crop Planning (ACP) is influenced by various factors such as inadequate land for differ­
ent competing crop, seasonal factors, production factors, better quantity and quality of crop in quick 
time, etc. ACP is an NP-Hard optimization problem that determines the suitable crop among differ­
ent competing crops considering various soil factors and restricted land. In the agricultural sector, 
there is tremendous wastage of water. In order to overcome these problems, Swarm Intelligence (SI) 
techniques plays a vivacious role in annual crop planning. 

The study of Swarm Intelligence is enthused by witnessing the biological agent’s intelligent 
behaviour patterns of swarm within their environment. These swarms interrelate in an autonomous 
way to accomplish certain tasks. These led to the growth of new optimization algorithms. These SI 
algorithms have provided effectual results to many real-world NP-Hard problems. There are three 
metaheuristic algorithms of SI which are beneficial for ACP problem. The three-metaheuristic algo­
rithm is explained in the subsection below. 

11.8.1 sWaRm IntellIgenCe teChnIques FoR annual CRoP PlannIng 

The three SI techniques used for optimizing the annual crop planning problem are: (1) Cuckoo 
Search (CS); (2) Firefly Algorithm (FA); (3) Glow-worm Swarm Optimization (GWO). In Section 
5.1.4 the statistical comparison of CS, FA, GSO and Genetic Algorithm (GA) is illustrated on the 
basis of Best Fitness Values (BFV) along with 95% confidence Interval (CI). 
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11.8.1.1 Cuckoo Search (CS) 
Cuckoo search is stimulated based on the biology of a bird species, named cuckoo (Yang, 2010). 
After reproduction, these birds evacuate their own eggs in the nest of some other bird species, which 
is considered as host. Some host birds abandon their nest and shift to the new nest, while some 
aggressively banish the alien eggs if the intrusion is determined. There are three instructions which 
are overseen by the CS algorithm. 

1. At a time only one egg is laid by each bird. The laid egg is placed randomly in the nest of 
the host bird. 

2. For next generation, the nest with the maximum fitness values is carried forward. 
3. The number of nests of the host bird is fixed. The probability (pa) is a constant set in the 

interval [0,1], which is represented when the intrust ion is determined by the host nest. 

Levy flights are used to perform random-walk to produce a novel solution. The equation to find 
Levy flights of cuckoo k is given as 

+ =  k sδxk (t	 1) x ( )t + (11.10) 

Here δ is the measurement of movement direction and is measured from a normal distribution hav­
ing mean and standard deviation as 0 and 1. In the above equation, the step size is denoted by s. It is 
very tricky to determine s. If the s value is too small, then the term xk ( )t  will be almost equivalent 
or very near to xk (t + 1)  and hence it will be more significant. If the s value is very large, then the 
term xk (t + 1)  will be far away from xk ( )t . 

The most effective algorithm to compute the s value is Mantegna’s Algorithm. According to 
Mantegna’s algorithm, s will be computed as 

u 
s = 1β	 (11.11) 

v 

From normal distribution, u and v are pinched and 0 β 2.< ≤

Algorithm 11.2 

1. Generate an initial random solution of 𝑛 host birdnests = 𝑛𝑒𝑠𝑡 (for 𝑖 = 1, 2, …, 𝑛) 
2. Evaluate the fitness of 𝑛𝑒𝑠𝑡𝑖 i.e. (𝑛𝑒𝑠𝑡𝑖). 
3. Find the best fitness (𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠) and best nest (𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡) from 𝑛𝑒𝑠𝑡 
4. 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠𝑂𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠 
5. 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡𝑂𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡 
6. while 𝑡 < 𝑛𝑜𝑂𝑓𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 do 

6.1. Generate 𝑛𝑒𝑤𝑁𝑒𝑠𝑡, using 𝑛𝑒𝑠𝑡 and bestNest in performing levy flights 
6.2. Get 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡 by performing these steps 

6.2.1.	 if 𝑓(𝑛𝑒𝑤𝑁𝑒𝑠𝑡𝑖) > 𝑓(𝑛𝑒𝑠𝑡𝑖) then
 
𝑓(𝑛𝑒𝑠𝑡𝑖)= 𝑓(𝑛𝑒𝑤𝑁𝑒𝑠𝑡𝑖)
 
𝑛𝑒𝑠𝑡𝑖 = 𝑛𝑒𝑤𝑁𝑒𝑠𝑡𝑖
 

6.2.2.	 end if
 
Evaluate (𝑛𝑒𝑠𝑡𝑖) to determine 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠 and 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡
 

6.3. 𝑡 = 𝑡 + 𝑛 
6.4. Generate 𝑛𝑒𝑤𝑁𝑒𝑠𝑡, using nest and pa. Here a fraction of the worst solutions is replaced 

with new solutions for each 𝑛𝑒𝑠𝑡𝑖 
6.5. Determine 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡 again using step 6.2. 
6.6. 𝑡 = 𝑡 + 𝑛 
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6.7. if 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠 > 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠𝑂𝑣𝑒𝑟𝑎𝑙𝑙 then 
6.7.1. 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠𝑂𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠

            6.7.2. 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡𝑂𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡 
6.8. end if 

7. end while 
8. return 𝑏𝑒𝑠𝑡𝑁𝑒𝑠𝑡𝑂𝑣𝑒𝑟𝑎𝑙𝑙 

Initially, from the total sample, n host bird nests are generated randomly (i.e. nest0, nest1, …, nestn). 
The egg in each nesti is characterized by an arbitrarily created number vacillating in range 0 to 1. 
For each nesti, fitness value is premeditated. Two terms bestNest and bestFitness are determined by 
the best fitness value of the population and its corresponding nest. 

For every iteration, using nest and bestNest new population set of nests (newNest) is produced. 
Every newNesti is determined from the nesti and bestNest using equation 8. From newNest, the 
solution of best nest is compared with the bestNest and if solution of the best nest of newNest is 
more efficient than the bestNest than bestNest value is updated. After implementing intrusion, for 
every egg of the newNest, if pa < random, a random new value for egg is generated and the best nest 
of newNest is again compared with the bestNest to check if any more efficient solution is there or 
not. If the stopping criteria is matched, the bestNest will be the best solution according to the CS 
algorithm. 

11.8.1.2 Firefly Algorithm (FA) 
Fireflies has ability to secrete light. Firefly Algorithm (FA) is stimulated based on the attractiveness 
property among the fireflies (Yang, 2010). There are two instructions which are overseen by FA 
algorithm. 

1. The fireflies are attracted towards the firefly whose ability to secrete light is brightest. 
2. The brightness of fireflies moving randomly fluctuates based on the distance. (assumed 

that brightness is usually reduced with distance). 

Two parameters required to implement the FA algorithm are as follows: 
1. Attractiveness: This property of a firefly is measured from Eq. (11.12). 

β ( )r = β0 exp −γ r2 

(11.12) 

where r = distance between two fireflies 
β0 = initial attractiveness 
γ = coefficient of absorption. 

2. Movement: The movement property depends on the attractiveness of the firefly. The move­
ment between the less attractive firefly i and the more attractive firefly j is represented in 
Eq. (11.13). 

−γ rij ⎛ 1 ⎞ xi = xi + β0 exp  
2 (x j − xi ) + α   rand − (11.13) ⎝⎜ 

2 ⎠⎟ 

Here, the first term xi represents the existing position of firefly, the second term repre­
sents the attractiveness between the two fireflies, and the third term is the arbitrary modi­
fication in the firefly’s movement having scaling factor as α . The cartesian distance rij is 
calculated by 

2 
rij = ∑ d (xik − x jk ) (11.14) 

k =1 
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Algorithm 11.3 

Initialize α, β0, and 𝑛𝑜 o𝑓 𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 
1. Initialize 𝑛 fireflies =𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 (for 𝑖 = 1 … 𝑛) 
2. The light intensity of 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑠𝑖 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐹𝑖𝑡𝑛𝑒𝑠 𝑠𝑖 
3. for 𝑙 till 𝑛𝑜 o𝑓 𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 do 

= 

3.1. for 𝑖 till 𝑛 do 
3.1.1. 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐹𝑖𝑡𝑛𝑒𝑠 𝑠𝑖 Evaluate(𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑠𝑖)= 

3.2. end for 
3.3. Sort 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 and 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐹𝑖𝑡𝑛𝑒𝑠𝑠 according to 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐹𝑖𝑡𝑛𝑒𝑠𝑠 
3.4. 𝑏𝑒𝑠𝑡 𝐹𝑖𝑟𝑒𝑓𝑙𝑦 𝐹𝑖𝑡𝑛𝑒𝑠𝑠 = 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 Fitness 0 
3.5. 𝑏𝑒𝑠𝑡 𝐹𝑖𝑟𝑒𝑓𝑙𝑦 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑠0 

3.6. Move fireflies to new locations by performing these steps 
3.6.1. for 𝑖 till 𝑛 do 

3.6.1.1. for 𝑗 till 𝑛 do 
3.6.1.1.1. if 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐹𝑖𝑡𝑛𝑒𝑠 𝑠𝑖 < 𝑓𝑖𝑟𝑒𝑓𝑙𝑦 𝐹𝑖𝑡𝑛𝑒𝑠 𝑠𝑗 then 

3.6.1.1.1.1. Calculate 𝑟𝑖𝑗 
3.6.1.1.1.2. Calculate (𝑟) 
3.6.1.1.1.3. Update 𝑓𝑖𝑟𝑒𝑓𝑙𝑦𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠𝑖 

3.6.1.1.2. end if 
3.6.1.2. end for 

3.6.2. end for 
4. end for 
5. return 𝑏𝑒𝑠𝑡𝐹𝑖𝑟𝑒𝑓𝑙𝑦𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

Initially, from the total sample, the population of n fireflies are generated randomly (i.e. firefly0, fire­
fly1, …, fireflyn). In each firefly, fireflyLocationik (∀k=1,…, 𝑝), is visualized by an arbitrary produced 
number vacillating in range 0 to 1. The fitness value, or light intensity, is premeditated as fireflyfitnessi. 

In every iteration, the fireflies are arranged in order from highest fitness to lowest fitness. For 
every firefly i the fitness value is equated with all the other fireflies j (j = 1, 2, …, n) of the population, 
and if the fireflyfitnessi is less than fireflyfitnessj of the population than the firefly i moves towards 
firefly j using Eq. (11.11). After the stopping criteria is met, the solution generated will be the sorted 
order of fireflylocations. 

11.8.1.3 Glow-Worm Swarm Optimization (GSO) 
The Glow-worm has the ability to attract other glow-worms by secreting luminescent property 
knows as luciferin. Glow-worms are more attractive when they secret more luciferin. Glow-worm 
has a tendency to move in a direction where there is brighter glow-worm within their range. 

At time t, the luciferin level is li(t) for glow-worm i, position is xi(t) having range for vision as ri(t). 
This entire variable changes when there is a movement in glow-worms. The luciferin is updated and 
is measured by the Eq. (11.15). 

i 1) 1 ) x ti ( )) (11.15) l t( + = ( − ρ l ti ( ) + γ I ( 

< < x tHere ρ (0 ρ 1) is called decay constant and γ  is called enhancement constant. At time t, I ( i ( )) 
is known as estimation of objective function. 

The neighbours Ni(t) should be governed in order to alter the glow-worm’s position. If the lucif­
erin level li(t) of glow-worm i is less than luciferin level of glow-worm j and if glow-worm j is within 
glow-worm i’s range than glow-worm j is considered a s the neighbour of glow-worm i. Based on 
the roulette wheel selection, from the neighbours of i (Ni(t)), a glow-worm j is selected. From the 
movement Eq. (11.16), the Glow-worm i is moved towards Glow-worm j. 
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⎪ x tj ( ) − x t( )) ⎫⎧ ( i ⎪ 
i + =  i st * ⎨ ⎬x (t 1) x ( )t +	 (11.16) 

⎩⎪ x t( ) − x t  ⎭⎪j	 i ( )  

Here, st is called the constant step size. 
Finally, the vision range also gets modified using Eq. (11.17). 

r t( + =1) min {r ,max ⎡0, r ( )t + β (N − N t( ) )⎤⎦} (11.17) i s ⎣ i d i 

Here, Nd, β, and rs are constant values. The maximum vision range for the glow-worm i is denoted 
by rs. The rate of change in neighbourhood range is given by β. The maximum neighbour i can have 
is given by Nd. 

Initially, from the total sample, the population of n glow-worm is generated randomly (i.e. glow­
worm0, glowworm1, …, glowwormn). Every element that each glow-worm comprises, glowwormik 

(∀k = 1,…, 𝑝), is visualized by an arbitrary produced number vacillating in range 0 to 1. The best 
fitness value is premeditated and stored as bestfitnessi and its corresponding solution is stored in 
the bestLocation . For every Iteration, the ith glow-worm having the best fitness value from the new 
population set is compared with the bestfitness. If the fitness value for glow-worm i is more efficient 
than bestfitness then the bestfitness and the bestLocation values are updated and the process is 
repeated until the stopping criteria are met. 

Algorithm 11.4 

1. Generate a population of 𝑛 glow-worms =𝑔𝑙𝑜𝑤𝑤𝑜𝑟𝑚 (for 𝑖 = 1,…, 𝑛) 
2. Initialize the best fitness overall = 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠 
3. Initialize the best location overall = 𝑏𝑒𝑠𝑡𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 
4. while 𝑡 till 𝑛𝑜𝑂𝑓𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 do 

4.1. for 𝑖 till 𝑛 do 
4.1.1. Update luciferin of 𝑔𝑙𝑜𝑤𝑤𝑜𝑟𝑚𝑖 

4.2. end for 
4.3. for 𝑖 till 𝑛 do 

4.3.1. Find 𝑁(𝑡) 
4.3.2. for each 𝑔𝑙𝑜𝑤𝑤𝑜𝑟𝑚𝑗 ∈ 𝑁(𝑡) do 

4.3.2.1.	 Find probability:
 
𝑝𝑖𝑗(𝑡)=𝑙𝑗(𝑡)−𝑙𝑖(𝑡)Σ𝑙𝑘(𝑡)−𝑙𝑖(𝑡)𝑘∈𝑁𝑖(𝑡)
 

4.3.3. end for 
4.3.4. Select 𝑔𝑙𝑜𝑤𝑤𝑜𝑟𝑚𝑗 using roulette wheel selection with 𝑝𝑖(𝑡) 
4.3.5. Update 𝑔𝑙𝑜𝑤𝑤𝑜𝑟𝑚𝑖 location 
4.3.6. Update vision range 

4.4. end for 
4.5. for 𝑖 till 𝑛 do 

4.5.1. if 𝑔𝑙𝑜𝑤𝑤𝑜𝑟𝑚𝑖.𝑓𝑖𝑡𝑛𝑒𝑠𝑠 > 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠 then 
4.5.1.1. 𝑏𝑒𝑠𝑡𝐹𝑖𝑡𝑛𝑒𝑠𝑠 = 𝑔𝑙𝑜𝑤𝑤𝑜𝑟𝑚𝑖.𝑓𝑖𝑡𝑛𝑒𝑠𝑠 
4.5.1.2. 𝑏𝑒𝑠𝑡𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑔𝑙𝑜𝑤𝑤𝑜𝑟𝑚𝑖.Location 

4.5.2. end if 
4.6. end for 
4.7. 𝑡 = 𝑡 + 1 

5. end while 
6. return 𝑏𝑒𝑠𝑡𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 



   
  
  

 

 
 

  
  

 
 

 

 

 

 

 

 
 

  

 

 

  

  

  

  

 

 

 

  
 

239 A Computational Approach for Prediction and Modelling 

11.8.1.4 Case Study: Comparison of CS, FA, GSO and Genetic Algorithm (GA) 
All the non-heuristic parameters used for the execution of the algorithms are given in Tables 11.3 and 
11.4. In Table 11.4, the upper and lower bound settings are given for different plot types. Table 11.4 
also contains cost of irrigated water, fraction values of land coverage, operational costs for each 
crop, and lower bound and upper bound settings. In order to evaluate the efficiency of the solution 

over larger solution space, there are huge differences between upper bounds and lower bounds. 
For all meta-heuristic algorithms, the initial parameters for this study are set as shown in 

Table 11.5. 
To fairly compare the meta-heuristic algorithms, the population size in every algorithm is set to 

20. The max_no of Generations for GA algorithm and no of iterations for GSO, FA, and CS algo­
rithm warranted the execution for 100,000 objective functions evaluations. Using the arbitrarily 

generated population set, every algorithm was executed for 100 times. 
It is concluded from Table 11.6 that the execution time for GSO algorithm is fastest (As shown in 

Figures 11.13 and 11.14). The lesser execution time in GSO is because the glow-worm is allowed to 
have a maximum threshold number of neighbours. Therefore, for every glow-worm the vision range 
decreases, as the iterations are augmented. Due to this the glow-worms are more separated when 
searching for local neighbourhood in the solution space. Finally, the number of glow-worms who 
were in the search of neighbours decreased because of the separation, and therefore the execution 
time in boosted. 

TABLE 11.3 
Upper and Lower Bounds for Each Plot Type 

Bounds (ha) 

Plot Types Ub_Pk Lb_Pk 

Single-crop 1,700 10 

Double-crop 1,740 50 

TABLE 11.4 
Non-Heuristic Specific Parameters for the Execution of the Algorithms 

Crops Ubkij Lbkij Fkij C_IRkij Okij 

Lucerne (y) 1,700 10 1 877.26 6259.52 

Tomato (s) 1,740 10 1 685.11 71478.00 

Pumpkin (s) 1,740 10 1 451.66 10408.80 

Maize (s) 1,740 10 1 613.90 3924.09 

Groundnut (s) 1,740 10 1 502.08 5025.24 

Sunflower (s) 1,740 10 1 292.13 3701.61 

Barley (w) 1,740 12.5 1 413.68 4124.88 

Onion (w) 1,740 12.5 1 221.00 23739.30 

Potato (w) 1,740 12.5 1 186.10 22758.12 

Cabbage (w) 1,740 12.5 1 172.94 23720.00 

Fkij ∈ [0,1]. C_IRkij represents the cost of irrigated water in terms of per crop per hectare (ZAR ha−1). 
Okij, operational cost is third of the producer price over a ton of yield (ZAR ha−1). 
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TABLE 11.6
Statistics of the Average Execution Times (AVG) in milliseconds (ms), and 
the 95% Confidence Interval (95% CI) Values of Each Heuristic Algorithm

Statistics

Algorithms

FA CS GA GSO

AVG (ms) 3,455 884 915 751

At 95% CI ±AVG 6 ±AVG 2 ±AVG 3 ±AVG  3
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FIGURE 11.13  The average execution times, in milliseconds (ms), and the 95% CI values of the algorithms.

TABLE 11.5
Initial Parameters of Meta-Heuristic Algorithms  
(All the data collected from 21,22,23)

CS FA

n = 20
no of iterations = 100,000
pa = 0.25

n = 20
no of iterations = 5,000

α = 0.25
β = 0.20

γ = 1

GSO GA

n = 20
no of iterations = 5,000
l0 = 1, r0 = 1.2
rs = 1.5, ρ = 0.4
γ = 0.6, β = 0.08
st = 0.3, Nd = 10

n = 20
max no of Generations = 5,000

cRate = 0.8
mRate = 0.05 (1/n)
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Average and Best Fitness Values with 95% CI 
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FIGURE 11.14 A comparison of best and average fitness values, along with the 95% CI estimates. 

11.8.2 CRoP ClassIFICatIon usIng aRtIFICIal bee Colony oPtImIzatIon 

A novel approach of extracting the finest set of features by computing Gray Level Co-occurrence 
Matrix (GLCM) and Artificial Bee Colony (ABC) algorithm as a distance classifier . For classifying 
the crop, several diverse distance metrics are trained. As ABC does not have any binary version, the 
individual depiction is binarized to select the finest set of features which are used in classifying the 
crop. The Euclidean or Manhattan distance metrics are used to differentiate the selected features. 

The ABC is heuristic approach which is based on the behaviour of bees foraging. This algorithm 
comprises the population set nb (bees), i = 1,..., nb, xi ∈ Rn, which denotes different positions of the 
source food of every bees (Karaboga, 2005). In this algorithm three genres of bees plays vital role 
in order to get convergence nearest to the best optimal solution: scout bees, onlooker bees, and 
employed bees. 

Using Eq. (11.18), the employed bees look for the novel neighbourfood source which is nearest to 
their hive and compare with the previous one. The bee remembers the best food source from the two. 

j j j j jvi = xi + ∅  i (xi − xk ) (11.18) 

Where, k ∈ {1, 2,…, nb} and j ∈ {1, 2,…, n} are arbitrarily selected indexes where k i. ∅ j is≠ i 

selected as random between [−a, a]. 
Further using a fitness function, the value or quality of every source of food is calculated based 

on the quantity of information. Now, employed bees share this information with the onlooker bees 
by returning to the dancing area in their respective hives. 

By observing the dance of the employed bees, the onlooker bees identify the information such 
as size of the food source, where it is located, and whether that is quality information or not. By 
probabilistic value, the onlooker bees select the food source based on the information shown by the 
employed bee. Using Eq. (11.19), the probabilistic value is calculated as 
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Where, fiti = fitness value of solution i
 
nb = is the number of food sources that are equal to the number of employed bees.
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Finally, by using Eq. (11.20), the scout bees help by generating arbitrarily new solutions when 
there is no option to improve food source anymore. 

j j j jxi = xmin +   rand 0,1 (xmax − xmin ) (11.20) ( ) 

By considering all the three types of bees, the Pseudocode of the ABC Algorithm is shown below. 

Algorithm 11.5 

1 Initialize the population of solutions xi∀i, i = 1,..., nb. 
2 Evaluate the population xi∀i, i = 1,..., nb. 
3 for cycle = 1 to maximum cycle number MCN do 
4 Produce and evaluate new solutions vi using Eq. (11.1). 
5 Apply the greedy selection process. 
6 Calculate the probability values pi for the solutions xi by Eq. (11.2). 
7 Produce and evaluate new solutions vi for the solutions xi selected depending on pi. 
8 Apply the greedy selection process. 
9 Replace the abandoned solutions with a new one xi by using Eq. (11.3). 
10 Memorize the best solution achieved so far. 
11 cycle = cycle + 1 
12 end for 

In divergence, where satellite images are found with Synthetic Aperture Radar devices, or 
multi-spectral, the below approach is beneficial when executing with satellite images, which are 
attained from Google Earth. These satellite images contain data only from the noticeable part of 
electromagnetic spectrum. The image is segmented into different classes of crops represented by 
several polygons which are shown in Figure 11.15. Every polygon refers to a unique class, which 
makes the feature extraction part much easier. From each colour channel that uniquely defines the 
patterns in the feature set, a set of eight features is selected by the GLCM method. 

Using ABC algorithm, the finest set of features from GLCM is selected. If the input patterns 
are given by X = {x1, … , xp} where xi ∈ Rn and i = 1 … , p, and set of desired classes d = {d1,…, dp} 

FIGURE 11.15 Segmentation of satellite image into various different polygon. 
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where d ∈ N, identify the set of features G ∈ {0, 1}n considering that min(F (X|G, d)) is minimized 
(Garro et al., 2016).

The solution to above-stated problem is denoted in terms of set of features and an array A ∈ Rn 
which contains the information of source food’s position. Every value of array Ak where k  = 1,…, 
nb is binarized as per Eq. (11.21) by means of a threshold level t, so that the finest set of features is 
selected which is defined as G T A k nk

t
k  ,  1, , …( )= = ; values whose component is set to 0, indicates, 

that feature will not be selected to make up the set of features and vice-versa.

	 T x
x th

x th
th  

 0, 

 1, 
( ) =

<
≥






	 (11.21)

By using Eq. (11.22), the ability of all individuals is calculated by means of the classification error 
(CER) function, which determines how many samples of the crop are incorrectly classified.

	 F X G d
D x G c d

i

p

k
K

i
k

i

(  |  ,  )  
argmin | ,   

tsc
1

1∑ ( )( )( )
=

−
=

=
	 (11.22)

Where, tsc = total number of samples of a crop to be classified,
D = distance measure,
K = number of classes,
c = center of each class.
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12 Artificial Intelligence 
in Crop Monitoring
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12.1 � INTRODUCTION

Majority of the occupying area approximately more than 40% in India is the agricultural sector. 
Agriculture is considered to be the most important part of India playing a vital role in increasing 
India’s economy and reserving around 52% of total number of jobs available in India. Hence, due 
to increased agricultural farming, according to previous data, India was among the top two farm 
producers in the whole world. The contribution of the agricultural sector is very prominent for the 
livelihood, economical growth and upliftment of rural India. Although it is primarily dependent on 
monsoons, it has a major contribution to the capital formation of India. Furthermore in today’s era, 
although industries play a vital role in economic growth, agricultural sector becomes an important 
part in providing raw materials to industries. Apart from India, it has an importance in sharing 
national income, providing a source of employment, supplying raw materials, and earning of for-
eign exchange in the international market (Kekane, 2013). Also, India is rapidly progressing against 
undernutrition. Improving diets, maternal health, care practices, and income generations are the 
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major outcomes due to agricultural practice (Kadiyala et al., 2014). Thus, upgradation should be 
undertaken and modern technologies must be implemented for further increase in agriculture prod­
ucts and economic development of nation. 

For the increased development and upgradation in the agricultural sector, one of the methods 
harming less to the environment and fulfilling our demands is Artificial Intelligence (AI). The fol­
lowing chapter discusses in detail the role, importance, and various methods pertaining to AI used 
in the field of Crop Monitoring in the agricultural sector. 

Artificial Intelligence (AI), also known as Machine Intelligence, performs a major role in deci­
sion making, speech recognition, visual perception, and translation between languages. It is con­
sidered as theory and development of a computer system that performs various tasks normally 
requiring human intelligence. Problem solving, Reasoning, Planning, Learning, Knowledge, and 
ability to manipulate and move objects are the primary aspects of this swiftly advancing technology. 
This advancing technology gives a great opportunity and can have significant impacts on human 
lives which helps them to grow socially, economically, and technically. In this modern world, this 
technology has delivered accurate, precise, and substantial outcome so that we can assure its capa­
bility and actions. 

But the most important factor affecting the overall growth of the product is its monitoring. Hence 
modern techniques must be implemented resulting in higher crop production and thus indirectly 
resulting in economic growth of the country using Artificial Intelligence. 

The persons who first proposed the idea for the overall management of crops using AI were 
Mckinion and Lemmon. In the year 1985 auordance with the paper “Expert systems for Agriculture” 
(McKinion and Lemmon, 1985; Banerjee et  al., 2018). One must understand the main aim and 
importance of crop monitoring before going to the various methods implemented for it. Crop 
Monitoring mainly discusses determining the main tool for early detection of any kind of disease 
on crop and eventually improving the quality of the crop (López-Granados et al., 2016). AI proposes 
various techniques for the automated assessment of health of the crops. Its development at various 
stages is an important aspect of agricultural management and for the farmers. This can be clearly 
described from the given Figure 12.1. 

Over the last many decades, numerous techniques have been implemented and invented as a 
purpose to help farmers to increase the production of crops along with the major important factor 
i.e. maintaining the health of crop by improving its quality, protecting them from various diseases, 
by removing weeds and unwanted wasted, by precise detection and analysis of micron parts of the 
crops like leaves. Thus the overall monitoring of crop is maintained by the latest techniques of AI 
which is shown in Figure 12.2. 

Discussing the different techniques, our chapter includes major and important three various sec­
tors and its techniques which highly involves in monitoring of crop: these three techniques can be 
termed as follows. 

i. Field Mapping 
ii. Precision Agriculture 

iii. Remote Sensing Image Analysis 

Let’s have a brief look at each technique and then further details with its pictorial presentations and 
with tables are discussed later. 

Under the topic of field mapping, the image of different crops are captured under white light and 
UVA light to check crop conditions with the help of methods like drone and copters systems during 
cultivation, estimation of area where the crop requires fertilizer, water and pesticides can be made 
(Dharmaraj and Vijayanand, 2018). Some other major methods which have been discussed in this 
chapter are aerial photography, crop scouting in the context of image analysis under field mapping. 

Precision agriculture, developed during the mid-1970s to early 1980s focuses on soil sampling 
and soil surveying considerably resulting in a better awareness of soil and crop condition variability 
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FIGURE 12.1 Describing the pictorial view of crop monitoring using AI technique. 

FIGURE 12.2 Automation technique in crop monitoring. 



 
 

 

 

   

 

  

 
  

 
  

  
 

 

   

 
 

  
  

 
  

   

250 Agricultural Biotechnology: Food Security Hot Spots 

within fields. Also Geographic Information Systems (GIS), microcomputers, Global Positioning 
Systems (GPS) played a vital role in the upliftment of farm machinery with computerized control­
lers and sensors (Robert, 2002). Furthermore, UAV models and SSM techniques for PA are also 
discussed. 

Remote Sensing Image Analysis uses radiant energies for the extraction of various information 
on the ground as well as on an environmental basis. Apart from this various geospatial techniques, 
aerial photography, various sensors including ANN are used along with their DataAnalysis and 
Algorithms for the monitoring of soil and its mapping and various detection of other measures even­
tually helping in monitoring of crop (Zhang and Kovacs, 2012). Let’s have a look at each technique 
in detail. 

12.2 FIELD MAPPING 

Field mapping is helpful to monitor changes of vegetation, to observe erosion patterns, to detect crop 
disease and stress and to do many more things so that one can increase efficiency and can improve 
crop yield in less time by focusing on the field. Field mapping can be done by various techniques. 
Here, for example, aerial photography and UAV (Unmanned Autonomous Vehicle) methods are 
discussed. 

12.2.1 aeRIal PhotogRaPhy 

Aerial photography is a technique that is easily used by crop scientists and farmers. Using aerial 
photography they can understand and study the factors affecting crop performance. For monitor­
ing momentary changes of vegetation and observing patterns of erosion small-format aerial pho­
tography is a suitable tool. Other methods like hot-air blimp and Kite Aerial Photography (KAP) 
are also adopted (Aber et al., 2019). Another application of aerial photography is to identify crop 
disease and stress. For that Black-and-white aerial photography, visible coloraerial photography, 
Black-and-white infrared aerial photography or color infrared aerial photography is used to identify 
crop disease as well as to interpret crop changes. Multi-temporal photography also helps to study 
the epidemiology of disease and gives existing data on crop performance through which one can 
monitor the effects of methods and changes in management practice (Steven and Clark, 2013). 

12.2.2 uav method 

UAV (Unmanned Autonomous Vehicle) method is practiced in many research fields because of its 
ability to capture high-resolution aerial images. In the domain of agriculture, UAV can be used for 
several purposes. For example, multispectral image analysis system based on UAV, with semantic 
computing can be used to detect unhealthy agricultural area and to check health condition of crop 
too. To study the health condition of plant, the environmental indices like normalized difference 
water index (NDWI), normalized difference vegetation index (NDVI) and soil adjust vegetation 
index (SAVI) can be calculated from multispectral image using pixel values (red, blue, green and 
IR pixel). Using these three indices, Multi-spectrum semantic space is created and health condition 
of area and crop is interpreted (Wijitdechakul et al., 2016). Following Figure 12.3 shows one of the 
UAV models. 

12.3 PRECISION AGRICULTURE (PA) 

In PA, methods like GPS, GIS and SSM were developed which was information technology to 
collect data from various sources and to make decision accordingly. The application of PA in crop 
monitoring can be described as improved crop quality, improved sustainability, food safety, envi­
ronmental protection, etc. highly précised and developed sensors are invented for GPS receiver and 
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FIGURE 12.3 UAV large scale surveying drone model used in monitoring of crop. 

correction signal subscription and for GIS software for data storage, processing, analysis and mak­
ing prescription. 

12.3.1 dRone systems 

Drone system is considered one of the best tools in PA which fetches data from drone image and 
provide alerts in real time which gives momentum in precision farming. Here sensors sense the 
image with the help of image sensing through UVA and white light and generate various levels of 
readiness for fruits and crops (Dharmaraj and Vijayanand, 2018). These help in identifying various 
abnormalities present in crop and gives optimal data for further solutions. The problems which can 
be dealt with are precise capture of the individual leaf of crop, the no. of crops requiring the amount 
of water, various growth stages, stress level of plants, spatial information of farm land through mul­
tispectral images, etc. using the main fundamental as AI. Further, the N2 level of the soil can also 
be powered by various drone systems. In the case of highly infected plants with the help of infrared 
by scanning crops in both RGB (Red Green Blue), multispectral images can be generated. Also, the 
specific spotted point of the infected part can be viewed and its optimal solution can be generated 
through drones. This can be shown in Figures 12.4a, b & 12.5. 

12.3.2 usIng gPs 

These systems also include GPS & GIS which are the major participants in precision farming: with 
the help of highly developed sensors, they acquire spatial data and make all the processing and 
its utilization for further identification and solution. These techniques improve crop quality and 
improve sustainability at lower risk along with crop safety and environmental protection (Robert, 
2002). Although GPS requires sensors that are costly but are too precise, have a wide range, various 
input methods, and functions at right, faster application, etc. 
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FIGURE 12.4 (a and b) Pictorial view of crop monitoring using various agro drones. 

FIGURE 12.5 Example of drones using various cameras and microcontrollers. 

12.3.3 uav models 

One of the most useful and upcoming techniques which is already accepted by developed countries 
is UAV (Unmanned Aerial Vehicle). At first, these techniques were used in civilian and military 
applications (Van Blyenburgh, 1999). Then after technical analysis, this technique was implemented 
and applied to various agricultural operations, especially like crop monitoring by Yamaha (Giles 
and Billing, 2015). The UAVs are aircraft equipped with various developed sensors and cameras use 
for the purposes like crop height estimations, pesticide spraying, soil and field analysis, etc. (Mogili 
and Deepak, 2018; Anthony et al., 2014; Huang et al., 2009; Primicerio et al., 2012). Using UAVs for 
pesticide spraying numerous health-related problems can be solved which were faced by the farmers 
working manually. As hardware, it is an autonomous mini rotorcraft vehicle containing software for 
flight controlling, aerodynamic modeling, etc. These also include automated sprinkling system with 
multi spectral camera controlled by a radio channel and without a human pilot, this aircraft will 
eventually change all the traditional farming techniques (Figure 12.6). 
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FIGURE 12.6 UAV model for precise farming. 

12.3.4 sIte-sPeCIFIC management 

SSM, also known as precision agriculture is mostly used at a spatial scale smaller than that of the 
whole field. SSM is a commercial technology using GPS for crop management. This includes man­
aging crops by collecting data using information system, analyzing them, determining their vari­
ous benefits and side effects and then act accordingly (Plant, 2001). This concept is also termed as 
‘farming by soil types’. Its major application is in the section of fertilizer purpose for the crops like 
corn, soybean, wheat, etc. further applications are sampling, fertilizing, harvesting, tillage, plant­
ing, etc. nowadays it is also applicable to the variety of plants like sugar beet, cotton, rice, peanut, 
potato, sugarcane, palm oil, banana, etc. (Robert, 2002). These methods mentioned above are useful 
in PA. Its various advantages are profitability, sustainability, efficiency, etc. 

12.4 REMOTE SENSING 

In the agriculture sector, remote sensing has been applied for a very long time. Airplanes, balloons 
and helicopters, satellites, and sensors like optical and near IR sensors are adopted by remote sens­
ing platforms. Various information such as biomass, disease, water stress, Leaf Area Index (LAI) 
can be derived from images captured using these sensors, and this information is helpful in yield 
forecasting, crop management, environmental protection, etc. (Zhang and Kovacs, 2012). Let’s have 
a look at some of the applications of remote sensing. 

12.4.1 aIRboRne teChnIque 

From both digital and video cameras, Airborne is a new remote sensing technique. To identify 
spatial plant growth variability, airborne digital imagery can be a helpful data source. Let’s take a 
Grain Sorghum as an example. During the 1998 growing season, around five times color-infrared 
(CIR) images were captured from that grain sorghum field. Based on digital images taken at previ­
ous stages of grain sorghum, patterns of plant growth that may be observed later can be revealed. 
The main benefit is that the plant growth variation can be observed during the growing season and 



   

       

  
 

 
 

 

 

  

 

  
 

 

 

 

 

 

 

  

 
 

254 Agricultural Biotechnology: Food Security Hot Spots 

to correct the problems, proper actions can be taken accordingly. Airborne digital imagery provides 
helpful data for both during-season and after-season management of crop (Yang et al., 2000). 

12.4.2 ann model FoR CRoP yIeld ResPondIng to soIl PaRameteRs 

Crop yield estimation using ANN (Artificial Neural Network) has been proved self-adaptive and 
more powerful than the traditional methods like linear analysis and simple non-linear analysis 
(Jiang et al., 2004; Simpson, 1994; Baret et al., 1995; Jiang, 2000). By preparing a Back Propagation 
(BP) neural network, an ANN model responding to soil parameters was trained to estimate crop 
yield. The designed BP-ANN model shows the relationship between soil parameters and crop yield. 
Soil moisture, P, N, K, SOM and Ntotal are taken as input nodes, and the crop yield will be only one 
node present in the output layer. Result shows that with increasing soil parameters crop yield also 
increases and for different soil parameters the sensitivity level of crop yield keeps changing (Liu 
et al., 2005). 

Some of the various methods which can be helpful in the field of crop monitoring can be depicted 
and described with their brief methodologies and their disadvantages as follows: 

Sr No. 
System / 
Meyhod / Tool Technology Description Limitation Reference 

1. Fuzzy Logic SRC (DSS) Elaborate decision-making Requires huge data. López et al. 
in soil risk characterization. (2008) 

2. ANN SEA prediction Study carried out to forecast Priority of Tajik et al. 
the activity of enzymes. classification is more (2012) 

over performance 
improvement of sand. 

3. ANN DEM From soil attributes, it Could not generate Zhao et al. 
predicts high-resolution soil precise prediction (2009) 
textures by calculating due to poor 
hydrological parameters. generation of 

over-fitted ANN. 

4. ANN Remote sensing Analysis of remotely sensed Only applicable to Chang and Islam 
image analysis. data using algorithms and limited number of (2000) 

important architectures. inputs. 

5. Precision VRT For precise sensing of Requires accurate Zhang and 
Agriculture various crops. mapping of crop Kovacs (2012) 

growth, infectious 
diseases, etc 

6. Precision LARS Acquires Earth Surface Disadvantages like its Zhang and 
Agriculture (Low Altitude images at low altitude using maintenance and Kovacs (2012) 

Remote Sensing UAS systems. installation 
System) 

7. Precision WSN System using Provides motion detection, Energy consumption Garcia-Sanchez 
Agriculture IEEE technology agricultural Data of sensors. et al. (2011) 

monitoring over long 
distances using camera 
sensors. 

12.5 CONCLUSION 

This book chapter discusses and focuses mainly on the application of artificial intelligence and its var­
ious methods and functions which can be applied in the field of agriculture sector for upgrading farm­
ing and eventually increasing farm products. By overcoming the traditional methods and upgrading its 
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efficiency up to 90% AI has reflected its major results in every sector of Agriculture. Main focus of this 
chapter is on Crop Monitoring. Using AI, not only the this sector but also the majority occupied sector 
specially in India can be greatly developed and improved. Some of the other advantages like decrease 
in environmental antagonistic impacts has also reduced in a great amount. Furthermore gradually 
farm products increases the economic development of country using Robots and hence decreasing 
hand efforts of farmers and achieving tasks in lesser period of time.Many Agro-based businesses have 
increased in a big amount all over the areas in few past years by implementing these technologies of 
AI. Giving up marking accurate and correct results, and its potentiality, AI has drastically strength­
ened economically as well as eco- friendly outcomes. Although not a wider area has been discussed in 
the paper, but some of the greatly demanded tasks can be easily reviewed in this paper. 
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13.1 � INTRODUCTION

Microorganisms have been applied in numerous fermentation processes most especially from the 
ancient time which are utilize for the production of numerous food items (Soccol et al., 2005). It 
has been identified that microbial enzymes play a crucial role in several industries that based their 
product on food. This might be linked to the fact that animal and plant enzymes are more stable. 
They could be fabricated through the application of fermented methods which is more economical, 
high consistency and require minimal time while the process involved in the modification and the 
optimization of parameters are very simple (Gurung et al., 2013).

Several enzymes are utilized in numerous industrial sector, for the example the application of 
amylolytic enzymes in detergent, textile, food, paper industries (Pandey et al., 2000). Moreover, 

CONTENTS

13.1	 Introduction.......................................................................................................................... 259
13.2	 Microbial Enzymes for Food Application........................................................................... 261
13.3	 Microbial Enzymes in Food Biotechnology and Processing............................................... 262
13.4	 Conclusion and Future Recommendation to Knowledge.....................................................264
References.......................................................................................................................................264

DOI: 10.1201/9781003268468-13

https://doi.org/10.1201/9781003268468-13


 

 

 

 

 

 

  
  

 
 
 

 

 

 

 

260 Agricultural Biotechnology: Food Security Hot Spots 

some other application include their usage in the production of maltose syrups, glucose syrups, 
high fructose corn syrups, and crystalline glucose. Also, some other enzymes such as xylanases, 
proteases and lipases have a wider utilization in the food sector (De Souza and Magalhães, 2010). 

Enzymes could be referred to as green” biological catalysts have been identified to possess the 
capacity to influence the way that most of our food are being prepared. Moreover, that applica­
tion of enzymes have been highlighted in different feed and food industries which entail baking, 
oils and fats, dairy, dietary supplements, brewing, vegetable processing, meat, juice and beverages 
(Robinson, 2015 and Schäfer, 2007). The utilization of beneficial microorganism and enzymes have 
been recognized as a tradition techniques that play a crucial role most especially in the processing 
of food such as cheese, bread baking, wine and beer respectively (Fernandes 2010). 

The application of Biotechnology has been shown to play a crucial role in the enhancement of 
processing of raw materials most especially their effective transformation to food products which 
could eventually led to a high level of nutritional value in the fermented food product (Underkofler 
et al., 1958). Fermentation has been identified as a microbial biotechnology through which natural 
renewable substrates are transformed into value-added products which entails polymers, enzymes, 
alcohols, and organic acids respectively. 

Moreover, some examples of fermentation products are proton sinks such as lactic acid and 
ethanol but the NADH is reprocessed to NAD+. This enable the cell to continue generating energy 
through the process of glycolysis by substrate-level phosphorylation. Therefore, it has been identi­
fied that microorganism portends the capability to produce numerous end and by product that could 
uphold energy balance. The application of genetical engineering could led to the enhancement of 
some beneficial strains and thereby improving the quantity and quality relevant industrial products 
which produced through food processing techniques (Campbell-Platt, 1994). 

Moreover, it has been discovered that the development of end or by-products depend on different 
types of environmental conditions and the types of microbial strain utilized. Therefore, there is a need 
to select a better and enhanced microbial strains that could led to production of optimized condition 
during the process of fermentation. The application of recombinant DNA technology and mutation 
could led to the production of desired product in term of quality and quantity (Demirci et al., 2014). 

Specific example of some condition that could influence the development of fermented product 
and development of microorganisms include the composition of the fermentation medium, tem­
perature, dissolved oxygen, and pH. Therefore, there is a need to performed optimization of these 
crucial parameters so as to establish the best fermentation condition that could led to increase in 
food processing. Hence, it has become paramount to evaluate the metabolic pathways. Adequate 
information about the biochemical alteration in most fermented foods could led to the generation of 
better strains that could led to the production desired products. Some other factors that could affect 
productivity includes fermentation modes, the types of media, and types of strains. Also, in order 
to achieve a higher productivity this might depend on the following types of fermentation which 
includes continuous, Fed-batch, batch, could be led to the production of a better food products. It 
has been observed that the application of continuous and batch types of fermentation could led to 
prevention of the substrate limitation most especially during the process of fermentation. 

Furthermore, the application of cell immobilization, could led to improvement in the enhance­
ment of biomass concentration most especially in the bioreactor, thereby facilitating the concentra­
tion of the enzyme or the biocatalyst available in the bioreactor. There is need to extract, purify 
the microbial product after fermentation but the process involve in the purification of most and 
product have been established to be very expensive. Moreover, microbial end-products could be 
derived from the biomass, intracellular and extracellular products. The application of homogeniza­
tion, filtration, and extraction of product whether solid and liquid are typical illustration of recovery 
techniques (Demirci et al., 2014). 

Enzymes have been identified as a products derived from living microorganism with high appli­
cation in the industry. The application and relevance of enzyme have been documented for numer­
ous year which might be linked to their high catalytic activities. The activities of enzymes depends 
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on several factors such as substrate, inhibitors, temperature, pH. These is a need to optimize these 
parameters in order to have an effective food products. Enzymes could be recovered through the 
application of enzyme immobilization in order to reduce the cost effectiveness. Enzyme could be 
derived from mammalian tissues, microorganism and plants respectively. Moreover, the enzymes 
obtained from microorganism is more preferred when compared to other enzymes derived from 
other sources. This might be linked to their high level of specificity and availability. It has been 
stated that over 500 commercial products are obtained through the application of enzymes. They 
are utilized in the production of detergent, paper, foods, pharmaceuticals, cosmetics, and leather 
(Johannes and Zhao 2006). Moreover, typical example of enzyme include rennet which is a milk 
clotting enzymes, lipase, proteases, pectic, amylases (Demirci et al., 2014). 

13.2 MICROBIAL ENZYMES FOR FOOD APPLICATION 

Microorganism and enzymes application in the processing of food is a well-known approach which 
has been adequately documented over the century. Beer brewing, bread baking, cheese and wine 
production are processes which have been known to employ enzymes and microorganism for ages. 
The use of enzymes in biotechnology is improving the way by which raw materials can be converted 
to diverse food products with improved nutritional value, functionality, flavour and texture. Some 
common enzymes sources includes production from microorganisms like yeasts, bacteria, fungi, 
and actinomycetes. Animal and plant are other sources for enzyme production. 

Specifically, some globally use enzymes viz pectinase, lipase, α-amylase, protease, and glu­
coamylase use in food-processing industries. In the production light quality beer, glucoamylase 
changes the residual dextrins into the corn syrup form which are fermentable sugars. In a related 
fashion, starch is converted to dextrins by α-amylase to produce corn syrup for various applications. 
In both instance, the food product sweetness is enhanced after the enzyme activities. Lipases are 
flavour enhancer and also reduce cheese ripening time, and produce better quality fat products. In 
the production of fruit juice, pectinase is use in the extraction, clarification, and filtration process. 
Chymosin enzyme degrades kappa-caseins during the process of milk curdling. Proteases enzymes 
of fungal and bacterial are employ in the production of texturized proteins, meat extenders, fish 
meal, and meat extracts. In the instance of whey and milk products, lactase breaks down the lactose 
to produce polyactide. Glucose oxidases inhibit the Maillard reactions process through its conver­
sion of glucose into gluconic acid. In wine making, maturation time is minimize with the help of 
acetolactate decarboxylase which converts acetolactate to acetoin. In grain processing, cellulose aid 
in cellulose to glucose conversion in cell walls thereby facilitating better cellular product extraction 
and increase nutrient release. Enzyme application is improving the way food manufacturing indus­
try operates, while lowering production costs and improving production processes 

The application of lipases, catalase, proteases, esterases, and lactase in dairy technology are well 
established. Proteinases has found application in acceleration of cheese ripening in recent times, 
along with it use as modifying agent of functional properties and in dietetic products prepara­
tion. Milk coagulation, using rennet was one of its earliest applications in cheese manufacturing. 
Proteinase accelerates the hydrolysis of protein, enhances cheese ripening and enhances cheese 
ripening, flavour and texture. Transglutaminase is another enzyme which is used to improve the 
functional properties of dairy product. It aids in peptide bonds cross-linking. Transglutaminase 
have also been used texture improvers in the meat and catering industry. 

Typical source of the Lactase (β-galactosidase) enzyme are the K. lactis, A. niger and A. oryzae. 
Lactase promotes milk lactose hydrolysis to monosaccharaides such as glucose, and galactose. This 
allows the production of milk-based products which is suitable for consumption by consumer suffer­
ing from lactose intolerance. Lactose intolerance also results in milk sweetness thereby minimizing 
the need for sugar addition. 

In wine making, combine action of β-glycosidases and exoglycosidases enables molecules 
responsible for aroma compounds to be released through the liberation of β-glucosides and sugars. 
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These enzymes invariably cleave the intersugar linkage of glycosides. The protease enzyme tender­
izes meat by retaining myofibrillar proteins while decreasing the sum total of connective tissue. 
Carbohydrases, lipases, and protease are enzymes used in fish protein hydrolysates preparation. 
Some authors have reported the use of trans-glutaminases in meat processing (Ashie and Lanier, 
2000; Kieliszek and Misiewicz, 2014). Trans-glutaminases transformed low quality collagen to 
highly nutritive products, when the appropriate amino acids wee added. The enzymes; pullulanases, 
α-glucosidases, amylglucosidases, α- and β-amylases are required for the hydrolysis of starch to 
glucose units (Blanco et al., 2014). 

The α-acetolactate decarboxylase is an important enzyme in the beer making process as it is 
involved in the conversion of acetolactate to acetoin. Acetolactate gives beer a butterscotch tastes 
while is rather tasteless. α-acetolactate decarboxylase also speeds up the beer maturation process 
(Dulieu et al., 2000) (Table 13.1). 

13.3 MICROBIAL ENZYMES IN FOOD BIOTECHNOLOGY AND PROCESSING 

Over time, microorganisms had found applications in the production of enzymes for various industrial 
purposes. Enzymes obtained from microbial origin had been found to be beneficial than those from 
plants and animals. The advantages of microbial enzymes over those from plant and animal include 
lower cost of production, can be produced on large-scale, short culture development, less material 
involved, as well as environmentally friendly (Hasan et al., 2006; Mishra et al., 2017). Some good 
examples of the frequently utilized bacterial-sourced food enzymes are presented in Table 13.2. 

TABLE 13.1 
Example of Enzymes Used in Processing 

Enzyme Enzyme Class Role 

Lactase Hydrolase Hydrolysis of lactose, whey and galactooligosaccharides synthesis. 

Amylase Hydrolase Saccharification and liquefaction of starch 

Invertase Hydrolase Hydrolysis of sucrose and sugar syrups production 

Arabinose isomerase Isomerases Galactose isomerization to tagatose 

Cellobiose Isomerases Lactose isomerization to lactulose 

Acetolactate decarboxylase Lyases Fastening beer maturation 

Glucose oxidase Oxidoreductases Improved dough strength and handling characteristics 

Cyclodextrin Transerases Cyclodextrins production 
glycosyltransferase 

Fructosyl transferase Transerases Prebiotics production and synthesis of fructooligosaccharides 

Transglutaminase Transerases Cross-linking function. Application in dough and meat processing 

Lipoxygenase Oxidoreductases Dough strengthening, bread whiting 

Laccases Oxidoreductases Improve dough strength, stabilization of wine colour during 
winemaking, increased storage life of beer, improve vegetable oils 
flavour and in cork stopper preparation 

Glucanase Hydrolase Breaks cereal cell walls, beer making 

Lipase Hydrolase Aromatic molecules synthesis, improves lipid digestion in young animals, 
in situ emulsification for the conditioning of dough, cheese flavour 

Phospholipase Hydrolase Dough conditioning 

Proteases (e.g, papain) Hydrolase Meat tenderizer, haze formation prevention in brewing, improvement of 
flavour in cheese and milk, low allergenic infant food formulation, milk 
clothing, protein hydrolysis, enhanced digestibility and utilization 

Pectinase Hydrolase Fruit juice clarification, viscosity reduction 

Peptidase Hydrolase Cheese ripening 



 

 
 

  
 

 

 

 

 

 

  

  

  
  

  

   

   

  

  

  
 

  

   

   

  

 
 

 
 

 
 

 

 

 

 

 

 
 

 

263 Application of Microbial Enzyme in Food Biotechnology 

TABLE 13.2 
Microbial Enzymes and Food Use 

Microbial Enzyme 

Glucoamylase 

lactase (β-galactosidase) 

Rhizomucormiehei 

Endothiaparasitica 

Rhizomucorpusillus 

Tyrosinases 

Amylase (from Aspergillusoryzae) 

Proteases (from Aspergillusniger) 

Pectinases (from Aspergillusniger) 

Glucose oxidase (from 
Penicilliumnotatum) 

Catalase (from Aspergillusniger) 

Invertase (from Saccharomyces 
cerevisiae) 

Lactase (from Saccharomyces 

fragilis) 

Lipase (from Bacillus, 
Pseudomonas, Burkholderia) 

Amyloglucosidase 

Phospholipase 

Papain 

Inulinases 

Cellulase 

Xylanase 

Laccase 

Peroxidase 

Phytase 

Hemicellulase 

Glucose isomerase 

Chymosin 

β-Glucosidase 

Pectin esterase 

Use 

Beak making, production of beer 

Wheat processing, an ingredient in 
prebiotic 

Precipitation of protein in milk 

Precipitation of protein in milk 

Precipitation of protein in milk 

Manufacturing of mixed-melanins, 
protein cross linking, phenolic based 
bio-sensors 

Baking, brewing, cakes, starch syrups, 
fruit juices, production of ethanol 

Tendering of meat, hydrolysis of whey, 
bread making 

Clarification of juice, to increase the 
yield of juice 

To remove oxygen, dough stability, 
flavour enhancer 

Mayonnaise, production of cheese 

Hydrolysis of sucrose, invert sugar 
syrup production 

Hydrolysis of lactose, hydrolysis of whey 

Production of cheese 

Conversion of starch to sugar 

Production of cheese, lipolysis of milk 
fat 

Tendering of meat 

Fructose syrups production 

Production of animal feed, fruit juice 
clarification 

Production of beer, juice clarification 

Removal of polyphenol from wine, 
baking 

Flavour development, enhance the 
nutritional quality of food 

Dairy 

Baking, mayonnaise production 

Starch 

Mayonnaise 

Aroma enhancer in wine production 

Enhancement in the clarification of cider 

Reference 

Blanco et al. (2014); Raveendran et al. 
(2018) 

Gibson and Wang (1994); Madden 
(1995) 

Madden (1995) 

Madden (1995) 

Madden (1995) 

Fairhead and Thony-Meyer (2012) 

Maryam et al. (2017) 

Aruna et al. (2014); Miguel and 
Martins-Meyer (2013) 

Pasha et al. (2013) 

Zhu et al. (2006); Maryam et al. (2017) 

Sîrbu (2011); Raveendran et al. (2018) 

Singh and Kumar (2019) 

Singh and Kumar (2019) 

Aravindan et al. (2007); Jooyendeh et al. 
(2009) 

Al-Maqtari et al. (2019) 

Law (2009); Al-Maqtari et al.(2019) 

Al-Maqtari et al. (2019) 

Al-Maqtari et al. (2019) 

Grassin and Fauquembergue (1996); 
Sukumaran et al. (2005) 

Dervilly et al. (2002); Camacho and 
Aguilar (2003) 

Labat et al. (2000); Tanriöven and Ekşi 
(2005) 

Regaldo et al. (2004) 

Maryam et al. (2017) 

Maryam et al. (2017) 

Maryam et al. (2017) 

Maryam et al. (2017) 

Caldini et al. (1994); Gunata et al. 
(1990) 

Uhlig (1998) 
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13.4 CONCLUSION AND FUTURE RECOMMENDATION TO KNOWLEDGE 

This chapter has provided holistic information on the application of microbial enzymes in food pro­
cessing. Detailed information on the application of genetic engineering and mutation as a sustainable 
biotechnology techniques that could enhanced several process involved in the production of food 
were highlighted. Several factors could led to increase in the production of fermented foods were dis­
cussed. Specific examples of fermented foods that are produced using microbial enzymes were also 
highlighted. The application of these enzymes derived from microorganism should also be sources 
from different sources such as marine area and high temperature environment. This will led to the 
production of a more a stable enzyme that could withstand a very high temperature. This have several 
application in the production of fermented food product even at a very high temperature. The utili­
zation of various agricultural and industrial wastes could serves as an alternative to the costly and 
synthetic media so as to increase the production of a more cheaper, and cost feasible enzymes with 
differs application of different industrial products most especially that are food based through the 
process of microbial fermentation. This will also increase the production of a high quality food prod­
ucts such as dairy, cereals, brewing, beverages, wine making, milling, cheese making respectively. 
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14 Nanosensor Technology for 
Smart Intelligent Agriculture

Suresh Kaushik
Indian Agricultural Research Institute

14.1 � INTRODUCTION

Nanotechnology is the manipulation and use of matter with dimensions smaller than 100 nm. Recent 
advances in nanotechnology have earned strength in the current agriculture system. Nanotechnology 
can boost agricultural production by improving nutrient use efficiency with nano-formulations of 
fertilizers, agrochemicals for crop enhancement, detection and treatment of diseases, host-parasite 
interactions at the molecular level using nanosensors, plant diagnostics, post-harvest management 
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of vegetables, reclamation of salt-affected soils, and contaminants removal from soil and water. 
Nanotechnology has offered huge potential to reduce the impact of major stresses on crop produc­
tivity while optimizing the use of limited resources such as nutrients and water. 

For a continuously growing human population, we need a huge increase in crop productivity to 
meet the food demand in the coming decades. The global rise in the human population has enhanced 
the need for qualitative and quantitative improvement in crop productivity. But abiotic and biotic 
stresses impair growth and yield, leading to major crop losses all over the world (Joshi et al. 2018; 
Suzuki et al. 2014). Both biotic and abiotic stresses lead to a massive loss in crop yield, leading to 
a decrease in agricultural production worldwide. Abiotic stresses such as heat (Mickelbart et al. 
2015), salinity (Suzuki et al. 2014), drought (Fahad et al. 2017), flooding (de San Celedonio et al. 
2018) and frost (Guillaume et al. 2018; Mickelbart et al. 2015) are the main factors for economic 
losses in agriculture while biotic factors such as bacterial and viral diseases, insect infestation are 
leading to devastating crop losses (Chakraborty and Newton 2011; Fisher et al. 2012; Scholthof et al. 
2011). The loss of agricultural products can be minimized by adopting modern technology such as 
smartphones with nanosensors to detect crop stress at an early stage. 

Precision agriculture or smart agriculture, allows farmers to maximize yield using minimal 
resources such as seeds, water, and fertilizers. Precision farming has been a long-desired goal to 
maximize output while minimizing input through monitoring environmental variables and apply­
ing targeted action (Kaushik and Djiwanti 2019). Smart agriculture has roots going back to the 
1980s when global positioning system capability became accessible for civilian use along with the 
use of computers and remote sensing devices to measure highly localized environmental conditions 
to determine whether crops are growing at maximum efficiency or precisely identifying the nature 
and location of problems. 

Early smart agriculture users adopted crop yield monitoring to produce fertilizer recommenda­
tions. But for more accurate recommendations during the 1990s using several sensing technologies 
and data generated, more variables are included into a crop model for fertilizer applications, water­
ing, and even peak yield harvesting. Hence, precise management of limited resources and costly 
agrochemicals such as nutrients, pesticides, and water offers the opportunity to enhance crop pro­
ductivity by minimizing resource losses through the use of remote sensing methods for crop moni­
toring (Hatfield et al. 2008; Padilla et al. 2018). Enhancing agricultural productivity will require 
innovative and new technological approaches such as nanosensors for managing crop stressors and 
resource use efficiency. 

With the help of nanosensors, plant stresses such as biotic, abiotic, and nutritional deficiency are 
monitored using various electronic devices including smartphones and cameras. Nanosensors com­
municate with and actuate electronic devices for improving crop productivity by optimization and 
automation of water and agrochemical allocation. Thus, these nanosensors will be able to report 
crop health status for precise and efficient use of resources. This technology is highly beneficial 
for detecting the onset of biotic and abiotic stress at an early stage. Nanotechnology has distinct 
advantages to engineer smart plant sensors because engineered nanomaterials can be embedded 
in plants for monitoring signaling molecules by near-infrared cameras in real-time (Giraldo et al. 
2019). To fabricate such nanobiosensors, existing tools and technologies such as microfluidics, 
plasmonic nanosensors, Surface-Enhanced Raman Scattering Nanosensors (SERS), fluorescence, 
chemiluminescence, quartz crystal microbalance, molecular imprinted polymers, advanced elec­
trochemical measurements coupled with customized nanomaterials and nanocomposites are used. 
The real-time crop monitoring technology ensures high agriculturally produce with the precise 
use of costly agrochemicals. It also helps minimize the loss of limited resources such as water or 
nutrients. Therefore, the advancement in nanotechnology helps reduce the impact of biotic and 
abiotic stress on agricultural produce and enhance the optimal use of limited resources. In this 
chapter, we discuss how nanotechnology-based sensors in plants can enable communication and 
actuation of electronic devices for optimizing crop growth and yield in response to resource scar­
city or stresses. 
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TABLE 14.1 
Development of Nanosensor for Plant Signaling Molecules Related to Health Status 

Nanotechnology-Based Sensor, Probe, Indicator, Reporter Plant Molecular Targets 

SWCNT, HyPer, roGFP-Orp1 H2O2 

SWCNT, GCaMP3, YC3.6, R-GECO1 Ca2+ 

SWCNT NO 

SWCNT, FLIPglu-2µVΔ13, FLIPglu-600µΔ13, BA-QD Glucose 

FLIPsuc-90µΔ1 Sucrose 

SWCNT Ethylene 

Ag NPs Methyl salicylate 

Jas9-VENUS Jasmonic acid 

ABAleon2.1, ABACUS1 Abscisic acid 

GFP H148D H+ gradient (pH) 

Source: Adapted from Giraldo et al. (2019). 

14.2 PLANT SIGNALING MOLECULES FOR MONITORING CROP HEALTH 

Detection of analytes in the living plant is optically difficult due to photosynthetic pigments and 
thick tissues. Hence, nanosensors are more suitable for in vivo studies of cellular signaling due to the 
ease of embedding them into plant tissues. There are several key signaling molecules such as sugars 
(sucrose and glucose), calcium ions (Ca2+), reactive oxygen species (ROS), molecular oxygen, nitric 
oxide (NO), hydrogen peroxide (H2O2), volatile organic compounds (VOC), adenosine triphosphate 
(ATP), strigolactones, dopamine, phytohormones including abscisic acid (ABA), jasmonic acid, 
methyl salicylate and ethylene (Table 14.1), which have been reported to be monitored by engi­
neered nanomaterials (ENMs) and genetically encoded based nanosensors. These plant signaling 
molecules have the potential to report the onset of crop health changes in real-time by detecting 
resource deficit or plant stress. Hence, these signaling molecules and chemical traits help to diag­
nose specific biological or environmental stress. 

Plant signaling molecules have the potential to report the onset of crop health changes in real-time 
by detecting resources deficit or plant stresses. Hence, these chemical traits help to diagnose specific 
biological or environmental stressor. Both Ca2+ and ROS are at the forefront of plant stress signaling 
(Gilroy et al. 2014). Ca2+ is involved in most stress signaling pathways and is evolutionarily con­
served among different plant species. ROS has a dual role in plants, acting as toxic molecules at high 
levels and playing a signaling role in a broad range of plant stress responses at low levels (Mittler 
2017; Suzuki et al. 2013). Ca2+ and ROS signature signals have been associated with specific plant 
stress responses (Kiegle et al. 2000; Mittler 2017). NO, ABA, ethylene, and methyl salicylate have 
been reported to be more specific indicators of plant stress types. NO, ethylene, and methyl salicy­
late are mainly involved in plant pathways defense responses (Delledonne et al. 1998; Lin et al. 
2017; van Loon et al. 2006). ABA is an early signal of water stress (Delledonne et al. 1998; Kim 
et al. 2010; Lin et al. 2017; van Loon et al. 2006; Yoshida et al. 2014). The plant hormones jasmo­
nate coordinates both biotic and abiotic stress responses including salinity and freezing tolerance, 
drought, and wounding responses (Howe et al. 2018). Sugars including glucose and sucrose are also 
important plant molecules that regulate a broad range of physiological and developmental changes 
(Rolland et al. 2006; Zhu et al. 2017). Other important signaling molecules that can be future tar­
gets for sensor development are isoprenes and salicylic acids. Salicylic acid is a signaling molecule 
involved in plant pathways defense (Klessig et al. 2000). Plant volatile organic compounds includ­
ing isoprenes are associated with high light, temperature, and water stress (Singsaas and Sharkey 
1998). Hence, developing and applying nanosensing approaches for real-time monitoring of these 
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key chemical signaling molecules in plans will improve our understanding of plant stress commu­
nication and enable crop health status monitoring in the field. 

Recently, engineers and researchers from the Massachusetts Institute of Technology (MIT) have 
developed a way to track how plants respond to stress such as infection, injury and light damage 
using nanosensors made of carbontubes. These nanosensors embedded in plants’ leaves, use hydro­
gen peroxide signals to distinguish between different types of stress and even between different 
species of plants such as spinach and strawberry. Plants use H2O2 to communicate within their 
leaves, sending out a distress signal that stimulates leaf cells to produce compounds that will help 
them repair damage or fend off predators like insects. Thus, such nanosensors can be used to study 
a living plant’s responses, communicating the specific types of stress in real-time (Lew et al. 2020). 
This type of nanosensor could be used to study how plants respond to different types of stress, thus, 
helping the researcher to develop new strategies to improve crop yield. 

It has been found that the cytosolic steady-state glucose levels depend on external supply in 
both roots and leaves. The cytosolic glucose levels are lower in the roots as compared to epidermal 
and stomatal guard cells (Deuschle et al. 2006). Fluorescence resonance energy transfer (FRET) 
glucose nanosensors have been used in plants to study glucose concentrations in the cytosol of 
roots and leaves. Glucose transporters have been identified at the vacuole and the inner envelope of 
plastids. The steady-state glucose levels are governed by the flux rate and compartmentalization. 
The flux in sugar-producing mesophyll cells is expected to be distinct from that in the epidermal 
and stomatal guard cells due to different cells exhibiting different responses. The FRET-based sac­
charide sensors have been used to monitor relative changes in the steady-state sugar levels within a 
subcellular compartment (Chaudhuri et al. 2008; Deuschle et al. 2006; Lager et al. 2006). Recently, 
the fluorescence-based sucrose sensors by using invertase-nanogold clusters embedded in the inner 
epidermal membranes of onions (Allium cepa L.). This sensor indicated a detection limit of 2nM 
with a linear dynamic range of 2.25–42.5 nM for sucrose detection (Bagal-Kestwal et al. 2015). 

Molecular oxygen plays a vital role in respiratory metabolism. The availability of oxygen in the 
atmosphere is an essential substrate for plant metabolism. Plants are not photosynthetically active 
at night and the roots rely on the supply of oxygen from the environment. Earlier work on oxygen 
sensing was performed by detecting a current flow caused by the chemical reduction of oxygen 
similar to Clark-type electrode sensors, but subsequently, photoluminescence quenching was used 
as a convenient method to detect oxygen (Demas et al. 1999). Such a type of nanosensor is now 
known as a probe encapsulated by biologically localized embedding (PEBBLE). Probes encapsu­
lated in nanoparticles have a protective shell that reduces interactions, retains stability, and pre­
vents interferences with other proteins (Lakowicz et al. 2006). Similarly, a microbead-based probe 
having a size ranging from 40 to 300nm per particle was recently developed for application in an 
algae-based system which included merits of single fabrication, long-term storage, and excellent 
brightness (Schmälzlin et al. 2005). 

H2O2 and NO are critical signaling molecules in numerous pathways in plants such as plant 
responses to various stressors, cell deaths, growth, and development (Neill 2002; Quan et  al. 
2008). It is very difficult to obtain an absolute signal so that the probe intensity can be calcu­
lated. Hence, ratiometric sensors are used, in which one of the two distinct fluorophores reports an 
analytes-independent reference signal and the second one sensing signal to include analyte. Kwak 
et al. (2017) developed the first SWNTs (single-walled nanotubes) ratiometric fluorescent sensors 
(Kwak et  al. 2017) with advances in separating and sorting SWANTs as distinct chiral species 
with characteristics emission wavelengths (Flavel et al. 2014; Liu et al. 2011; Tvrdy et al. 2013). 
Single-chirality SWNTs are independently functionalized to recognize H2O2, NO, or no analyte 
to create optical nanosensors responses from the ratio of distinct emission peaks. Semiconducting 
SWNTs are excellent signal transducers for nanosensors due to their fluorescence stability, lifetime, 
and emission in the NIR region. There has been significant interest in developing nanosensors by 
noncovalent complexation of various wrappings with SWNTs such that SWNTs’ corona can recog­
nize an analyte. For NO detection, the ss(AT)15 wrapped SWNTs were developed as a florescent 
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detector (Kim et al. 2010), which undergoes a strong quenching at wavelengths above 1,100 nm in 
the presence of dissolved NO in both extracted chloroplast and leaves (Giraldo et al. 2014). 

Strigolactones are plant hormones that inhibit plant shoot branching (Gomez-Roldan et al. 2008; 
Umehara et al. 2008). These molecules are carotenoid-derived terpenoid lactones containing a labile 
ether bond, which is hydrolyzed in the rhizosphere. The use of small-molecule nanosensors presents 
unique opportunities for the in vivo study of plant signaling mechanisms. Tsuchiya et al. (2015) 
demonstrated the use of a fluorescence turn-on probe, Yoshimu Lactone Green (YLG), to study the 
signaling mechanism of strigolactones (Tsuchiya et al. 2015). YLG was designed to be recognized 
by strigolactone receptors. The use of nanosensors allowed for the identification of strigolactone 
receptors and also the establishment of a small-molecules reporter system (Tsuchiya et al. 2015). 

In plants, dopamine and other catecholamines play important roles in growth, development, syn­
thetic pathways, and metabolism (Kulma and Szopa 2007). Active research on neurotransmitters is 
required to understand fully their role in plants. The use of Corona Phase Molecular Recognition 
(CoPbMoRs) sensors could significantly aid the study of neurotransmitters in plants. Kruss et al. (2014) 
demonstrated that introducing 100µM of dopamine increases the fluorescence of the construct ss(GT)­
15-wrapped around HiPCO SWNTs by 58%–80% through an increase in the florescence quenching 
yield (Kruss et al. 2014). Recently, Wong et al. (2017) reported the implantation of ss(GT)15-wrapped 
SWNT nanosensors into wild-type spinach plants (Spinacia oleracea L.) which allowed the plants to 
transducer information on the uptake of dopamine (100 µM) from soil (Wong et al. 2017). 

Phytoestrogens are naturally developed in various plants such as fruits, and cabbage soybeans 
(Cederroth and Nef 2009; Cos et al. 2003). They play important role in plants’ defense systems, 
especially fungi. They are known as dietary estrogen because they mimic the actions of estrogen 
hormones in the human body. Nanoparticles-conjugated FRET probes based on human estrogen 
receptor alpha and ligand-binding domain have been used to detect phytoestrogens (Dumbrepatil 
et  al. 2010). The FRET probe generated fluorescence signals approximately six times greater 
than those of individual FRET probes in a wide dynamic concentrations range (10−18−10−1 M) 
of phytoestrogens such as daidzein, genistein, and resveratrol. This sensor demonstrated a stable 
florescence-time profile of more than 30hours at room temperature. 

Ethylene is a small-molecule hormone that is crucial for plants, especially for fruits and their 
ripening process. This can be detected by chemiresistive sensors using a Cu(I) complex with 
SWNTs. SWNTs are chosen for their high sensitivity to the electronic environment. The Cu(I) 
complex is responsible for capturing the ethylene to trigger the structural change on the surface 
of SWNTs. The sensor demonstrated a reliable ethylene response toward different fruit types and 
showed a detection limit as low as 0.5 ppm (Esser et al. 2012). There are several other studies for 
ethylene detection using different detection materials (Chauhan et al. 2014; Krivec et al. 2015; 
Mirica et al. 2013). 

Volatile organic compounds are also a group of signal molecules that plants emit under the attack 
by insects and can be detected by chemiresistive sensors. Weerakoon et al. (2011) demonstrated 
using a poly(3-hexylthiophene) coated chemiresistive sensors to monitor the volatile compound 
gamma-terpinene molecules which are emitted during the infestation process. This volatile mol­
ecule interacts with the conducting poly(3-hexylthiophene), resulting in an increase in resistance. 
This system indicated a detection limit down to 36 ppm which is sufficient for insect infestation 
detection (Weerakoon et al. 2011). 

Adenosine triphosphate (ATP) is a ubiquitous molecule in all living cells. It acts as the energy 
currency of cells and plays an important role in signal transduction. In plants, it is synthesized in 
chloroplast and mitochondria. Micro RNA (miRNA) is a class of small noncoding RNAs that have 
been shown to regulate gene expression in the plant development process. Although miRNA has 
been successfully demonstrated to be used for the detection of various diseases like cancer, its 
implication for crop science is still limiting. Monitoring gene expression in desired tissue is impor­
tant to study basic plant biology research and crop production. This is monitored generally using 
traditional methods such as northern hybridization, quantitative PCR, microarrays. 
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14.3 NANOSENSORS TECHNOLOGY 

A nanobiosensor is a self-contained analytical device that incorporates a biologically active mate­
rial in intimate contact with an appropriate transducer to qualitatively or quantitatively sense chemi­
cal or biochemical phenomena occurring at the sensor surface (Kumar and Arora 2020). It converts 
a biological recognition response into an electrical signal, which is further processed to be repre­
sented as output display. There exists immense possibility and flexibility of developing a desired 
method using a wide range of nanomaterials and compatible transduction mechanisms that can be 
favorable integrated with various biomolecules to achieve desired performance levels (Patolsky and 
Lieber 2005; Swanson et al. 2011; Wujcik et al. 2014). Hence, nanobiosensors have emerged as an 
important method or alternative strategy for disease monitoring and diagnosis in plants. 

A nano biosensors may make use of desired transduction method such as quartz crystal micro-
balance (Zadran et al. 2012), electrochemiluminescence (Chen et al. 2013; Maxwell et al. 2002), 
surface plasmon resonance (Huang and Murray 2002; Xia et al. 2011), loop-mediated isothermal 
amplification (Chaudhuri et al. 2008; Deuschle et al. 2006), fluorescence (Chen et al. 2013; Cognet 
et al. 2007), lateral flow for development of plant nanobiosensors. Although a variety of biomol­
ecules are available for desired analyte biorecognition for biosensor fabrication, few biosensing 
methods are currently developed for plant biosensing. To achieve on-site, in-vivo and online testing 
and point-of-care devices, newer materials of nanobiosensors are being adopted for the fabrication 
of nanobiosensors for various applications including plant disease monitoring in real-time to know 
the crop health status. 

Nanomaterials have been ubiquitously demonstrated to show unique optical, electronic, physi­
cal or mechanical properties as compared to bulk characteristics. These nanomaterials may include 
carbon-based materials, metals, and organic or inorganic materials. Common structural types of 
nanomaterials may include nanotubes, dendrimers, quantum dots, nanoparticles, nanowires, and 
fullerens. Nanomaterials have revolutionized the performance of sensors and biosensors through 
multi-dimensional roles ranging from providing stable support for the immobilization of biomolecu­
lar receptors, ease of immobilization, efficient signal transduction, signal enhancer, label, sensing as 
sensing receptor and ability to deal as well as a catering variety of signal ranging (optical, magnetic, 
electrochemical, thermal). Applications of nanomaterials include clinical diagnostics in human, 
detection of pathogens, viruses, bacteria, fungi, environmental monitoring, food quality control, etc. 
These nanosensors have also successfully demonstrated several potential applications in agriculture. 

Sensor is a term used for any probe, reporter, indicator, molecular sensor or sensing device. A 
nanosensor has typically three main modules: a transducer, a receptor and a detector with a digital 
output. The target molecule connects with the receptor and the biological detecting component 
identifies a biological molecule through a reaction. The transducer converts changes to a signal 
quantified by the detector. The nanosensor has the advantages such as high specificity and sensitiv­
ity, rapid response, condensed size, portability, and real-time analysis. Nanosensor technology has 
been improved the specificity and sensitivity, performance, and quality by employing various types 
of nanosensors (Table 14.2). 

14.3.1 eleCtRoChemICal nanosensoRs 

Such nanosensors can monitor any changes in dimension, charge distribution, electric properties 
and shape after complex formation on the electrode. Typically, these nanosensors consist of a work­
ing electrode, counter electrode, and reference electrode. Electrochemical electrodes designated 
with nanomaterials have the merits of high active surface area that permits high sensitivity and 
a broader range of concentration detection of plant-related redox and ion species. Hence, electro­
chemical detection is an attractive alternative method for the detection of redox active species in 
plants. These types of nanosensors have advantage of simplicity, ease of miniaturization, high sen­
sitivity, relatively low cost, and capability for direct data analysis. 
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TABLE 14.2 
Nanosensors and Their Types 

Nanosensors Analytes 

Electrochemical ROS, glucose, VOCs, 
enzymes, auxin, 
plant thiols, heavy 
metals 

Piezoelectric Mechanical forces in 
morphogenesis 

SERS Adenine 
dinucleotide, 
glucose 

FRET DNA, ATP, glucose, 
sucrose, metal ions, 
phytoestrogens 

CoPhMoRe H2O2, NO, glucose, 
dopamine 

Source: Kwak et al. (2017). 

Mechanisms 

Consists of a working 
electrode, counter electrode 
and reference electrode. 
Based on the 
electrochemical response or 
electrical resistance change 
of materials caused by 
reaction with analytes 

Converts mechanical 
vibration into an electric 
signal 

Enhances Raman signals of 
analytes adsorbed in the 
surface of metal 
nanoparticles 

Consists of a recognition 
element fused to a reporter 
element, reports a 
conformational change in 
the energy transfer between 
the fluorophores 

Turn off or on fluorescence 
by molecular recognition 
mediated by corona phases 
formed by a surfactant or 
polymer wrapping of 
individual fluorescent 
nanoparticle such as 
SWNTs 

Merits 

Simplicity, high 
sensitivity, low cost, 
direct data analysis, 
broad range of 
analytes 

Real-time monitoring 
of the mechanical 
environment or plant 
growth 

Ultra-high sensitivity, 
nonphotobleaching, 
multiplexing 

High sensitivity, low 
detection limit, high 
temporal and spatial 
resolution 

Photostability, 
non-photobleaching, 
optical detection in 
vivo 

Demerits 

On-site source for the 
sensor, invasive and 
destructive, sensitive 
to pH or temperature 

High cost, no optical 
readout, labour 
intensive for 
fabrication 

Limited analytes, 
instrumentation 

Low stability of 
expressing FP in 
plant, photobleaching, 
low photostability, 
background signal 

Sensitivity, specificity, 
stability in vivo 
rational design of 
corona phase for each 
analyte 

Due to recent advances in the research of metallic nanoparticles such as gold (Yusoff et  al. 
2015) and nanocarbon materials including carbon nanotubes and graphene-based materials having 
unique electronic properties (Geim 2009; Shao et al. 2010; Vilatela and Eder 2012), advances in 
electrochemical nanosensors has occurred. Generally, the working electrodes substrate is on the 
mm to um length scale e.g. the most common 1–6 mm diameter glassy carbon electrode or Pt-based 
ultra-microelectrode with a 5–10 um diameter (Cui and Zhang 2012). Usually, the electrode sub­
strates itself is coated with active nanoparticles ranging from 2 to 100nm in size (Qureshi et al. 
2009). They can be further separated into three categories: amperometric, impedimetric and poten­
tiometric transducers and utilized to detect various targets. These sensors are used for a qualitative 
study of plant sensing. They have the potential to study redox-active species inside the plant and to 
indicate its growth and environment conditions by detecting biomolecules such as H2O2, ethylene, 
vitamin C, oxygen, glucose, root auxin, plant thiols and other specific enzymes. Recently, electro­
chemical nanosensors were developed for online plant analysis. The fabrication of these sensors is 
based on photoactive nanomaterials such as Fe2O3, QDs, Si nanowires. Wang et al. (2015) developed 
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a photoelectrochemical nanosensor based on Mo-doped bismuth vanadate (BiVO4) nanoparticles, 
forming a flower-like microsphere about 0.5–1 µm in diameter. This photocatalyst was coated on 
a glassy carbon electrode with 3 mm diameter or on indium tin oxide (ITO) electrode to form the 
electrochemical sensors (Wang et al. 2015). 

The chemiresistive sensors are another type of electrochemical sensor in which electrochemi­
cal resistance is changed due to the adsorption of target molecules. Semiconductors such as carbon 
nanotubes and metal oxide and conducting polymers such as polypyrrole are generally used as 
sensing materials. A nanosensor device is fabricated by placing the sensing material in-between two 
electrodes and monitoring the change in resistance. These nanosensors also include screen-printed 
electrodes and semiconductors. These types of nanosensors have been applied in several applica­
tions. This method has been frequently used for gas sensing such as ethylene (Chauhan et al. 2014; 
Esser et al. 2012; Krivec et al. 2015; Mirica et al. 2013) and VOCs produced by plants (Degenhardt 
et al. 2012; Weerakoon et al. 2011). 

14.3.2 oPtICal nanosensoRs 

These measure the change of the refractive index of the transducer when the target and recognition ele­
ment produce a complex. They can be classified into two types, namely direct and indirect optic nano­
sensors. In the former type, signal generation is based on the production of a complex on the transducer 
surface, whereas the latter type is designed with various labels to detect the binding and extend the sig­
nal. Optical nanosensors are nanomaterials that permit high spatial-temporal resolution for monitoring 
plant signaling molecules through fluorescence signals in spectral regions (Chandra et al. 2015; Reuel 
et al. 2012; Sun et al. 2016; Wise and Brasuel 2011). These nanosensors can be modified for high sta­
bility, specificity for analytes, rapid dynamics, accuracy, and reproducibility (Lichtenstein et al. 2014). 

14.3.3 PIezoeleCtRIC nanosensoRs 

These measure mass change and viscoelasticity by recording frequency and modifying a quartz 
crystal resonator. The piezoelectric effect can convert mechanical vibration into an electric sig­
nal and vice versa. Piezoelectricity is a coupling between mechanical and electrical behavior. A 
unique class of material known as functional oxides including ZnO, SnO2, In2O3, Ga2O3, CdO and 
PbO2 exhibits semiconducting and piezoelectric properties, and this class is an ideal candidate for 
fabricating electromechanical-coupled devices (Wang 2007). ZnO is the most commonly studied 
due to its biocompatible nature and can be easily formed either using a physical method or a chemi­
cal approach (Nguyen et al. 2012). Pressure sensors have been demonstrated for measuring forces 
known as a nm-sized force in the nanonewton range (Wang et al. 2006). Piezoelectric nanosensors 
are in nanometers scale but the detection process generally goes through a charge voltage ampli­
fier, in centimeter scale. Piezoelectric nanosensors have been well studied in biological systems 
(Fernández et al. 2012) and can demonstrate a new pathway for real-time monitoring of the mechan­
ical environment in plant and agricultural systems. 

14.3.4 metal oR metalloId nanoPaRtICles-based nanosensoRs 

Inorganic nanomaterials such as silver, gold, silicone, and various metal oxide nanoparticles form 
a class of nanosensors that use recognizing ligands (e.g. DNA oligos or antibodies) and signal 
transducers to detect and quantify molecular targets of interest (Darr et al. 2017; Wu et al. 2013). 
Characteristics sensor responses are recorded and fed through changes in the surface-enhanced 
optical properties, originating from the localized SPR of nanoparticles. Recently, a myriad of 
self-assembled nanoparticles with oligonucleotides or proteins have been used to construct sensi­
tive and target-specific nanobiosensors (Cho and Ku 2017; Dubertret et al. 2001; Lau et al. 2017; Li 
et al. 2020). Silver nanorods have been recently reported as sensor substrates for the identification 



 

   

  

 
   

 
  

  

 

  

   

 
  

 

  
 

  
 
 

 
  

 
 

   
 

    
  

 

  

275 Nanosensor Technology for Smart Intelligent Agriculture 

of various plant pathogens or produced toxins using SERS (Ahmad et al. 2012; Farber et al. 2020; 
Farber and Kurouski 2018; Wu et al. 2012). 

14.3.5 quantum dots 

Quantum dots (QDs) are semi-conductor nanocrystals with unique and photophysical properties. 
QDs have demonstrated tremendous potentials as optical nanosensors and found successful applica­
tions as biosensors for plant imaging and disease identifications (Gao et al. 2018; Wang et al. 2016). 
The ultra-small size of the QDs about 1–10nm makes them ideal fluorescent imaging contrast agents 
for rapid detection of plant diseases. The newly emerging carbon dots having low cytotoxicity and 
high biocompatibility and ease of preparations from fruits and vegetables, are reported valuable in 
bacterial and fungal imaging (Jin et al. 2015; Kasibabu et al. 2015; Sachdev and Gopinath 2015). 
Fluorescence resonance energy transfer (FRET) is a well-established mechanism for the construc­
tion of QD sensors (Yuan et al. 2013). For FRET sensors, the proximity of the donors (QDs) to 
acceptors such as Au nanoparticles, carbon nanodots, and organic dyes, leads to an energy transfer 
which results in quenched fluorescence intensity (Shojaei et al. 2016a; Shojaei et al. 2016b). 

14.4 DEVELOPMENTS IN NANOSENSOR TECHNOLOGY 

Intracellular sensors for metabolic precursors signaling ligands and nutrients may help elucidate 
the complex roles of these molecules in plant systems. Some emerging nanosensing platforms as 
summarized below, have been used or have the potential for use in agriculture. Some emerging 
nanosensing platforms have been used or have the potential for use in agriculture. 

14.4.1 FRet nanosensoRs 

Optical nanosensors based on FRET have been used widely to study cellular concentrations of 
small molecules, protein dynamics, and biophysical parameters (Zadran et al. 2012). There are two 
fluorophores-a donor and an acceptor. This type of sensor is based on the observations that photo-
excitation of the donor fluorophores will resonantly transfer to the acceptor fluorophore if the dis­
tance between the two falls within a nanometer-scale range. These types of nanosensors are either 
genetically encoded within the plant itself (fluorescence proteins, FPs) or added exogenously as exter­
nally synthesized construct (nanoparticles). Both types report conformational changes using proteins, 
protein domains, nanoparticles, or molecular ligands that modulate the distance between donor and 
acceptor fluorescent domain of two fluorophores. When the donor is excited, a fraction of the energy is 
transferred to the acceptor by resonance electron transfer resulting in the fluorescence of the acceptor. 

Genetically encoded FRET nanosensors have been used to detect DNA (Maxwell et al. 2002), 
metal ions (Huang and Murray 2002) and organic compound. So, they can monitor steady-state 
levels of ions or metabolites. They are typically composed of two spectral variants of fluorophores 
with spectral overlap such as a reporter unit coupled to a substrate-binding domain or recognition 
unit. Nanoparticles-based FRET sensors have been developed for the detection of biomolecules. A 
variety of nanoparticles has been used including gold nanoparticles, semiconductor quantum dots 
(QDs) and lanthanide-doped up conversion nanoparticles (UCNPs) which act as either a FRET 
donor or a quencher (Chen et al. 2012). Nanoparticles can provide several merits over traditionally 
FRET pairs with regard to photostability and emission intensity. 

14.4.1.1 Surface-Enhanced Raman Scattering Nanosensors (SERS) 
SERS is an ultra-sensitive non-destructive spectroscopic technique that can detect analytes down to 
the single-molecule level. Raman signals of molecules adsorbed on the surface of metal nanopar­
ticles can be enhanced by a factor of up to 1014 that is comparable to ever higher than fluores­
cent organic dye (Stiles et  al. 2008). The SERS effect involves two mechanisms, a long-range 
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electromagnetic effect (EM) and a short-range chemical effect (CM). The EM mechanism results 
from the enhancement of the local electromagnetic field due to surface plasmon resonance (SPM) of 
surface roughness nanoscale features in the 10–200 nm range. The CM mechanism arises from the 
interaction between adsorbed molecules and the metal surface. Gold and silver nanoparticles have 
been widely used due to tunable plasmon resonance in the NIR region. Most peaks of the SERS 
spectra in plants are attributed mainly to adenine-containing materials such as adenine dinucleo­
tide, chlorophylls, flavins, and lipids (Zeiri and Efrima 2006). 

14.4.2 CoPhmoRe nanosensoRs 

This technique is invented by MIT and uses the specific adsorption of a compositionally designed 
polymer at a nanoparticle interface to enable reorganization in the same way that an amino acid 
sequence, when folded, can provide a three-dimensional antigen-binding domain. Semiconducting 
SWNTs have been used in this technique and the surfactant or amphiphilic polymer wrapping. 
There are two purposes of wrapping - firstly, the wrapping stabilizes the dispersion in an aqueous 
solution necessary for in vivo applications. Secondly, both in plants and other living organisms the 
wrapping modulates interactions of other molecules with the SWNT surfaces, creating a nonbio­
logical antibody (Zhang et al. 2013). The wrapping molecules have no affinity to the target analyte 
but when bound to the nanotube surface, a complex is formed that can selectively bind to a specific 
analyte. SWNTs are an excellent candidate for the underlying florescent nanoparticles because they 
fluoresce in the NIR range of the spectrum which is the transparency window for in vivo optical 
detection (Barone et al. 2005). Furthermore, the utilization of SWNTs within living plants has been 
demonstrated for the detection of NO, H2O2, and dopamine (Giraldo et al. 2014). 

14.4.3 aRRay-based nanosensoRs 

The array-based sensors assemblies composed of several chromophores or synthetic nanomate­
rials are a format capable of multiplexing and discretion of different analytes. This form of the 
array-based sensor is also known as the electronic nose (e-nose), which incorporates electronic 
transducers instead of chemical sensors in the array (Geng et al. 2019; Li et al. 2019; Röck et al. 
2008). The array-based approach has advantages in distinguishing highly similar analyte mixtures 
due to its cross-reactivity and ability to measure molecular fingerprints. The multidimensional out­
put data of sensor arrays can be analyzed with highly precise and predictive results (Cuypers and 
Lieberzeit 2018). Array-based chemical sensors can also provide optical readout (e.g. fluorescent or 
colorimetric) which is easier to analyze and interpret compared with e-nose signals (Askim et al. 
2013). In addition, chemical sensor arrays are easy to fabricate based on specific chemical interac­
tion. Such nanosensors arrays are extremely cost-effective and more resistant to environmental 
interference e.g. humidity and temperature) than most e-nose devices. Chemical sensor arrays can 
be easily prepared by embedding various analytes-responsive dyes such as Lewis acid-base colo­
rants, Bronsted acidic or basic colorants, solvatochromic or vapochromic dyes and redox indicator 
colorants in hydrophobic nanoporous substrates such as modified silica sol-gels (Li et al. 2019). 

An important indirect method for plant disease detection involves the profiling of the volatile 
chemical signature of diseased plants (Cellini et al. 2017; Cellini et al. 2018). This approach is based 
on the observations that diseased plants could result in the release or change of the composition of 
characteristics VOCs that are indicative of the type of biotic or abiotic stresses that host plants have 
experienced. 

14.4.4 WeaRable nanosensoRs 

Wearable sensors integrate flexible substrate materials and nanoelectronics that are advancing the field 
of sensors for human health monitoring and robotic manipulation, but their application in agriculture 
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is still unexplored. The field of wearable nanosensors has been widely developed for human skin and 
clothing application (Zhang et al. 2020). Recently, nanosensors networks based on flexible wearable 
nanoelectronics circuit implanted on plant surfaces, communicating wirelessly and reporting low 
concentration of volatile molecules in real-time (Giraldo et al. 2019). The flexible skin due to the 
elastic properties of wearable nanosensors can be bent on organism with a radius of curvature up 
to 100 µm. Wearable SWCNT-graphite nanosensors are operated by radio frequency for wireless 
monitoring with electronic devices without power consumption in response to very concentration of 
gas molecules. Ethylene, a plant hormone that acts as a key indicator of the onset of fruit ripening, is 
reported for long-term monitoring at its sub-ppm concentrations by using chemoresistance nanosen­
sors based on SWCNTs equipped with copper complex (Cellini et al. 2017). Carbon-nanotubes-based 
sensing devices for plant VOCs are now commercially available for agriculture applications, but not 
for crop health monitoring through plant signaling molecules. Highly stretchable wearable sensors 
based on graphene carbon nanotubes have been reported to monitor wirelessly a wide range of gas 
and aqueous phase molecules including glucose (Cellini et al. 2018; Fang et al. 2014). Plant wear­
ables are new frontiers of crop diagnostics which relies on ultrathin and ultra-lightweight nanosen­
sor design to attach flexible sensor devices directly on plant tissues such as leaves for continuous 
monitoring. With recent advances in the technology of micro-electromechanical system (MEMS) 
more and more implantable and wearable electronics using conductive nanomaterials have emerged 
as sensor components for long-term and on-demand monitoring of plant POCs or other biomarkers. 

14.4.5 genetICally enCoded nanosensoRs 

Genetically encoded sensors consisting of a sensory module coupled to fluorescent proteins and 
are highly selective for the specific analyte can be delivered into plant cells via DNA plasmids. 
These fluorescent proteins can be detected with high spatial and temporal resolution by florescence 
imaging devices. A genetically encoded nanobiosensor is a biosensor where ‘detector’ of biological 
event is a signaling pathway associated to analyte of interest and ‘transducer’ for signal transfer 
is a reported gene that provides a measurable signal (Walsh et al. 2015). Most of the nanobiosen­
sors include biosensors for plant hormones only, that trigger transcriptional regulators degradation 
and signal transduction leads to nuclear transduction of proteins. Reported genes generally include 
beta-glucoronidase (GUS), bioluminescent, fluorescent proteins, etc. that allow in vivo measure­
ments. Signaling pathways that are biochemically characterized and structurally characterized for 
plant hormones are chosen for phytohormones signaling that may be transcriptionally based and 
degradation based or FRET-based. A review on plant genetically encoded nanobiosensors has been 
reported to explain about various biosensors such as induced biosensors, direct intrinsic biosensors 
or direct extrinsic biosensors (Oliveira et al. 2015). GFP-based biosensors were used to visualize the 
spatial and temporal kinetics of cellular regulators such as Ca2+, H+, H2O2, ATP, NH3

+, Zn2+, NO, 
peptides, plant hormones, glucose, sucrose, redox, etc. Using such nanobiosensors membrane trans­
port activities could be monitored in real time in living plant cells (Wang et al. 2019). At present 
developments in such nanobiosensors technologies are still in their primitive stage, but in the future 
great opportunities for nondestructive measurement will be demonstrated. 

14.5 EMERGING NANODIAGNOSTIC TOOLS FOR PLANT DISEASES 

Plant disease is a process where living (biotic infection disease due to bacteria, fungi, virus, nema­
todes, and parasites) or non-living (abiotic non-infectious diseases due to adverse conditions by sur­
rounding environment such as nutrient deficiency, prolonged water/air/soil stress) imposes a change 
in the normal function of plants. Plant disease may lead to leaf spots, leaf blights, root rots, fruit 
rots, fruit spots, wild, dieback, result in decline in growth and crop production (Al-Sadi 2017). 
Plants generally respond to pathogen infection through its defense reactions and various physi­
ological processes such respiration, photosynthesis, nutrient translocation, transpiration, growth 
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and development, primary carbon metabolism (Berger et  al. 2007). Visual detection of change 
in plant morphology, serological (Shang et al. 2011), electron microscope (Lobert et al. 1987) or 
PCR (Hongyun et al. 2008) based methods are generally used for the detection of plant diseases. 
Methods for plant disease detection are classified as direct and indirect methods. Direct meth­
ods include serological methods (ELISA, FISH, immune fluorescence, flow cytometry, etc.) and 
molecular methods (PCR and its variants like RT-PCR, multiplex-PCR). Disease-causing bacteria, 
viruses, and fungus are accurately detected in a high throughput method. Indirect methods make 
use of measurement of morphological change, temperature change, transpiration rate change and 
VOCs in case of infection using thermography, fluorescence imaging, hyperspectral imaging, gas 
chromatography, etc. 

Conventional and contemporary methods of plant disease diagnosis have their individual 
limitations and features to provide performance parameters such as reliable, low cost, fast 
(serological/molecular), simple (PCR/ELISA/FC), in-situ, specific (imaging/spectral/thermal), sen­
sitive process of measurement, ease of use, continuous measurement and multi-analytes testing, etc. 
These methods are now supplemented by newer methods such as nanobiosensors that make use of 
nano- and bio-molecules assemblies to cater to the challenges of routing methods of diagnosis. 

Advancement in nanotechnology has conferred highly exciting ingredients to achieve unprec­
edented levels of performance parameters in nanosensors. The use of a diverse range of nanomateri­
als such as metals-based, carbon allotropes, polymers, composite, etc. in the form of nanoparticles, 
nanotubes, nanorods, and nanowires have enabled faster detection and reproducibility in a much 
better way. Unique tunable and customizable properties of nanomaterials such as optical, high elec­
trical conductivity offer versatile ultra-sensitive responses and detection mechanisms through mea­
suring properties such s thermal, electrical, optical, and piezoelectric. These exciting properties of 
nanomaterials on the nanometer scale facilitate the congregation of nanomaterials with biomol­
ecules to achieve desired nanosensors for various applications (Arora 2018). Nanosensors can play 
a major role in combating growing challenges in the form of plant disease detection in agriculture. 
Hence, timely diagnosis of plant diseases and subsequent preventive measures is one of the crucial 
elements to sustain the availability of food. Food demand is continuing to increase with the rising 
human population and is being additionally challenged through environmental challenges such as 
decreasing agricultural land, pest and pathogen-induced crop losses, etc. Among these pest and 
pathogen-induced loss range within 12%–80% depending on the type of crop ranging from rice, 
wheat, maize, barley, soybean groundnut, tomatoes, potatoes, and cotton (Fang and Ramasamy 
2015). Hence, nanobiosensors can play an important role in monitoring plant health and timely 
detection and prevention of plant disease spread. 

Microbial infection leads to invoking plant defense (pathogen hypersensitive response) such as 
local accumulation of phytoalexins, enhancement of several enzymes activates such as chitinase, 
peroxidase, lipoxygenase, beta-1,3-glucanase, NO, ROS, molecular markers in the form of expres­
sion or repression of new genes e.g. pathogen-associated molecular patterns (PAMP) such as activa­
tion of kinases (stress/microbial induced), release of chemical in the surroundings such as oxylipins 
(Zeilinger et al. 2016). Expression of all such biomarkers is used to detect plant pathogenic infection. 
It has been reported that salt stress (high levels of sodium ions or potassium ions) in the species 
named Picea abies leads to decrease in total phenolics or total carotenoids levels (Schiop et al. 2015). 
So, levels of phenolics or carotenoids are the most reliable and useful biomarkers for salt stresses. 

Detection of VOCs has also been reported to assess in a non-invasive way about the functional 
information of plant’s growth, defense and health status. Generally, electronic nose (e-nose) is used 
that utilizes nanosensor array, signal conditioning circuit and pattern recognition algorithms in a 
rapid, cost-effective and in-situ applications. The basic principle of measurement may involve gas 
sensing, conductivity sensing, gravimetric sensing such as surface acoustic wave, quartz crystal 
microbalance, optical sensing such as measuring redox potential, reactivity, acid-base reactions, 
colorimetry, and fluorimetry. An elaborative review (Cui et al. 2018) has explained the collective use 
of electronic nose for plant pest diagnosis (Figure 14.1) and has reported that plant nanosensors are 
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FIGURE 14.1 E-nose: (a). Sensing-interpreting-discriminating process (b). plant disease diagnosis. 

still in their early stages and various challenges such as sensor performance, sampling, and detec­
tion in open areas and scaling up measurements are yet to be addressed. 

Detection and identification of plant disease could be achieved by both direct and indirect methods 
(Lebeda et al. 2001; Schiop et al. 2015). Direct methods involved analysis of plant pathogens including 
fungi, bacteria and viruses or biomolecular markers such as carbohydrates, proteins and nucleic acids 
isolated from infected plant tissues. Indirect methods involve recognition of plant disease through 
changes in histological or physiological indices such as leaf surface temperature or humidity, spec­
troscopic features of plant tissues, morphology, growth rate and emission of VOCs. A wide variety 
of spectroscopic electrochemical or molecular techniques could serve as direct or indirect detection 
methods (Cui et al. 2018; Singh et al. 2012). There are several categories of nanoscale techniques for 
agricultural diagnosis in both direct or indirect methods including microneedle patches, nanopore 
sequencing platform, plant wearables and nanoparticles or array-based sensors (Li et al. 2020). 

Several imaging methods such as hyperspectral and thermographic imaging have been used for 
indirect detection of plant disease. But they have certain demerits such as lack of specificity for disease 
subtypes or stains and susceptibility to parameter changes of the environment (Jiao et al. 2000; Zhao 
et al. 2014). Recently, several nanoparticles-based chemo- or bio-sensors are developed and commer­
cialized for agricultural diagnosis (Hongyun et al. 2008; Jarocka et al. 2013; Lobert et al. 1987). The 
analytes are identified by the characteristics optical or electrical outputs of the nanosensors through 
transduction mechanisms of the designed sensors interactions. The nanosensor’s detection specific­
ity could be enhanced by selective chemical interactions or by the used of biospecific recognition 
elements such as DNA oligos, aptamers, antibodies and enzymes. The detection sensitivity could be 
improved by the used of surface-enhanced optical properties e.g. SPR, electron-conductive nanoscale 
substrates such as carbon-based nanomaterials e.g. graphenes or carbon-nanotubes as transducers. 
There are several classes of nanosensors or nanobiosensors including metal or metalloid nanopar­
ticles, quantum dots and array-based nanosensors used for plant disease diagnosis. 

14.5.1 deteCtIng Plant InFeCtIons 

Infections in plants are the major cause of losses in crop production throughout the world. These dis­
eases are caused by pathogens such as fungi, bacteria and viruses (Khater et al. 2017; Tahir et al. 2017). 
Hence, timely detection of plant infection critically affects the levels of crop productivity. Generally, 
plant infections are detected by conventional visible symptoms on plant morphology, ELISA, direct 
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tissue blot immunoassays, molecular techniques such PCR, RT-PCR, Raman spectroscopy, fluores­
cence spectroscopy, infrared spectroscopy (Lertanantawong et al. 2019; Liu et al. 2016). But recently, 
nanosensors have been developed for easy and quick methods of plant infection detection. 

Most of the bacteria are generally known to be associated with plant are beneficial or saprophytic 
but one hundred bacterial species are known to cause diseases in plant such as Agrobacterium, 
Erwinia, Proteobacteria, Pseudomonas, Xanthomonas. These bacteria cause infection, leading 
to loss of crop production and may result in symptoms such as gall and overgrowths, leaf spots, 
specks and blight, wilds, soft rots, scabs and cankers (Borse and Srivastava 2019; Lertanantawong 
et al. 2019). A lateral flow immunoassay-based test strip was reported to detect Ralstonia sola­
nacearum that causes potato brown rot using enlarging gold nanoparticles (GNPs), antibodies 
against the pathogen and tetra chloroauric (III) anion reduction used as an amplification solution 
(Borse and Srivastava 2019; Razo et al. 2019). It is also reported the detection of potato leafroll 
virus and potato virus X using the silver salt solution as an amplification solution (Drygin et al. 
2012; Panferov et al. 2018). An electrochemical method for detection of endophytic bacteria Agave 
tequilana has been reported. Electrochemical method involves the detection of H2O2levels pro­
duced by leaves of host plant tissue to destroy the bacterial infection. Bacterial spot disease caused 
by Xanthomonas campestris plant pathogens was identified by a highly sensitive method using 
fluorescent silica nanoparticles doped with a dinuclear Ruthenium complex and conjugated with 
a secondary antibody (Luna-Moreno et al. 2019). Ralstonia solanacearum, a soil-borne species 
causing potato bacterial wilt was reported to detect using its genomic DNA with gold nanopar­
ticles functionalized with a specific single-stranded DNA (Nikitin et al. 2018). Fungal infections 
in plants amount to 80% of infections caused in crops. Fungi are a group of versatile eukaryotic 
carbon-heterotrophic organisms that can maintain symbiotic/saprophytic or pathogenic relation 
with plants. Fungi act as decomposers and recyclers of organic materials. Each plant is attacked 
by fungal pathogens but only a few lead to infections (Knogge 1996). Timely detection of fungal 
infection is extremely important because damage caused by these pathogens to plant is tremen­
dous. Potato blight, downy mildew of grapes are some samples of fungi infection in crops. A sur­
face plasmon resonance-based immunosensor was reported to detect a fungus Pseduocerocospora 
fijiensis in real leaf extract samples of banana plants using polyclonal antibody against cell wall 
protein HF1 of P. fijiensis immobilized onto gold chip in lateral flow assay (Luna-Moreno et al. 
2019). Multiplex field disease diagnostics of six fungal pathogenic of potato crops, namely, 
Alternaria solani, A. alternate, Rhizocotonia solani, Collectorichum coccodes, Synchytrium sub­
terranean, Fusarium were reported in easy and convenient PCR-based microarray in open micro-
reactors (Nikitin et al. 2018). Late blight in potato caused by Phytophthora infestans was visually 
detected using a novel method that used integration of universal primer mediated asymmetric PCR 
with gold nanoparticles (AuNP)-based lateral flow biosensor (Zhan et al. 2018). The availability 
of sensitive methods is important because fungal infections are very severe and can contaminate 
seed and soil. Yellow rust disease in wheat is caused by fungus Puccinia striiformis which impacts 
the quality and production. So, timely detection of infection at initial stage of crop development 
is extremely important from agricultural point of view. Hyperspectral analysis was reported to be 
used as a tool that captured biophysical variations in crops depending on the degree of infestation 
(Hong and Lee 2018). Similar strategy was adopted to detect rice infested with bacteria leaf blight 
disease and sugar beet rust disease. 

Hong and Lee (2018) published a review on nanosensors for detection plant viruses based on 
QDs and magnetic NPs through immunomagnetic separation and FRET phenomena through SPR 
and optical measurement (Hong and Lee 2018) (Table 14.3). Most of the nanobiosensors reported 
are immune-based that make use of optical modes of detection. Plant viruses such as cucumber 
mosiaicirus, Pantoeastewartii, Plum pox virus, Prunus nectrotic ringspot virus, Citrus tristeza 
virus, Potato virus X are reported to be detected using immune assays (Drygin et al. 2012; Jarocka 
et al. 2013; Jarocka et al. 2011; Jiao et al. 2000; Zhao et al. 2014). Optical DNA hybridization nano­
biosensors have been reported that provided PCR-independent visual nucleic acid detection, thus 
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TABLE 14.3 
Quantum Dot and Surface Resonance-Based Virus Biosensor 

Mode of Detection Virus Biomolecular and Nano Conjugate 

SPR PVY Monoclonal antibody 
SPR MCMV Anti-MCMV antibody 
SPR BSMV Specific oligonucleotide from RNA 
SPR ASPB DNA aptamer from coat protein 
SPR CPMV Monoclonal antibody 
FRET CPMV Surface immobilized CPMV CdSc-ZnS core 
FRET CaMV 23 mer derived from CaMV 35S PbS nanoparticle 
FRET CTV CTV-CP antibody-CdTe 
FRET CTV AuNPs-CTV-CP/Ads-CTV-CV antibody, AuNP/QD 
FRET GVA Grapevine virus A type proteins ZnO films 
FRET BPMV, ArMV and ToRSV Antibody, Fe2O3/SiO2 MNPs and SiO2/UNCPs 
Electrochemical CTV Antibody to CTV coat protein-lnP 
Electrochemical CTV CTV-CP antibody-CdTe 

Source: Adapted from Hong and Lee (2018). 

offering simplicity, high sensitivity and quick results (Lee et al. 2018; Ortiz-Tena et al. 2018; Ouyang 
et al. 2018; Shibata et al. 2018). 

Recently, a nanobiosensor based on DNA diagnostics using the localized SPR (LSPR)-gold 
nanoparticles (AuNPs) was developed with a colorimetric nano-biosensing system to detect the 
unamplified Tomato Yellow Leaf Virus (TYLCV) genome in infected plants (Razmi et al. 2019). 
Sequential use of restrictions enzymes AcII, Terminal deoxynucleotidyl transferase (TdT) Mg2+­
dependent DNAzymes activity, hemin/G-quadruplex DNAzyme was reported for the detection of 
Cucumber green mottle mosaic virus in visual color change assay using cDNA prepared from total 
mRNA extracted from seedling of infected crops (Wang et al. 2019). The virus CGMMV belongs 
to the genus Tobamovirus of the Cucurbitaceae family which has a single-stranded, positive sense 
RNA genome of about 6.4kb and can be transferred mechanically through seeds where infection 
leads to severe decline in crop productivity. Similarly, exonuclease and polymerase activity of T4 
DNA polymerase and Mg2+ dependent DNAzymes and hemin/G-quadruplex DNA cascade reac­
tion series was reported to use for detection of watermelon mosaic virus (WMV) through electro­
chemical differential pulse voltammetric measurement (Wang et al. 2019). In another case, a highly 
specific and sensitive lateral flow immunochromatography assay (ICA) was developed to detect 
Grapevine leaf-associated virus 3 (GLRAV-3) causing a loss of quality and productivity of grapes. 
This method utilized sandwich immunoassay using gold nanoparticles labeled antibody. 

E-noses made of metal oxides or conductive polymer coatings have drawn considerable attention 
as multiplexed gas sensors for tracing VOC biomarkers in plant stress events ranging from pathogen 
infection, pest invasion, to physical wounding (Fang et al. 2014). Ethylene, one of the most impor­
tant phytohormones, is detected using chemiresistive or colorimetric method (Esser et al. 2012; Li 
et al. 2019). A nanoplasmic sensor array comprising gold nanoparticles and a molecularly imprinted 
sol-gel (Au-NP-S@MISG) for selective detection of terpenes has been designed (Shang et al. 2018). 
Recently, Li et  al (2019) developed a smartphone-integrated VOC sensing platform that utilized 
plasmonic nanoparticles for the early detection of tomato late blight (Li et al. 2019). 

14.5.2 deteCtIng abIotIC stRess-InduCed Plant dIsease 

Resource deficiencies and plant stress are monitored by assessing plant physical traits through imag­
ing, spectroscopy, and florescence from the visible to the infrared, but these methods are not suitable 
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for early detection of some types of stresses or resource deficit (Chaerle and Van Der Straeten 2000; 
Humplík et al. 2015; Li et al. 2014). For example, plant water status parameters are related to mul­
tiple stresses including draught, salinity, and pathogenesis. Chlorophyll florescence is not always 
suitable for early stress detection and is not a specific indicator of stress types (Li et al. 2014). 

Nanobiosensors also play vital roles in detecting and controlling the use of pesticides, fertil­
izers as well as many other growth parameters associated with crops which provide timely infor­
mation for precise decision-making and agricultural management (Deuschle et al. 2006). Abiotic 
stress is the positive impact of non-living factors on the plants through their surroundings includ­
ing salt, water, temperature, pollutants, and heavy metals. Persistent exposure to these non-living 
variables leads to change in normal biological functions of plant resulting in a diseased state and 
finally causing retarded growth and development, and death of a plant. Hence, detection of abiotic 
stress-induced diseases in plants is extremely important. Generally, such stress results have been 
measured through visual change in the leaves, stem and roots, thermal analysis, expression of some 
new receptors, proteins, decrease in normal functions, ROS etc. Superoxide (O2−) and other reactive 
oxygen species (ROS) are generated in response to numerous biotic and abiotic stresses (Xu et al. 
2017). Abscisic acid (ABA) is a plant hormone which is involved in plant stress management against 
environmental stress in the form of heat and drought (Choi and Gilroy 2014). Various studies such 
as in vivo imaging of ROS and redox potential, ATP sensing in tissue gradients and stress, altered 
gene expression in plants, have successfully demonstrated and plant disease due to abiotic stresses. 
Vitronectin-like proteins on the surface of plant cells are reported as important biomarkers for 
monitoring damage of plants under the stress of heavy metals (Wang et al. 2019). Bioprobes such 
as Abaleons, AAAcus and Cameleon-FRET based bioprobe have green fluorescent proteins linked 
to ABA receptor were developed to measure ABA in vivo in plants. These bioprobes change colour 
of fluorescence or emit green fluorescence upon binging to ABA to receptor (Pandey et al. 2018). 

Oren et al (2017) have developed a roll-to-roll fabrication method of a graphene-based wear­
able sensor that can monitor water evaporations from plant leaves (Oren et  al. 2017). The sens­
ing mechanism is based on changes in the electrical resistance of grapheme in different humidity 
environments. Im et al. (2018) reported a wearable plant drought stress sensor based on a different 
mechanism where the variation of the capacitance of printed 100 nm-thick gold electrodes on a 
flexible polyimide (PI) was recorded in real-time to monitor local humidity (Im et al. 2018). Nassar 
et  al. (2018) developed a lightweight and multiplexed plant wearable that integrates temperature 
(resistance, humidity (capacitance), and strain sensors (resistance) to monitor plant’s local micro-
climate and plant growth (Nassar et al. 2018). Kim et al. (2019) developed a technique to prepare 
vapor printed polymer electrodes, which can be directly printed on living plant tissues for long-term 
monitoring of drought and photodamage (Kim et al. 2019). 

14.5.3 monItoRIng Plant gRoWth 

Phytohormones are molecules that regulate various stages of plant growth and metabolism. Auxin, 
cytokinin, gibberellin, abscisic acid and ethylene are the five major plant hormones which can 
work together or independently to influence plant growth at very low concentrations. Indole-3-acetic 
acid (IAA) is an auxin which is known to be involved in cell growth and cell expansion of stem. It 
exists in concentration range of nanogram/picogram per gram level and is affected by external envi­
ronmental factors such as light and temperature. A sensitive electrochemical immunosensor was 
reported for detection of IAA using GNPs-coated porous grapheme layer onto glassy carbon elec­
trode with detection limit of 0.016 ng mL-1 in extract samples from various plants (Su et al. 2019). A 
movement of carbohydrate from roots to shoots and leaves give important indication towards plant 
growth and development. Assimilation of carbon in the form of sugars, movements and processes is 
generally monitored for various plants to assess the plant growth and production or state of disease. 
A gel-based grapheme oxide, horse radish peroxidase and dye Ampliflu Red based method reported 
to study the presence of glucose in roots of various plants by visual assay (Voothuluru et al. 2018). 
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This method was also utilized to monitor important information towards carbohydrate partition­
ing under various conditions. For desired crop production, assessment of plant growth is critically 
important and various methods for this analysis have been developed using nanobiosensors based 
on grapheme and metallic nanoparticles. 

Unique plasmonic nanoprobe has been reported in Arabidopsis thaliana for in vivo imaging and 
biosensing of miRNA biotargets (Crawford et al. 2019). This method provided in vivo functional 
imaging of target nucleic acids in plant that have potential for direct imaging within whole plant 
system, allowing monitoring of plant development and regulations. Such unique example of detect­
ing target nucleic acid in plants in vivo possesses immense potential to be developed and can be 
moulded for various biosensing applications. 

Most of the nanobiosensors include biosensors for plant hormones only, that trigger transcrip­
tional regulators degradation and signal transduction leads to nuclear transduction of proteins. 
Reported genes generally include beta-glucoronidase (GUS), bioluminescent, fluorescent proteins 
etc. that allow in vivo measurements. Signaling pathways which are biochemically characterized 
and structurally characterized for plant hormones are chosen for phytohormones signaling that 
may be transcriptional based and degradation based or FRET based. A review on plant genetically 
encoded nanobiosensors have been reported to explain about various biosensors such as induced 
biosensors, direct intrinsic biosensors or direct extrinsic biosensors (Walia et al. 2018). GFP based 
biosensors were used to visualize the spatial and temporal kinetics of cellular regulators such as 
Ca2+, H+, H2O2, ATP, NH4

+, Zn2+, NO3
-, peptides, plant hormones, glucose, sucrose, redox etc. Using 

such nanobiosensors membrane transport activities could be monitored in real time in living plant 
cells (Hilleary et al. 2018). At present developments in such nanobiosensors technologies are still 
in its primitive stage, but in future great opportunities for nondestructive measurement will be 
demonstrated. 

14.5.4 deteCtIng gm CRoPs 

GM plants or transgenic plants are in use for mass production of crops such as rice, mustard, cot­
ton, tomato for many features such as insect resistance, disease resistance, delayed ripening. There 
are different regulations imposed by various countries to control the used of GM crops, but still lot 
of GM crops are available throughout the world. There are less stringent policies imposed by USA 
and have allowed the cultivation of GM crops and use of their products. According to International 
Service for Acquisition of Agri-biotech Applications (ISAAA), the global area of GM crops has 
increased about 112-fold from 1.7 million hectares in 1996 to 190.4 million hectares in 2019 and a 
total of 71 countries adopted these crops -29 countries planted and 42 additional countries imported 
including 26 EU countries for food, feed and processing indicating future emerging use of GM 
crops (ISAAA, 2019). There is complete ban over the use of GM crops and food in some countries. 
Keeping in view the rights of consumers to know which food or crops contain the transgene and in 
how many copies, more and more countries are issuing qualitative and quantitative labeling regula­
tions for specific insert sequence in transgenic plant. 

Routine methods such PCR including multiplex PCR and qPCR, microarray, Sothern blotting, 
ELISA, western blotting, strip tests are available for the detection of GM crops (Singh et al. 2012). 
But these methods are time-consuming, labor intensive and costly. Hence, techniques for detec­
tion of GM plants are developing to achieve reliable, fast and simple routine detection process 
throughout the world. A review article by Sánchez-Paniagua Lopez et al. (2018) described almost 
all nanobiosensors for GMO detection though the use of DNA based biosensors including opti­
cal, electrochemical, piezoelectric that mostly relied on the use of 35 CaMV promoter, PEP car­
boxylase promoter and NOS promoter from Agrobacterium tumefacience only (Sánchez-Paniagua 
López et al. 2018). Kumar and Arora (2020) reported some recent developments in nanobiosensors 
based on optical and electrochemical transduction mechanisms for GM plant detection (Kumar and 
Arora 2020). Various optical methods such as fluorescence based, spectroscopy, surface plasmon 
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resonance-based biosensor are available for detection of GM plants. Surface-enhanced Raman 
spectroscopy-barcoded nanobiosensors are reported for detection of Bacillus thuringensis (Bt) 
gene transformed rice, expressing insecticidal proteins. Specific oligonucleotide conjugated silica 
encapsulated gold nanoparticles were used as ‘SERS-barcoded nanoparticles spectroscopic tags’ for 
transgenic rice (Chen et al. 2012). 

14.6	 SMART SENSING TECHNOLOGY FOR 
MONITORING CROP HEALTH STATUS 

Approaches for monitoring plant signaling molecules associated with early detection of stress or 
resource deficiencies using nanomaterials-delivered genetic-encode nanosensors, optical nanosen­
sors and wearable sensors can provide a perspective on how smart plant sensors can actuate agricul­
tural devices by communicating with smartphones, hyperspectral imaging cameras, wireless radio 
frequency devices and metrological stations. 

14.6.1 the PoInt-oF-CaRe teChnology 

Development of point-of-care (POC) technology assays has revolutionized the field of diagnostic 
testing in healthcare sector but in agriculture, it is in the initial stage. This term is generally used to 
describe diagnosis, monitoring and treatment of a disease at the site-of-need. POC assays have been 
developed for a huge number of diseases including malaria, HIV and tuberculosis (Cook et al. 2015; 
Rizzo et al. 2015). The span of POC has broadened growing from its current dominant usage in 
clinical settings to encompass many sectors such as water, plant and food testing in crop production. 
This POC technology when applied to plant testing is known as phytodiagnostics with the aim to 
mitigate crop losses due to various pathogens such as bacterial, viral, and fungal pathogens. These 
pathogens cause annual crop losses of around 20% worldwide alongside an added 10% post-harvest 
(Bebber and Gurr 2015). A number of studies have reported that plant pathogens, particularly fungal 
pathogens, can produce large toxin-associated risks in the crops they infect. Mycotoxins, example 
of such toxin, are secondary metabolites of pathogenic organisms and can be harmful to animals 
and human when ingested (Reverberi et al. 2010). At present, the decision to spray crops depends on 
the farmer’s experience and visual methods to determine the presence of pathogens and sometimes 
based on laboratory-based diagnostics test. But these approaches may allow pathogens to proliferate 
undetected, particularly those which are asymptomic in early stages of infection or generate spores 
for survival. POC devices can provide high sensitivity and specificity and inferring that pathogen. 
Nanosensors for these on-site diagnostic approaches in the field of crop pathology are developed 
and now available for on-site testing POCT and automated crop monitoring and agrochemical used. 
Antibody-based diagnostic systems hold great promise in the field of POCT and phytodiagnostics. 
Even, multiplexing is also now being applied in the field of phytodiagnostics. This approach is ben­
eficial because multiple strains of the same plant pathogens can be determined. 

The ever-increasing population and consequent increased global food demands, is leading to 
mass growing of crops. Automation can improve crop yields, enhance the health of crops and reduce 
human error such as chemical overuse and seed loss through the precise, routine, remote monitor­
ing of crops for infection. Automation is the use of pre-programmed robots and machinery in the 
production, monitoring and treatment of goods. Automated monitoring of crops has been success­
fully demanded the determination of field estimates, crop phenology, drought monitoring, acreage 
estimation and monitoring of environmental disturbance to crops (Atzberger 2013). Similarly, crop 
monitoring and automation diagnostics methods for common crop pathogens are routinely carried 
out across the field. The on-site diagnostics devices would ideally be connected to other automated 
machinery which would then be relocated to spray the area infected with pathogens with fungicides 
or insecticides. 
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14.6.2 mobIle teChnology FoR CRoP dIagnostICs 

Mobile technology is changing very fast and new developments allow information to be relayed to 
and from a phone without the need for proximity to other connectivity technologies such as Wi-Fi, 
or Bluetooth. Hence, this is useful in the field of POC when information may need to be gathered 
and sent remotely. Imaging capabilities of smart phones has been improved rapidly which may 
be used for on-site colorimetric images (Ozcan 2014). This ability of smart phones to capture and 
analyse such results is of great interest in the field of POC. Developments of imaging software, par­
ticularly mobile apps are undergoing and mobile phones can be linked to wearable sensing devices 
for new mode of detection using the latest technology. Thus, on-site testing within the field of crop 
diagnostics has the potential to reduce costs, increase yields and provide farmers with a reliable 
means to test the quality of their crop. 

Advances in POC across all diagnostics discipline are deriving the miniaturization of sensors i.e. 
nanosensor capable of diagnosis a disease within minutes on-site. The future will see great improve­
ments within the field of POC based on nanosensor technology. Major breakthrough in the devel­
opment of miniaturized platforms and multiplexed test array will lead to new strategies for crop 
disease treatment. New strategies used in crop care will increase yield, reduce chemical spraying. 

14.6.3 WIReless sensoR netWoRk teChnology 

The advances in the miniaturization of sensors can work in tandem with the development of aerial 
and ground robots to produce lightweight machines for monitoring crops. The wireless sensor net­
work (WSN) utilizes hardware and software to connect the sensing, communication and computa­
tion components of a remote monitoring circuit. There are several wireless networks available for 
use in remote monitoring including Wi-Fi, Bluetooth, wibre and zigbee. Drone and unmanned aerial 
vehicles (UAV) have been reported in the remote monitoring of crops. The UAV fitted with a camera 
and Global Positioning System (GPS) could simultaneously capture high resolution images of field 
crops while reporting its position accurately, thereby identifying the location of diseased crops. 
Other aerial devices which could be beneficial in the field of plant POC are drones. In recent years 
drone technology has become far cheaper, more robust and more accessible to the public and easier 
to use. Other methods of remote crop disease detection such as reflectance of spectral wavelengths 
are also investigated recently. The principle behind this detection method is that healthy plants will 
exhibit a different reflectance pattern than diseased crops. The pathogenesis infection can present 
as a number of symptoms including plant dehydration, alternation to chlorophyll levels or changes 
within other leaf tissues. This system proved useful as the same platform could be used to detect 
several disease using the same techniques with only the optical wavelengths reading changing. 

14.7 MONITORING OF CROP HEALTH STATUS IN REAL-TIME 

Recently, novel sensing tools have been used to complement existing remote sensing tools for con­
tinuous monitoring of crops with high reliability and improved signal-to-noise ratios. Nanosensors 
based approaches are providing a pathway to transducer the invisible crop stress-related chemi­
cal signal into optical, electrical or wireless signals that can be recorded. Electronic devices such 
as smartphones, hyperspectral imaging cameras, can establish direct communications with these 
nanosensors in plants. 

Nanomaterials are promising candidates for plant diseases detection due to the remarkable bio­
specificity of engineered molecule as recognitions at the nanoscale. Owing to the rapid advances 
in nanotechnology and modern nanofabrication techniques, a great progress in a variety of useful 
nanosensors and nanostructured platforms has been continuously emerging for plant disease analy­
sis. Newly developed nanodiagnostics tools can be used for the precision plant disease detection. 
Nucleic acid amplification, sequencing and VOC analysis now can be potentially performed directly 
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in the crop field in a much faster and cost-effective manner. This has become possible due to the 
recent innovation of rapid plant DNA extraction technology enabled by microneedles, miniature 
DNA sequencing chips, and smart phones-based VOC sensors. In future, it is expected that more 
and more powerful nanosensor and probes integrated with multimodal detection mechanisms will 
be developed for quick detection and determination of infections caused by pant pathogens as well 
as many other biotic and abiotic stresses. However, there are several challenges such as toxicity and 
environmental impacts of ENMs, promptness of data sharing and disease forecasting and long-term 
sensor stability in extreme conditions such as hot or cold weather, intensive sun exposure and heavy 
wear. So, safety concerns much be addressed before any nanosensors can be commercialized and 
deployed to the crop field. 

Since the foremost prerequisite of disease diagnosis is always the timely report and forecast 
of infecting events on-site. The next generation of nanosensors is expected to be more wirelessly 
connected that can provide near real-time measurement. Continuous monitoring of VOC emission 
of plants is expected to provide more time dynamic information and therefore enable more accu­
rate monitoring of plant stresses. In order to support continuous measurement, sensor miniaturiza­
tion, wireless data transmission, and integration with computational date processing pipelines such 
as artificial intelligence and machine learning will be among the critical areas to be addressed 
further. Lastly, more durable and robust nanosensors that can withstand various environmental 
conditions such as temperature, humidity in the crop field are anticipated before any nanosensors 
can be deployed to the real field. Despite the challenges, the recent development of miniature and 
cost-effective nanodiagnostics tools and nanosensors has shown tremendous potentials in improv­
ing plant disease diagnosis management and crop health monitoring in the long run. The future 
of nanosensor is indeed very bright in the coming era of digital farm and precision agriculture. 
Smart plant-sensing devices and nanosensors have the potential to provide capabilities in real-time 
monitoring of crops in response to stresses by reporting health status and then control actuation of 
electronic devices for improving crop productivity (Figure 14.2). 

14.8	 NANOSENSOR COMMUNICATION AND 
ACTUATION SYSTEM WITH MACHINES 

Nanotechnology is on the verge of generating the tools for establishing real-time two-way com­
munications channels between nanosensors embedded in plants and electronic devices merged with 
crops. Wong et al. (2017) reported that SWCNT sensors embedded in leaves have converted plants 
into self-powered chemical detectors that report the presence of groundwater analytes through nIR 
optical signals (Wong et al. 2017). These SWCNT nanosensors merged within plants communicate 
the presence of the analyte through optical signals that could trigger e-mails and text messages 
or communicate directly to a smartphone using Bluetooth technology. Nanosensors are, thus, a 
promising tool to create smart crops that communicate their health-status to agricultural devices. 
Nanosensors that communicate through optical signals, wireless or wired channels have the capacity 
to integrate with existing agricultural electronic devices, including smartphones, hyperspectal imag­
ing cameras, high-throughput phenotyping instrumentation, radio frequency devices and metrologi­
cal stations (Bai et al. 2016; Lee et al. 2014; Lelong et al. 2008; White et al. 2012; Zarco-Tejada et al. 
2012). Smartphones are already used to monitor crops with accurate GPS information and active 
communication through Bluetooth and the Internet of Things (García-Tejero et al. 2018; Gubbi et al. 
2013). Unmanned aerial vehicle are also already involved in crop management by monitoring veg­
etation indexes through multispectral bands from the visible to the nIR and detecting water stress 
with a 40 cm resolution (Lelong et al. 2008; Zarco-Tejada et al. 2012). Nanosensors could be used for 
high-throughput chemical phenotyping of plants through terrestrial platform-based multi-sensors 
system with vegetation index sensors, thermal infrared radiometers, spectrometers and visible cam­
eras (Wolfert et al. 2017).Wireless or wired nanosensors data can be collected and transmitted to 
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FIGURE 14.2 Smart plant sensors: process of communication via chemical signals produced by stress and 
electronic devices to equipment. 

field-deployable environmental and phenotyping stations. These stations using internet connectivity 
are capable of cloud-based storage and data analysis. Remote sensing technologies with the help of 
computer nanosensors for stress management (Baret et al. 2007). Hence, nanosensors will allow 
both the crop health status in real-time and the actuation of agricultural equipments with the help of 
electronic devices (Figure 14.3). Automated wireless control systems have been applied to regulate 
water and nutrient supply in hydroponics and do not suffer from the interference of environmentally 
related factors (Ibayashi et al. 2016). So, research on automatic actuation of agricultural equipment 
for fine-tuning crop health status should be focused and explored in coming years. 

14.9 CHALLENGES AND FUTURE PERSPECTIVES 

Nanobiosensors have already applications in clinical diagnosis of disease, food quality control and 
environmental monitoring. Clinical diagnosis involves estimation of analytes (such as sucrose, glu­
cose, cholesterol, urea, uric acid), immunological biomarkers, molecular markers, diseases causing 
agents (such as toxins, microbes, bacterial, fungal, viral), drugs etc. Food quality control including 
microbes, toxins constituents of foods or GM food for maintaining desired quality of food item. 
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FIGURE 14.3 Wearable sensors and actuation of equipment through electronic devices. 

Environmental monitoring includes assessing environmental pollutants in flora and fauna, water, 
air and soil. Generally, monitoring plant growth and disease have been categorized either as part of 
food quality control or environmental monitoring. Very less attention has been paid towards devel­
oping a desired diagnostic method for plants. 

Nanobiosensors that have been established for other applications can be easily translated to the 
needs of crop production. New research should be focused on new composites made of nano-assemblies 
of metal-organic framework with properties for vast range of customized applications featuring dif­
ferent working phenomena/principles ranging from chemiluminesce source, quenching abilities, 
super conducting to super capacitive, utilizing FRET phenomenon, electrochemical/optical label­
ing and intrinsic catalytic abilities, while imparting stability, biocompatibility near transparency, 
super-elasticity and mechanical strength to nano-and biomolecular assemblies for fabrication of 
nanosensors for detection of various analytes related to plant and crop production. 

Chimeric methods combining molecular and immunological methods can be used to improve 
the performance of exiting nanosensors including PCR-based lateral flow immunobiosensors. 
Genetically encoded biosensors, transcriptional nanobiosensors that would facilitate in vivo appli­
cations in monitoring crop health status in real-time can be further improved. Use of metabolomics 
including proteomics and lipidomics, Next-Gen sequencing (NGS) are some disciplines that still 
need to be trapped for biosensing application in agricultural sector. Nanobiosensors can be coupled 
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with GPS and robotics system to create smart delivery systems that detect, map and treat specific 
area in a field prior to or during the onset of symptoms of a particular disease. Transcriptional or 
transcriptomic nanobiosensors are new concepts being developed at nano-scale levels for tracking 
metabolites in vivo for metabolic engineering and synthetic biology-based application. Such type 
nanobiosensors have ability to sense specific metabolites. Till date, there are only primitive studies 
but in future such studies will provide insight towards the biological events and metabolite occur­
ring in vivo which are till date not understandable or yet to resolved. 

In future, large data-set technologies that transmit process and actuate devices will synergize the 
integration of smart plant sensors with agricultural devices. There are several challenges such as 
accuracy, applicability and durability under crop field conditions for nanosensors-based monitoring 
of crop health in real-time. Multiple chemicals signaling and environmental parameters are likely 
needed to detect and analyze for an accurate assessment of plant health status. Multiplexing is cru­
cial to further improve the sensing approaches for signaling molecules or a combination of these 
molecules. Additionally, integrating microarray technologies, MEMS, microfluidics can facilitate 
wide range of modulation to achieve small sample size, online, automated measurements of multiple 
samples. 

Considering the importance of monitoring crop health status in real-time, researchers should be 
encouraged to divert their attention focusing on research in the field of nanobiosensors technologies 
using innovative nanomaterials and novel biomarkers for monitoring crop health status in real-time. 

14.10 CONCLUSIONS 

Detection of plant disease, metabolic parameters within cellular microenvironment is extremely 
important for monitoring crop growth and productivity. Nanobiosensors have already established 
their presence for diagnosis various parameters of clinical, environmental and food quality control. 
But nanobiosensors for plant disease diagnosis are limited. This review is an attempt to throw 
spotlight on recent development in this direction. These mainly include use of gold nanoparticles, 
magnetic nanoparticles, grapheme and its variants, QDs or their combinations for detection of bac­
terial, fungal, and viral pathogens for plant disease detection using both optical and electrochemical 
measurements. These nanobiosensors demonstrated the detection of various parameters such as car­
bohydrate, nutrients, proteins, receptors, phytohormones, miRNA. Use of transcriptomic biosensor 
and genetic encoded biosensors is another arena that has shown enormous potential for studying in 
vivo microenvironment of plant dynamics. In the coming years, various metallic and carbon-based 
nanomaterials will be used for plant diagnostics. Various novel techniques and unique feature/ 
flexibility of nanomaterials and opportunities to nano-tune various properties will soon realize fab­
rication of Next-Gen Nanobiosensors that will provide additional features of portability, real-time 
detection, accuracy, and simultaneous analysis of different analytes in a single device. Achievements 
made so far suggest that nanobiosensors are the pioneers for the future disease diagnosis devices for 
monitoring crop health status in real-time that offer unlimited opportunities to be tapped. 

Nanotechnology innovation is running fast in many fields of life science, smart application 
in agricultural science still lag behind, particularly delivery of agrochemicals and biosensing. 
Nanomaterials have been used as sensing material to develop nanosensors in the field of agriculture 
and food sector. Although the use of nanosensors in agriculture is at an initial stage, but nanomateri­
als are reported to use as tools for detection and quantification of plant metabolic flux, residual of 
pesticides in food and viral, bacterial and fungal pathogens. Nanomaterials-based nanobiosensors 
are very promising because of rapid detection and precise quantification of bacteria, viruses, and 
fungi in plants. Various types of nanosensors have been used in plants and reviewed including fluo­
rescence resonance energy transfer-based nanosensors, carbon-based electrochemical nanosensors, 
nanowires nanosensors, plasmonic nanosensors, and antibody nanosensors. 

Although nanosensors have been used in human and animals for several decades to address 
a broad number of applications, their use in plant system is emerging, particularly in precision 
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agriculture and urban farming. Through a better understanding of plant molecular biology and 
signaling pathways, innovative therapeutic uses of existing molecules within plants have been dis­
covered. The installation of nanosensors or nanoscale wireless nanosensors in living plants is cur­
rently applied to enable the real-time monitoring and early detection of potential problems related to 
biochemistry and metabolism. Intracellular sensors for metabolic precursors signaling ligands and 
nutrients may help elucidate the complex roles of these molecules in the plant system. 
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15.1 � INTRODUCTION

The issues of food production, availability, security and safety have been an utmost apprehension 
to researchers as well as all the relevant stakeholders globally. This is a result of the incessant 
upsurge in the population of the world; in affirmation of this fact, the United Nations (UN, 2019) 
has projected that the world population would reach 9.7 billion by 2050 from the recent estimate 
of about 7.7 billion. Indisputably, this incessant upsurge in the population of the world, would logi-
cally, increase and correspondingly influence the demand for food globally if urgent stages are not 
taken to address the incessant population growth as well as the advancement of food production, 
availability, security and safety.

According to “the Food and Agriculture Organization of the United Nations, (FOA, 2019)”, 
about half of the estimated 821 million persons that are believed to have insufficient food (that is 
those living in poverty) are those persons that devote most of their time and lives for the production 
of food (farmers or agriculturalists) for the benefits of others These farmers or agriculturalists are 
mostly those in a developing society of the world. This is basically ascribed to the susceptibility 
of these sets of farmers or agriculturalists to the numerous agricultural hazards resulting naturally 
or ensuing as a result of human activities that have continually threatened human and other living 
organisms’ existence as well as the entire environment. Such agricultural hazards as well as other 
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environmental hazards could result in extreme or unfavourable weather conditions, conflict, market 
shocks, etc (Nwankwo et al., 2020a–d; FOA, 2015; FOA, 2019). 

According to “the Artificial Intelligence, Emerging Trends, SDG2, SDG6 (2019)”; these farmers 
or agriculturalists in developing society of the world are mostly not commercial, meaning that they 
are smallholder farmers or agriculturalists, whose agricultural produce account for about 70% of 
the global food consumption, are predominantly susceptible to several hazards and food insecurity. 
However, according to them, evolving machinery and technologies such as Artificial Intelligence 
(AI), have been predominantly auspicious in tackling and mitigating these challenges and menaces 
such as deficiency of expertise, climate change, resource enhancement and user confidence. 

The foremost of these challenges and menaces is the climate change issues. According to the 
“Intergovernmental Panel on Climate Change (IPCC, 2014), climate change is a statistically sub­
stantial change in either the average state of the climate or in the inconsistencies in the average 
state of the climate, taking place over a long period”. It has to do with a modification in the climate 
resulting either from natural internal processes or from external factors by human direct or indi­
rect activities (IPCC, 2014; Field et al., 2014). These changes are constituent of the atmosphere, 
coupled with the usual variation in the climate observed over a longer period and this could influ­
ence agriculture, radio waves, etc (Field et al., 2014; FOA, 2017; Ukhurebor and Umukoro, 2018; 
Ukhurebor et al., 2019; Ukhurebor and Azi, 2019; Ukhurebor and Nwankwo, 2020). Similarly, it 
has been reported that in several regions of the world the release of Greenhouse gasses (GHGs) 
such as Carbon (IV) Oxide (CO2), Methane (CH4) and Nitrous Oxide (N2O) have increased tre­
mendously as a result of human activities such as agricultural and industrial actions (Field et al., 
2014). Expectedly, in the next coming decades numerous individuals most especially those living 
in the developing economy would encounter a deficit of water and food with degenerative health 
conditions due to climate change influences (Field et al., 2014; FOA, 2015; Ukhurebor and Abiodun, 
2018). The issue of the health and other effects resulting from these environmental effluences is 
now a cause of serious concern to environmental scientists globally (Izuogu, 2015), and if we are to 
combat these challenges, we should look toward technology and innovation; no wonder “the United 
Nations Conference on Trade and Development (UNCTAD, 2017)”, reported that technology and 
innovation would contribute significantly in ensuring food production, availability and security 
in the upcoming years. However, at the moment, there are several ongoing scientific deliberations 
among environmental scientists concerning the core source of global warming which consistently 
results in climate change (Nwankwo and Ukhurebor, 2019; Herndon and Whiteside, 2019). The 
apparent disagreement that the main source of global warming is not only CO2 heat retention and 
other GHGs, but particulate pollution that engrosses radiation, heats the troposphere and upsurges 
the efficiency of atmospheric-convective heat elimination from the earth’s surface (Nwankwo and 
Ukhurebor, 2019; Herndon and Whiteside, 2019). Nevertheless, there have been continued research 
studies aimed at unravelling other tendencies which possibly cause environmental effluences that 
perhaps result in global warming (Nwankwo and Ukhurebor, 2019; Herndon and Whiteside, 2019). 
As reported by Nwankwo et al. (2020b), the continuous-increasing progression in communication 
and information technology via the use of computers and enormous data centres had also been rec­
ognized as possible sources of environmental effluence, dilapidation, and core contributing factor 
to climate change issues globally. 

Attaining food production, availability and security in the upcoming years, by means of water, 
eco-friendly microbes and all other essential resources in a maintainable way is one of the foremost 
challenges we presently face and if appropriate procedures are not applied, the upcoming genera­
tions would suffer more of the impacts ensuing therein. Since water, eco-friendly microbes and all 
other essential resources are essential ingredients for agriculture, it is therefore recommended that 
cautious monitoring and management of eco-friendly microbes and all other essential resources 
efficient in agriculture vis-à-vis food production, availability and security, as well as exploring 
opportunities to manage these essential resources are crucial. 
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The question on how can we manage the performance of water, eco-friendly microbes and all 
other essential resources use in agriculture, should come to mind. However, some relevant agencies 
are working hard in this regard. The FAO recently developed a publicly available near real-time 
database by means of satellite data that would allow the monitoring and management of agricultural 
water productivity (FOA, 2017; FOA, 2019). 

Innovative developments in earth observation machinery specify that currently, it is now possible 
to monitor crucial data for sustainable agricultural production as well as other natural resources 
management by means of satellite remote sensing. This is an indication that there need for a more 
all-inclusive operational procedure such as Artificial Intelligence, that would be both systematically 
vigorous and effective at several scales. 

Artificial Intelligence could be of great assistance in aiding subsistence agriculturalists/farmers 
in developing society such as in African countries in addressing the menaces and challenges that 
could ensue during their agricultural activities more efficiently. Such menaces and challenges like 
diseases or viruses as well as other adverse organisms have beleaguered these regions over some 
decades now, regardless of the all-embracing investment from some relevant supporting agen­
cies such as; “the Organization for Food and Agriculture of the United Nations (FAO), the United 
Nations Environment Programme (UNEP), the United Nations Economic Commission for Africa 
(UNECA), the United Nations Environment Programme (UNEP), the United Nations Industrial 
Development Organization (UNIDO), the United Nations Development Programme (UNDP), the 
New Partnership for Africa’s Development (NEPAD), the World Health Organization (WHO), the 
International Monetary Funds (IMF), the African Development Bank (ADB), the World Bank”, etc 
(Serdeczny et al., 2017; FOA, 2019). 

As reported by “the Artificial Intelligence, Emerging Trends, SDG2, SDG6 (2019)”, the combina­
tion of satellite imagery with Artificial Intelligence machinery has been predominantly supportive 
in assisting individuals, the governments and organizations such as the “World Food Programme 
(WFP)” in addressing the susceptibility by providing a more granulated understanding of the influ­
ence of precise shocks on farming or agriculture, as well as in the prediction of agricultural yields 
and future proceedings. Additionally, they also reported that Artificial Intelligence in agriculture 
could be also useful in developing “credit risk scoring systems” that would be of assistance to farm­
ers or agriculturalists who cannot assess credit antiquity or collateral in acquiring access to loans 
from the relevant monetary/financial establishments. “The Artificial Intelligence, Emerging Trends, 
SDG2, SDG6 (2019)”, also reported that Artificial Intelligence is also presently being applied in 
remote sensing technology. The remote sensing technology was used for the empowerment of “the 
Organization for Food and Agriculture of the United Nations (FAO), Water Productivity through 
Open access of Remotely sensed derived data (WaPOR) project (the FAO’s WaPOR project)” in 
providing more understanding about the quantity of food that could be yielded per unit of water. 
This is mostly beneficial for the relevant stakeholders as well as policy-makers who would be well 
prepared to boost good agricultural activities and prioritize aspects for optimum benefits. By means 
of the application of these machinery, a vast quantity of data is as well being generated; and this 
is an aspect that could be habitually sensitive for farmers or agriculturalists cautious to menace 
divulging their imminent plans or pricing statistics to participants. 

There are presently indications that at Microsoft, “FarmBeats” developed a “data-driven, preci­
sion agriculture” by means of sensors and drones in targeting pesticides and water to where they are 
mostly required. In the same way, the importance of amenities, infrastructure and precision agri­
culture devices has also assisted smallholder farmers or agriculturalists in reducing the used pesti­
cide, encourage agricultural multiplicity as well as counter monocropping “(Artificial Intelligence, 
Emerging Trends, SDG2, SDG6, 2019)”. 

There is no doubt that with the combination of working with smart algorithms or an Artificial 
Intelligence with other conventional procedures, there is going to be a great advancement in attaining 
one of the major transformations for increasing food availability, safety, security and sustainability 



  

 
  

  
  

 
 

  

  
 

 
 

 
 

  

 
 

 
  

     
 

 

  
 

  

 

304 Agricultural Biotechnology: Food Security Hot Spots 

globally. However, the issue of how individual farmers or agriculturists in most remote regions of 
the world like those of the developing society could benefit from this Artificial Intelligence technol­
ogy in the form of Artificial Intelligence -aided bioengineering of eco-friendly microbes for food 
production is another call for concern. 

From creation onwards, there has been quest for modernization and innovation on how to improve 
food production. According to Vitorino and Bessa (2017), modernization and innovation can be 
projected for the use of eco-friendly molecules and microbes in the production of foods and other 
food-related resources for both individuals and industrial applications. Nevertheless, the present 
accelerated steps of innovative food production are a result of the swift combination of biotechno­
logical or bioengineering procedures and methods that have assisted us in identifying innovative 
eco-friendly molecules and microbes or even the genetic enhancement of identified species of organ­
isms (Vázquez and Villaverde, 2013; Vitorino and Bessa, 2017; Waditee-Sirisattha et al., 2016). 

Even before now, history has it that the influences of microbes were not explored in agricul­
tural and medical sciences, apart from the fact that they were basically recognized and known 
villains (Vázquez and Villaverde, 2013; Vitorino and Bessa, 2017; Waditee-Sirisattha et al., 2016). 
However, as the moment, beneficial eco-friendly microbes such as plant development agents or 
promoters as well “phytopathogen regulators or controllers are now being required by several agri­
cultural plants and numerous species of organisms are being applied as “biofactories” of significant 
pharmacological particles or molecules (Vázquez and Villaverde, 2013; Vitorino and Bessa, 2017; 
Waditee-Sirisattha et al., 2016). The applications of microbes to biofactories is presently not the 
only aspect where we presently explore microbes’ relevance; microbes have also been discovered 
for the synthesis of various fuel molecules (biofuel), chemicals (biochemicals) and numerous indus­
trial polymers as well as strains environmental significant as a result of their biodecomposition, 
bioremediation, biodegradation biomonitoring or biosorption attributes and capacity are now con­
tinuously be of great interest to both researchers and industrial activities (Vázquez and Villaverde, 
2013; Vitorino and Bessa, 2017; Waditee-Sirisattha et al., 2016). 

Hence, this chapter intends to make available an all-inclusive detail as to the application of 
Artificial Intelligence-aided bioengineering of eco-friendly microbes would be of assistance in 
food production, availability, security and safety in developing societies. The chapter would also 
attempt evaluation policies and security issues in developing societies as they relate to food produc­
tion, availability and safety, so as to proffer appropriate recommendations that would assist in the 
advancement of agricultural and environmental sustainability. 

15.2	 ARTIFICIAL INTELLIGENCE-AIDED BIOENGINEERING OF 
ECO-FRIENDLY MICROBES FOR FOOD PRODUCTION 

The last decade has witnessed consistent and ground-breaking research and industrial developments 
geared at harnessing the various innovative attributes and capacity of microbes in many socioeco­
nomic domains. A completely integrative area or what is now known in different parlance as tech­
nological microbiology, bioengineering, biotechnology, etc. has evolved as a mainstay of modern 
food and agricultural revolution. With AI becoming a science with multidisciplinary applications, 
biotechnology/bioengineering processes are being re-engineered and the era of developing power­
ful strains of eco-friendly microbes for food production is here. 

Agreeably, the integration of AI with Biotechnology is quite complex. However, it is believed that 
these multifaceted procedures and techniques that have been applied in heterologous and metabo­
lomics engineering (biotechnology/bioengineering), could be gradually incorporated into microbial 
reengineering and production processes leading to the emergence of innovative and enhanced food 
production and economic sufficiency. This advancement adjudged as remarkable in some quarters 
does raise issues bordering on socioeconomic, legitimacy, and policy. 

Accordingly, in this chapter, we would attempt to bring to bear recent developments in the clas­
sical study of microbes especially the re-discovery of novel species of such, selection and their 
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incorporation into various food production activities vis-à-vis the vital policy and security issues 
associated with such developments. 

Biotechnology/bioengineering is very broad (Vázquez and Villaverde, 2013; Vitorino and Bessa, 
2017; Waditee-Sirisattha et al., 2016), and its subdomainsorscope could be grouped as follows: 

•	 Food biotechnology/bioengineering 
•	 Agricultural biotechnology/bioengineering 
•	 Chemical and fuel biotechnology/bioengineering 
•	 Environmental biotechnology/bioengineering 
•	 Medical biotechnology/bioengineering 
•	 Materials biotechnology/bioengineering 

We would however try to narrow attention to those aspects/areas that relate to food production and 
thereafter an attempt would be made to assess the nature and relevance of artificial intelligence-aided 
bioengineering of eco-friendly microbes for food production. 

15.2.1 bIoteChnology/bIoengIneeRIng In Food PRoduCtIon and PRoCessIng 

Notwithstanding the application of biotechnological/bioengineering procedures in the areas of indus­
trial food-processing and industrial agronomy which happened to precede the technological devel­
opments in the 1970s (Vázquez and Villaverde, 2013; Vitorino and Bessa, 2017; Waditee-Sirisattha 
et al., 2016) the present trend integrates the use of genetically improved microbes as well as the use 
of enzymes and some other chemicals and biochemicals composites that are gotten as a result of 
the chemical reaction in microbes (microbial metabolism), with the intention of refining efficiency, 
enhancing organoleptic physiognomies as well as ascribing innovative nutritional roles to some 
foods (Vázquez and Villaverde, 2013; Vitorino and Bessa, 2017; Waditee-Sirisattha et al., 2016). 
Consequently, Vitorino and Bessa (2017) reported that the roles of microbes in contemporary food 
production could be grouped into two, viz: 

•	 Microbes serve as starters in fermentations (genetically improved microbes or engineered 
microbes are not acceptable in this circumstance). 

•	 Microbes are used as a place of work in the invention and production of food constitu­
ents (genetically improved microbes be may acceptable, however, would hardly take part 
unswervingly in the food fermentation procedure in this circumstance), where the metabo­
lite is disinfected from biotechnology/bioengineering fermentation and included as a clean 
additive to the food medium. According to Vitorino and Bessa (2017), the contribution of 
the microbes in this circumstance is not direct. 

Genetic engineering has been proven to be useful in the modification of the physiognomies of yeasts; 
refining their attributes and performance in the fermentation procedure (Vitorino and Bessa, 2017). 
Presently, as a result of this procedure breads and pastas of improved quality are now be obtained within 
a small period of time. Yeasts have been enhanced to endure temperature and pH variations as well as 
to develop with the greater yield on an array of substrates (Vitorino and Bessa, 2017). Composites such 
as “trehalose and proline” that are involved in the stress tolerance tendency in yeasts are auspicious 
for the growth of resilient strains (Vitorino and Bessa, 2017; Takagi and Shima, 2015). Consequently, 
yeasts that are exposed to innovative procedures such as ultra violet (UV) radiation allow foods with 
innovative nutritional qualities to be established, such foods are with amplified vitamin D contents 
(Lipkie et al., 2016). According to Belda et al. (2016), the collection of β-lyase-creating yeasts enhances 
“aromatic thiol” release and, subsequently, the sensory physiognomies of wines, whereas in the study 
carried out by Tofalo et al. (2016), they reported that the collection of yeasts focusing in some proce­
dures such as “flocculation” could enhance the fermentation of distinct wines like sparkling wines. 



  
 

 
 

 
 

  
   

 
 

 
 

 

   
  

 
 

    
 

 
   

 
 

 
  

   
 

 
    

 
   

 
 

   
 

 

  

  
  

306 Agricultural Biotechnology: Food Security Hot Spots 

Presently, the use of “non-saccharomyces strains”, that were previously seen as yeasts of lesser 
standing or yeasts that formed unwanted changes, has absolutely impacted the “vinification proce­
dure”, which specified the capability of the strains to generate enzymes, minor metabolites, etha­
nol, glycerol as well as other composites which could upsurge the organoleptic intricacy of wines 
(Vitorino and Bessa, 2017; Padilla et al., 2016). 

According to reports from some studies (Mokoena et al., 2016; Satish Kumar et al., 2013; Vitorino 
and Bessa, 2017); the prospection of “lactic acid bacteria” that are existing in products which are fer­
mented with diverse cultures has produced innovative bases of “probiotics” as well as the detection 
of strains which could enhance the eminence of fermented products. According to Gawkowski and 
Chikindas (2013), these “probiotics” that are existing in microbes that have been allied to the host 
well-being assistance. Prasad et al. (1998) reported that the foremost known “probiotic microbes” 
are those that belong to the “genera lactobacillus and Bifidobacterium”. For history, they are report­
edly used in producing fermented dairy products, some strains of both “genera” are gradually being 
applied in the formulation of useful foods (Vitorino and Bessa, 2017). As a result of this, Enujiugha 
and Badejo (2017) reported that there is now an increasing quantity of probiotic foods readily acces­
sible, as well as a swiftly evolving diversity of non-dairy probiotic brewery foods. 

Several enzyme preparations of the source of microbes have been assessed in food process­
ing. Reports from several studies have shown that amylases which are gotten from cultures of 
“Aspergillusniger” as reported in the study of Omemu et  al. (2005); Adejuwon et  al. (2015) as 
well as some other studies or “Bacillus subtilis” as in reported in the study of Salman et al. (2016); 
Ploss et  al. (2016) as well as some other studies, for instance, have been applied as a substitute 
for chemical extracts in the dealing and treatment of wheat flour (Bueno et al., 2016), they assist 
in the improvement in the preparation of bread for baking as well as tolerating the attainment of 
some pre-cooked foods. “Aspergillusniger” and “Rhizomucormiehei “strains have been reported to 
be very auspicious for the manufacture of “extracellular lipases”, which enable enzyme recovery 
(Messias et al., 2011; Vitorino and Bessa, 2017). 

According to Sharma et al. (2001), these “microbial lipases” are actually used in the “hydrolysis” 
procedure of milk fat; refining and enhancing the “aromatization of dairy products”. As reported 
by Sharma et al. (2001), they could also boost the aroma or odour of beverage foods as well as the 
eminence of “margarine and mayonnaise”. 

Reports from some studies such as Andersen et  al. (2016); Ismail et  al. (2016); Mateo et  al. 
(2007); Sheldon (2007) and several others, have shown that “cellulases and pectinases”, are used 
specifically in juice elucidation and the reduction of the fluid frictional force (viscosity), and have are 
also been without difficulty in the recovery from cultures of “filamentous fungi” which are effective 
in the breaking down (degradation) of plant “biomass”, such as “Cladosporiumsphaerospermum, 
Penicilliumchrysogenumand Trichodermaviride”. 

Furthermore, the machinery for the “immobilization” of these enzymes in “pre-fabricated sup­
ports or polymer matrices” advances their steadiness, action and selectivity, supporting their ben­
efits and application as well as recycle process for elongated periods in industrial reactors (Mateo 
et al., 2007; Vitorino and Bessa, 2017; Sheldon, 2007). According to Carroll et al. (2016), enzymes 
from microbes could also acquire natural aromas and flavours for foods, even though these compos­
ites can habitually be unswervingly acquired from the general biochemical reaction of filamentous 
fungi (metabolism) such as “Aspergillusniger” and “Pycnoporuscinnabarinus”, that could serve in 
the procedure which can bring about the synthesis of vanillin (a vital food additive, from autoclaved 
maize bran. In addition, yeasts of the “genus Pichia” have been reported as an additive for the fer­
mentation of coffee in order to enhance its eminence and taste. According to Saerens and Swiegers 
(2016), it is so because they upsurge the manufacture of the natural additives “isoamyl acetate”. 

Microbial biosynthetic trails have been discovered primarily as a result of their enzymatic con­
vert low-cost precursors, like glucose or glycerol to form high-cost aromatic composites. This was 
demonstrated by Nielsen et  al. (2010), where they synthesized “E. coli of acetoin”, which is in 
charge of part of buttery fragrance, using glucose as a substrate by means of glucose as a substrate. 
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Increase in the human population globally has amplified the quest for innovative means of pro­
ducing foods. Protein that is removed from cultured microbial “biomass” also known as “single-cell 
protein” are now been used as supplementary protein in normal diets, according to Anupama and 
Ravindra (2000) now used in replacing the high-cost expensive conventional or traditional sources 
as such easing the challenges of insufficient or deficiencies of protein. The “single-cell protein” is 
now commonly used as a means of nutritional protein in both animal and human nourishment. 

Several microbes (bacteria) strains such as “bacillus, Hydrogenomonas, Methanomonas, 
Methylomonas, and Pseudomonas” have been reportedly used as a substrate for manufacturing 
“single-cell proteins” industrially (Vitorino and Bessa, 2017), this is as a result fact that these bacte­
ria contain around 80% basic protein in the entire dry bulk. The furthermost used yeasts for locat­
ing “single-cell proteins” are “saccharomyces, candida, and rhodotorula”. According to Patelski 
et al. (2015), the production of these yeasts is mostly practical since these microbes are could use 
widespread diversity of substrates. however, the “single-cell proteins” gotten are inadequate in 
sulphur-comprising amino acids. 

According to Nalage et  al. (2016), the furthermost frequently used “filamentous fungi” are 
“fusarium, aspergillus and penicillium” and amongst the “prokaryotic algae”, the furthermost used 
are those that belong to the “genus spirulina”, with roughly 65% of their dehydrated mass compris­
ing of protein. The likelihood of using microbes to attain food, food essences as well as “microbial 
biomass” for food safety and sustainability has strengthened the food industries especially the pro­
cessing ones, which have incessantly exploited innovative possibilities for traditional or conven­
tional foods, such as flavours, consistencies and scents as well as the detection of innovative food 
products. 

Notwithstanding the countless spring advancing made by biotechnological or bioengineering in 
the aspect of food production as well as microbial biosensor expansion, there are still some eminent 
challenges that still require attention. Innovative microbes studies need to be carried out, as such 
artificial intelligence-aided biotechnological or bioengineering of eco-friendly microbes especially 
for food production so as to evaluate the efficiency as well procedures for immobilizing cells of 
microbes that still require some level of development. 

15.3	 APPLICATION OF ARTIFICIAL INTELLIGENCE-AIDED BIOENGINEERING 
OF ECO-FRIENDLY MICROBES FOR FOOD PRODUCTION 

There is no doubt as to the importance of AI in the contemporary trend and schemes in both socio­
economic, biological, biochemical, medical and political aspects of our endeavours. Several nations 
in the world especially the developed ones are beginning to place more emphasis on the develop­
ment of AI research, as it is evident that the future control of several events is possibly affected in all 
aspects by the influential technology and machinery of Artificial Intelligence. Presently, Artificial 
Intelligence-aided bioengineering of eco-friendly microbes are now been used for food production 
processes. Existing procedures are being redefined and extensively reinforced. Examining some 
research developments would help shed more light. 

The combined effect of pH, time, NaCl and ethanol concentration on biofilm formation of 
Staphylococcus aureus was described in the study by Vaezi et al. (2020). The authors of this study 
analysed and evaluated the impact of pH, ethanol and NaCl concentrations at 37°C, and modelled 
the results from the artificial neural network, after 24 and 48hours of incubation time. Due to its 
strong correlation between experimental and modelling results, the artificial neural network was 
observed with strong modelling efficiency. It was therefore concluded that pH, ethanol, NaCl and 
time were effective parameters for the formation of biofilm and that the ANN can model them, 
without being linear. 

Harfouche et  al. (2019) use the artificial intelligence of the next generation to improve 
climate-resilient plant breeding. In terms of genomics and phenomics, the authors proposed an 
insight into the complex biological processes that underlie plant functions in the sense of ecological 
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disturbances. The combination of genomics and phenomics would also speed up the production of 
climate-sensitive plants; however, these omics technologies generate massive, heterogeneous and 
complex data more rapidly than is currently possible to evaluate them. Consequently, artificial intel­
ligence of the next generation is used in the survey, classification, analysis and interpretation in 
multiple modalities of integrated omic data. 

The use of the fermentation and microorganisms in various areas, including food, climate and 
human health, was discussed in the study carried out by Feng et al. (2018). It also claimed from the 
obtained results that the use of modernization, automation and artificial intelligence technology 
could open up new room for fermentation technology. This would be of great benefit and assistance 
for the regulation of the fermentation rate as well as the monitoring and management of the fermen­
tation path. 

Singh et al. (2008) in their study present two separate artificial intelligence strategies, namely 
an artificial neural network and genetic algorithms. These artificial intelligence strategies are 
reportedly beneficial for optimizing the fermentation medium used in gelling the production of 
glucan sucrase. The concentrations of three medium components include Tween 80, Saccharose 
and K2HPO4 as inputs to the model of the neural network and the function of the enzyme as output. 
To optimize the input space in the neural network model, a genetic algorithm was used to find opti­
mal configurations for maximum enzyme activity. The combination of the artificial neural network 
with genetic algorithm predicts a maximum of 6.92 U / mL operation at medium 0.54% (v / v) of 
80, 5.98% (w / v) saccharose and 1.01% (w / v) of K2HPO4. The projected model for artificial intel­
ligence provided a 6.0% increase in enzyme activity, this show and indicates more improved and 
beneficial results. 

15.4 POLICY AND SECURITY ISSUES ON AI-BIOENGINEERED MICROBES 

Synthetic Biology has been identified as a sustainable subject of biotechnology that utilizes novel 
biological systems or the application of re-designing existing ones for the aim of achieving numer­
ous goals. This could be referred to as a disruptive technology that gave a supportive ideal to the 
Bioeconomy which possess several ideas of giving novel solutions to several challenges faced by 
the whole world in several sectors such as environmental, global healthcare, manufacturing, and 
agriculture (Cameron et al., 2014; Bueso and Tangney, 2017; French, 2019). However, it has been 
identified that the generation of numerous products through the application of synthetic biology 
there are some limitations that are being reported most especially which hampers the delivery of 
adequate products. 

However, several governments have raised numerous concerns that synthetic biology could 
increase the amount of agents that might be generated in form of a contaminant or hazards. 
Therefore, there is a need to intensify more effort towards the development of, identification and 
evaluation as well as detection techniques for the identification of biological and chemical threats 
(Wang and Zhang, 2019). Therefore, there is a need for the government of different countries to put 
investment most especially towards the development of science and technology and the introduction 
of numerous regulatory processes as well as the amendment of regulatory rules. The application of 
artificial intelligence will play a lot of role in this regard. This will go a long way most especially 
towards the development of critical investment, especially in artificial intelligence for rapid devel­
opment of national security, medicine, remediation, manufacturing, food and energy production. 
Their application in the maintenance environment could not be over-emphasized (Adetunji et al., 
2020; Adetunji et al 2019a, b; Adetunji and Adejumo 2019; Adetunji et al., 2018; Adetunji et al., 
2017; Adetunji and Adejumo, 2017). 

The application of synthetic biology has been recognized as a typical illustration of dual-use 
technology which uncountable benefits but there are so many risks that are associated with their 
application. These could create several fear which could unintentionally or intentionally consti­
tute damage to the environment or human beings. Atypical examples are the capability to develop 
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engineered virus-specific shuttles and more effective production of gene therapies for overwhelm­
ing inherited disorders.; hence, engineering viruses which could lead to the development of more 
dangerous pathogens most especially those that could constitute harm. 

There are numerous arguments that synthetic biology possesses the capability to impose several 
risks which has instigated numerous precautions that could mitigate against its several hazards. 

Moreover, there are several uncertainty as well as the secluded possibility of such risks that could 
prevent the growth of necessary technology. 

Therefore, there is a need that researchers as well as their host institution and various funding 
bodies need to take into consideration so as to evaluate may be the planned research will be misused 
or not. There is a need to introduce necessary measures that could mitigate the possibility of misuse 
as well as its significances should be executed and evidently communicated. 

Moreover, most synthetic biology community needs to be cognized of these problems by partici­
pating and utilizing adequate open dialogue with regulatory bodies as well as engaging in horizon 
scanning exercises most especially with the media. The identification of these risk will go a long 
way towards the application of synthetic biology or artificial intelligence for resolving global chal­
lenges such as adequate provision of food through proper implementation of food security strategy, 
generation of biofuels, adequate production of more effective medicines will go a long way towards 
the acceptance by the general public. 

Also, there is a need for countries to establish international agreement and mutual understanding 
on the application of synthetic biology and their application for effective development of products 
and towards the achievement of sustainable development goals. Provision of adequate training to 
the researcher should also be encouraged most especially on the application of research ethics and 
on the best way to perform such research. The introduction of training to the student will go a long 
way towards highlighting their function as science ambassadors and influencers. It must be noted 
that their training should not only introduce them to adequate knowledge and skills but must be able 
to point out necessary awareness as well as the application of artificial intelligence and synthetic 
biology. Therefore, it has become paramount that every scientist must be cognizant of the various 
means that could be used for the identification of risks well as their misuse 

A typical example of this situation involves the application of synthetic biology research which 
has several applications in the multiple utilization of gene drive technology which could be utilized 
to effectively disseminate a specific suite of genes during the course of a population. The advantage 
of utilizing gene drive technology entails the removal of disease-carrying insect populations as well 
as the prevention of intruding pests’ species which has led to the development of several concerns 
about the unplanned ecological influences of decreasing or eradicating a population (Callaway, 
2018; Collins, 2018). 

Also, there is a need to develop some certain research on the potential of the pathogens to target 
certain tissues most especially in the body or certain chemicals in the environment that could play 
a crucial function towards the delivery of necessary clean-up polluted environment or targeted 
therapies. There is a need to release some natural techniques that could lead to the liberation of 
environmental bioremediation interventions most especially when released on a larger scale. 

Moreover, there is place necessary measures that could bridge the gaps that exist between 
research and development scale up as well as their communication. Also, there is a need to adopt 
a regulation that could double up with the speed of these new innovative technologies while more 
emphasis should be placed on the product in place of the process used in their manufacturing (Tait 
et al., 2017). Inappropriate regulatory agendas could dishearten private sector investment in artifi­
cial intelligence or synthetic biology. 

15.5 CONCLUSION AND FUTURE RECOMMENDATIONS 

AI has emerged as a science and machinery with multifaceted and multi-domain applications 
including biotechnology and bioengineering. The intent of chapter is to examine two things: first, 
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the applicability and relevance of AI to experimental and industrial production of eco-friendly 
microbes and in particular compatible strains of microbes that could improve food production in 
all respects without compromising the health of consumers. Second, since the deployment of bio­
engineering techniques in the genetic engineering of new streams of improved crops (genetically 
modified organisms) in agricultural production, vital policy and security issues had been raised and 
with AI, issues would be raised on security and safety of consumers of such food. In consistent with 
the aforementioned, we conclude that in any society, the answers to issues bordering on the security 
and safety of technology or the products of such technology(food production in this context) must 
be well-articulated and discussed and accepted if any meaningful progress is to be made not only 
during the implementation of such projects but also in the distribution, marketing and consump­
tion circles since discrimination or non-acceptance of the technology or products realized through 
such would ultimately lead to wasted efforts and economic losses on the part of the promoters and 
producers alike. 

Thus, it is our submission that whereas the adoption of AI-aided Bioengineering microbes for 
food production is a vital socioeconomic strategy, efforts should be made to unravel and address 
every potential issue that may pose a threat to the acceptance of the technology. It therefore follows 
that while food production could be boosted immensely by integrating AI into bioengineering of 
useful microbes and subsequent utilization in specific food production operations, there should be 
a synergy between researchers, the organized private sector, farmers/food producers, and public 
agencies in order to create a policy that addresses the concerns of all parties. 
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16.1 INTRODUCTION 

Potato ranks as one of the topmost important tuber/vegetable crops, it is arbitrarily the fifth food 
crop in the world behind cereals. Moreso, it was selected as the food security crop option by the 
United Nations for many disadvantaged populations to restore dietary stability in their already 
under-nutritious food supply chain and socioeconomic life (Olaniran et al., 2020a). But for the unan­
ticipated encumbrance of the COVID-19 pandemic, the global production volume of potato crops 
(Solanum spp) e.g. Irish, Orange-fleshed, Purple-fleshed, etc could have risen beyond 370 million 
tons by 2022 according to the FAO (Matharu et al., 2018). This increase is hypothetically driven by 
the crops’ production, applications, derived products, markets, economic and industrial versatilities, 
coupled with their expanded species(180) and cultivar varieties (Chandrasekara and Kumar, 2016). 
Also, the changing paradigm in the traditional consumption form of fresh potatoes (boiled, baked, 
roasted, fried) to functional processed food products is associated with urbanization, husbandry, 
and a staggering range of appetite, and recipe diversities. These factors facilitate the rising global 
potato production volume (Wang et al., 2018; Olaniran et al., 2020a). 

The waste fractions from potato processing and starch extractions constitute good sources 
of fibres, proteins, phenolic compounds and antioxidants that can be valorized for further uses. 
Furthermore, animal feeds, formulated human food products in form of dehydrated, frozen, 
fermented, or canned foods as well as other industrial feedstock or by-products from potatoes 
have been reported (Priedniece et al., 2017; Vithu et al., 2020). While its food functionality may 
undermine orientating it for applications in product development and bio-industrialization, the 
struggle for a safer environment with zero toxicological consequences from antropogenics and 
other human activities is rather a more compelling concern enforcing research investigations 
into eco-friendlier possibilities. It is hypothetical to assume that the food vacuum created by the 
over-exploitation of a crop for other benefits (product developments, industrialization, research) 
is recompensed naturally by another crop of corresponding biological values thereby mitigating 
possible consequences. There is therefore no gainsaying that potato biopolymers are becom­
ing substantially recognized in biopolymer prospecting and businesses. Potatoes’ amenability 
to propagation, exploitable traits abundance, gene editing, and introgressive hybridization made 
them one of the best crops of choice for biotechnology as well as novel economic products’ explo­
rations (Halterman et al., 2016). 

Potato, depending on the species, cultivar, and variety, are composed of diverse starch as well as 
non-starch polysaccharides like hemicelluloses, cellulose, pectin, lignin, xyloglucan, heteroxylans, 
and heteromannans (Hao et al., 2013). Studies have already related the functionality, composition 
and diversity of these heterogeneous polysaccharides with processing technologies, nutritiveness 
of food products, and potential industrial applications. This is with particular focus on the maneu­
verability of their starch-sugar ratio characteristic for unequivocal functionalities (Kita, 2002). 
However, Dupuis and Liu (2019) reported that starch forms the bulk of potato polysaccharides 
with amylopectin (60%–80%, branched), amylose (20%–40%, straight chain) and approximately 
800ppm phosphate bond composites. Torres and Dominguez (2020) noted the economic prospect 
in potato starch and its other biopolymer derivatives and estimated a rise in their global market 
demands to 4.4 million tons by 2024 ceteris paribus. In more recent times, different genetic maneu­
verability technologies have led to the emergence of potato varieties with either only amylopectin 
or a ranging amylase-amylopectin content ratio. This exerts a concomitant influence on the overall 
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starch content, properties (viscosity, adhesiveness, digestibility, gelatinization temperature), and 
application versatility (Zhao et al., 2018a). The unique influence of environmental factors on the 
physicochemical characteristic of potato starch as well as biopolymers derived from the tubers, 
particularly those associated with the extensive phosphorylation of the amylopectin molecules and 
the synthesis of starch, has been reported (Yusuf et al., 2003; Wang et al., 2020a). However, this 
is without a clear understanding on how the environment influences starch quantity, configuration, 
solubility, crystallinity, gelatinizability and purity variations among potato varieties. Literature is 
however scanty on the techniques amenable for both small and large-scale production of starch and 
other polysaccharides from potato tubers. It is likely at this point to suggest that there is a remote 
correlation between potato-starch quality and application versatility with the type of extraction 
technique (Colussi et al., 2020; Oluwasina et al., 2019). Although the phytochemical comparisons 
of potato varieties with other root crops exist in the literature, there is insignificant data on the 
quantification and physicochemical comparison of potato starch with those of many other crops’ 
starches (Molavi et al., 2015; Leonel et al., 2017; Olaniran et al., 2020b). It is equally likely that 
many developing nations would rather rally their overall potato harvests to mitigate hunger ende­
mism rather than exploit it for bio-industrial benefits. This lends credence to the seeming dearth of 
research publications from many developing nations on potato application for non-food, industrial 
or technological benefits. 

Potato starch ranks as one of the most versatile in the world and is slowly gathering recogni­
tion as an important natural resource tool in driving bioeconomic development in many devel­
oped nations. In recent decades, this biopolymer has been subjected to diverse modifications 
(manipulations). This is purposely to overcome its native use (ethnomedicine, food, animal feeds 
from peelings, biofertilizers) limitations, and offer succor to environmental safety drives as well as 
the management of mounting agrowastes disposal challenges like greenhouse gas emissions, land­
fills stench and toxic emissions from wastes’ incineration. Additionally, the medication is to derive 
benign end use benefit(s) in food production systems, pharmaceuticals, biorefinery processes, 
degradable plastic manufacturing, and as prebiotic in animal feeds (Juarez-Arellano et al., 2020; 
Yusoff et al., 2021). According to Do Val Siqueira et al. (2020) heat, fermentation, chemicals, and 
even microbes have been used to hydrolyze starch feedstock, including potato starch, into build­
ing blocks of polylactic acid (PAL), hydroxymethylfurfural (HMF) and poly-3-hydroxybutyrate 
(P3HB) that are key chemicals in the creation of bioplastics, particularly for food packaging. This 
potentially validates the tractability and versatility of potato prime polymer (starch), placing it at 
a similar level as those of cassava and corn. Also, this forms the basis for further investigation of 
other potato polysaccharides for different utility possibilities relating to engineering design, indus­
tries, and biotechnology (Shafqat et al., 2020). Similarly, the wastewater from the processing of 
potato starch is reportedly valuable due to its rich content of protein, potassium salt, chemical oxy­
gen demand (COD) and organic substances. According to Li et al. (2020), this can be harnessed, 
harmlessly purified using biologically safe processes (biological, thermo-chemical precipitation, 
membrane separation technology) and transformed into high value-adding food products as well as 
low molecular weight inhibitors for medicines using the Expanded Bed Absorption (EBA) technol­
ogy (Waglay et al., 2014). Deliberate attempts using diverse technologies including gene encoding 
enzyme activities to strategically promote the endogenous production of other useful polymers 
like elastin, collagen, cyanophycin and polyhydroxyalkanoates (PHAs) were reported by Snell 
et al. (2015). However, the growing research attention accorded potato polymers and their success­
ful manipulations for a diverse range of economic benefits may, in some developing nations like 
Nigeria, be encumbered by social, infrastructural, agricultural, economic and political challenges. 
It is also inferable that technology influences potato products’ bioactivity, functionality, versatility, 
and acceptability. Hence, this article reviews the knowledge, advancement and the current range 
of applications of potato biopolymers with a special bias for potato starch. In addition, it aims at 
providing insight into their role in mitigating the challenges of environmental safety, and compar­
ing them to those of other crops. 
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16.2 COMPARISON WITH OTHER BIOEQUIVALENT MATERIAL 

Several studies have investigated the development of starch-based biopolymers using various sources 
of starch like potato (Zhang et al., 2018), maize (Luchese et al., 2017), wheat (Domene-López et al., 
2019), cassava (Zhang et al., 2018), and Jicama (Pachyrhizuserosus) (Abral et al., 2019). Starch-based 
bioplastics have been exploited to prolong food’s shelf life and promising marketability potentials 
for food products (Zhong et al., 2020). The shear/tensile strength and the rupture rate at elongation 
observed for starch films can be similar to those from artificial polymers such as LDPE (low-density 
polyethylene) which are presently sold as food containers even after concerns were raised about 
their recyclability and biodegradability (Montero et al., 2017). Starched-based bioplastics represent 
about 85%–90% of the Bio-plastics industries (Ebrahimian, 2022) with corn starch being the lead 
feedstock for the manufacture of decomposable plastics and edible biopolymer films in recent years 
(Luchese et  al., 2017). Souza et  al., (2010), found corn preponderance to be the possible reason 
for being the global preference as a source of consumable starch (65%) ahead of potato (13%) and 
cassava (11%). Owing to its large starch content (6.9%–30.7%) on wet basis and high availability, 
the potato has been equally identified as a major bioplastic source by Jabeen et al. (2015). Potato is 
~38% higher in amylose, which makes it more appropriate for the development of films with poten­
tially laudable technical characteristics, sturdier and versatile mechanical functions. This suggests 
that potato is relatively competitive with corn, cassava, rice and wheat-based starches as bioresource 
feedstock for industrial purposes. 

While literature is scanty on the comparative advantages of starch homopolymers from different 
plant sources, the amylose/amylopectin ratio may be the main determinant of possible physico­
chemical variability separating starch from different sources. de Azevedo et al. (2020) compared 
the decomposable films obtained from corn starch with that of potato starch and observed a more 
uniform compound mixture by the corn starch compared with potato starch bioplastics. This sig­
nificantly improved the translucent, physical cohesiveness, and gelation properties of corn starch. 
Furthermore, Basiak et  al. (2017), attributed the slight advantage of the innate physicochemical 
properties of corn starch over potato starch to its amylose content (linear structure) and the higher 
amylopectin content (highly branched structure) of the latter. In addition, potato starch is hypoth­
esized to biodegrade faster (5 days) than corn starch (40 days), a characteristic that affects their 
individual end use preference in food preservation and storage. The retrogradation, mechanical, 
and thermal properties of unreinforced corn, and possibly cassava starch were better than those of 
potato-based starch (Versino and García, 2014; Molavi et al., 2015). 

Further comparative investigation of the physicochemical characteristics of starch sourced from 
maize, wheat and potato respectively was carried out by Basiak et al. (2017) in biodegradable films. 
Their study affirmed maize starch films as the thickest (112 μm) whilst potato starch films were 
the thinnest and least heterogeneous (55 μm). This observation validated the findings of Jabeen 
et al. (2015) on lesser amylose composition of potato starch which underscored the reduction in 
film thickness, and their mechanical variability as well as barrier properties against water vapour 
(Bonilla et al., 2013). The potato starch film showed more translucence than the opalescence of 
maize and wheat indicating probable higher lipid content (Jiménez et al., 2012, 2013; Sun et al., 
2013). Furthermore, the deformability (E%) of wheat starch film was greater than that of potato 
starch films but had less rigidity (TS and YM) than potato starch film. While the hardness (E per­
cent), elongation rupture rate and viscidness properties of wheat and corn starches are higher than 
those of potato starch, it’s very low amylose content of potato starch film confers the least perme­
ability and makes it interesting amenable to blend with other biopolymers of different molecular 
weight as well as plasticizers, physical and chemical modification for functional versatility (Jiménez 
et al., 2012; Muscat et al., 2012; Acevedo-Morantes et al., 2021). Several other intrinsic physical 
characteristics of thermoplastic starch sources such as viscosity-average molecular weights (potato 
−3.97 × 1017, corn −2.14 × 1017, cassava −3.3 × 108, yam −1.01 × 1017), young modulus, tensile strength, 
and pH (sorghum −4.57, potato −6.92) have been compared (Molavi et al., 2015; Omotoso et al., 2015; 
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Richard et al., 2015; Ismail et al., 2016; Moongngarm, 2013). All these properties directly corre­
late with the starch source selection, film forming property, functionality, and end-use preferences 
are fundamental considerations in the decisive application of biopolymers. This is also possible 
implication for the choice of method that optimizes the anticipated qualities of starch and quantity 
of extraction. Therefore, the physicochemical versatility, retrogradation, amenability, availability, 
marketability and affordability of potato starch make it a strong competitive amorphous equivalent 
for biopolymers as well as replacement of artificial/synthetic polymers productions. 

16.3	 DYNAMICS OF POTATO BIOPOLYMER IN 
REGIONAL BIOECONOMIC GROWTH 

Although the value chain of potato biopolymers in bioeconomic growth in still insignificant in most 
developing nations due to rooted attention on resolving crisis of hunger. Consequently, the slow 
adoption of innovative agrowastes conversion technologies that affords value-adding benefits to 
humanity in some developing nations like Nigeria has remotely caused agro-wastes overload in the 
environment. This condition has given impetus to smart preservation techniques and rise in exploi­
tation of biopolymers as preservatives. 

Plastics have found great relevance in various products’ packaging and their indiscriminate dis­
posals constitute serious environmental and waste management challenges that have resulted into 
the search for alternate biodegradable polymers. Hence biopolymers from natural sources such as 
carbohydrate, protein and lipid are currently being explored in diverse research investigations, and 
for verse functionalities as well as applications. The pressures from the accelerated demand for 
benign products, agricultural expansion due to urbanization, global trading profiteering, and dietary 
diversifications have oriented attention to preserving humanity’s healthiness and environment with 
the use of biologically safer natural sources including biopolymers. These natural resources are 
generally deemed to be environmentally friendly due to their biodegradability, renewable, readily 
available, valorizeable, and economical (Wang et al., 2020a). Consequently, potato being a natural 
resource is a globally popular food is found to be an excellent agro-industrial feedstock and sustain­
able resource for bioproducts production for different possibilities of application due to its signifi­
cant tendency for wastage due to colour change, infections, size and quality failure. 

The relative economic importance of natural biopolymers has been underexplored before now 
causing huge wastes at high disposal costs on systems. For instance, about 4.5 million in tonnes of 
waste is generated from various potato processing activities in the United States (US) annually. This 
imposes huge disposal cost on the US systems (Kang and Min, 2010). Negligible economic advan­
tage of potato peels in compounding animal feeds was not adequate in the significant depletion of 
the tons of wastes from agriculture and potato processing systems until their more recent applica­
tion in biopolymers. Low-valued agro wastes such as potato peels have drastically reduced the cost 
of edible biopolymer thereby positively enhancing the economy (Kang and Min, 2010). 

16.3.1	 aPPlICatIons oF Potato bIoPolymeR and theIR 

ConsequentIal eConomIC advantages 

Potato biopolymer has found use in food, feed, pharmaceutical, and medical industries as well as 
composite materials in constructions (Karaky et al., 2019; Udayakumar et al., 2021). The ability to 
impart stiffness, strength and stability in materials has made its use most compelling (Verma et al., 
2022). 

16.3.1.1 Potato Biopolymer in Food Industries 
Biopolymers are currently being explored in some operations of the food industry. Various food pack­
ing employing synthetic plastics are now considering biopolymers as cleaner and environmentally 
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friendlier alternatives. Carbohydrate-based biopolymers have found great attraction as industrial 
feedstock or products because of their huge availability, ease of processing, and low cost (Moreno 
et  al., 2015; Borah et  al., 2017; Kabir et  al., 2020). The adoption of seemingly useless material 
in such great application afford strategic waste management solutions and consequently enhances 
regional economy. For instance, waste management has been established to present a positive eco­
nomic impact on Nola in Southern Italy (Feo et  al., 2017). Biopolymers of whole and waste of 
potato are valued for their minor anionic, non-toxic and biocompatibility properties (Dong and 
Cui, 2021). Other properties such as amino acid profile and techno-functional properties unique to 
potatoes make potato biopolymer highly attractive to the food industries (Li et al., 2021). Edible 
films/biopolymers obtained from potato and other starch give mechanical resistance, halt unwanted 
oxidation and deal with moisture loss (Dash et al., 2019). 

Edible biopolymers have given the food industries huge success in areas where the synthetic 
polymer has been limited. Such vivid examples are in cased, coated or complex foods with various 
components and layers which are not removed before cooking or consumption (Kowalczyk, 2016). 
Furthermore, waste containing pectins, flavonoids and essential oil has been blended with potato 
peels in biopolymer production hence developing active packaging materials. Such active packaging 
materials may have anti-inflammatory, antioxidant, anti-microbial as well as anxiolytic properties 
that confer preservative and additive roles in food products (Kowalczyk, 2016; Borah et al., 2017). 
The inherent antioxidants, proteins and fibers contents of potato are revered in cost-effective pro­
duction of biopolymer packaging materials with a direct positive impact on the economy (Torres 
et al., 2020). 

In a bid to maximize the economic gains of meat industries, potato proteins in blend with linseed 
oil, chitosan and ZnO nanoparticles have been developed into a unique biopolymer for meat preser­
vation (Wang et al., 2020b). This potato-based biopolymer preserved the freshness of the meat and 
repressed microbial proliferation. Potato blended with chitosan and tapioca starch has also indicated 
great antibacterial activities (Verma et al., 2022). 

The various applications of biopolymer in food industries will greatly reduce production cost, 
maximize profit and impact the economy via products generation as well as export trade. These 
economic gains have been well captured by Stoica et al. (2020). 

16.3.1.2 Potato Biopolymer in Constructions 
The production of construction material such as cement has also had great impact on the environ­
ment. Four part of a hundredth of global CO2 release is from cement production hence reducing 
cement consumption will make for a greener environment (Shanmugavel et al., 2020). Recently, 
the harmful impact of cement being controlled as well as improved using plant residues such as 
potato peels and extracts to enhance the properties of cement (Shanmugavel et al., 2020; Torres 
and Dominguez, 2020). Biomodification of construction material goes a long way in reducing its 
damaging effect on the environment. Plant residues and biopolymers may therefore potentially 
serve as sustainable material for the modification of construction materials for more benign impact 
(Shanmugavel et al., 2020). 

Various plant residues and biopolymers are becoming attractive to increase the strength and 
rigidity of construction materials. Potato peel powder has found use in this regard as its addi­
tion to ordinary clay may enhance the sound insulation, water absorption, dry shrinkage, water 
shrinkage, porosity and soluble salts properties of the construction material (Ghorbani et al., 2021). 
Interestingly, potato biopolymer blended with sugar beet pulp equally gave excellent mechanical 
properties as well as thermal strength to building material (Karaky et al., 2019). 

Potato biopolymers have potential economic viability with excellent applications as composite to 
strengthen polyurethane (PUR) foams (Członka et al., 2018), biocomposite in polylactide production 
(Chen et al., 2020), biomaterials and nutraceutical (Dong and Cui, 2021) amongst others. 
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16.4	 RECENT ADVANCES IN POTATO STARCH AND 
BIOPOLYMER APPLICATIONS 

Potato starch is a fine, white powdery substance derived from potatoes. Like other starches, it is com­
monly used to thicken, gel, texturize and increase crispiness in baked goods. It is also used in clear 
soup, confections, fillings, and/or as excipient, dilent, disintegrant, and binder in drug production. 

Biopolymers are organic-based molecules which comprise repeating units called monomers and 
produced by living organisms or synthesized from/with organically derived materials. 

Potato starch is a biopolymer that is derived from potato tubers. The root tubers of potato plant 
are made up of leucoplasts (starch grains). The leucoplast is extracted from the tubers by crushing 
the potato tuber cells, thus releasing the starch grains. The application of potato starch depends on 
the type (variety, cultivar, species) of potato starch in question, chemical architecture or structure 
and composition of the potato, broad interchangeability of the starch, and technological method 
used in its extraction. 

Application of Potato starch in the 21st century is unprecedented due to rapidity in advancement 
of technology and biotechnology, and their integration into different facets of the economic value 
chain for bioeconomic emergence. Some of the areas of application, particularly in many develop­
ing worlds including Nigeria, are as follows. 

16.4.1 FIlm makIng 

Potato starch has been used to make eco-friendly starch films void of pollutants (Balakrishnan 
et  al., 2018; Janik et  al., 2018). It does present diverse advantages that include minimal cost of 
production (MITCH, 1984; Zhang et al., 2012), high biodegradability (Wilpiszewska and Czech, 
2014; Arvanitoyannis et al., 1998), and easier processing methods (Kraak, 1992; Zhang et al., 2018). 
Potato starch films are optimistic viable commercial preservative films for elongating the shelf-life 
and nutritiveness of foods (Ferreira Saraiva et al., 2016). Several kinds of starch have been employed 
in producing films, potato starch presents better film-forming properties than that of other cereal 
starch used for film production (Vargas et al., 2017). Nano-SiO2/potato starch films of different sizes 
were synthesized to improve the film properties of potato starch to further dispel possible incidence 
of microorganisms and fortify their impermeability (Zhang et al., 2018). 

16.4.2 Food and beveRage IndustRy 

Starch in form of polysaccharides is abundant in nature, and it is universally used in its gelatinized 
form because it digests very quickly. Enzyme-defiance dextrins of potato starch were produced 
using microwave-assisted technology, which in turn increased its dietary fibre contents (Jochym 
and Nebesny, 2017). Potato starch is used in food processing industry for anti-caking, as thickener, 
gelling agent, texturizer and binder. It also consumed as snack foods, baked goods, gravies, noodles, 
sauces, shredded cheese, soups, doughnuts, and yeast in filtration as well as fermented beverages 
(Odebode et al., 2008; Zhang et al., 2012; Castanha et al., 2019; Jagadeesan et al., 2020). 

16.4.3 PaPeR IndustRy 

The paper industry has longer history of starch use in the production of paper (Kraak, 1992; 
Grommers and van der Krogt, 2009). Potato starch act as a flocculant and an adhesive in paper 
production processing (Maurer, 2009). It is used in preference to corn starch (Qasem, 2020). This is 
because cationic potato starch in paper enhanced the retention of fine fibres and fillers, thus improv­
ing its mechanical properties (MITCH, 1984; Kraak, 1992; Maurer, 2009). Furthermore, cationic 
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amylopectin starch is a relatively abundant, highly degradable/compostable, and less expensive 
natural polymer compared with plant-based cellulose or fossil-based polymers. Hence, it is equally 
amenable to produce medical bandages, orthopaedic cast, paper napkins toilet papers and other 
medical dressings by various electrospinning devices and technologies (Li et al., 2018; Costa et al., 
2020). 

16.4.4 adhesIve 

The starch manufacturing industry sells to consumers potato starch for thickening and as adhesive 
(Kraak, 1992). The adhesive is applied in fastening paper together due to its nontoxic nature to the 
environment (Liu et al., 2014; Schwartz and Whistler, 2009). This is in addition to its consumption 
as swallow by several natives in some west African regions, and routine use in laundry process to 
enhance the crispness, structure as well as wrinkling resistance of clothes. 

16.4.5 stabIlIzeR In yoguRt manuFaCtuRIng 

Stabilizers are very necessary components in dairy products making because of their added advan­
tages. Extracted potato starch has been used as stabilizers in yogurt manufacturing (Altemimi, 
2018). The addition of sufficient concentrations of potato starch in the production line would provide 
appreciable results texturization (Jimoh and Kolapo, 2007; Altemimi, 2018). 

16.4.6 textIle manuFaCtuRIng 

Stiffening of fabric materials can be done using potato starch instead of wax (Zhang et al., 2012). 
This is done by spaying the fabric with a colloidal solution of potato starch (Grommers and van der 
Krogt, 2009; Maurer, 2009). Potato starch gives the fabric or cotton a fine finishing, thus improving 
its appearance (Kraak, 1992; Bergthaller et al., 1999). It is an effective sizing material that is still 
valuable in textile production line (Clays and Clays, 2009; Maurer, 2009). 

16.4.7 nanoPaRtICles synthesIs 

Several nano particles have been synthesized from potato starch due to its aqueous ability, 
non-toxicity, environmentally friendlily nature, biocompatibility, improved film properties, and 
effectiveness (MITCH, 1984; Jiang et al., 2016; Wu et al., 2019). 

16.4.8 oIl dRIllIng and mInIng 

Potato starch lowers the rate of filtration of fluid and enhances the properties of mud cake consis­
tency which is a primary trait, shows effectiveness in fluid rheology and acts as a good viscosifier. 
It is also used to improve the gel strength of the fluid (Nmegbu et al., 2015; Heo et al., 2017; Assi, 
2018; Horstmann et al., 2018). 

16.4.9 WateR tReatment 

Potato starch waste water has been reported to be used in fermentation to get bioflocculant for coag­
ulation Rhodococcus erythropolis (Guo et al., 2015)due to its biodegradable and harmless impact 
on the environment (Pu et al., 2014; Bergthaller et al., 1999; Dash et al., 2019). Additionally, potato 
starch wastewater has been exploited for the isolation of potato protease inhibitors (PPIs) which is 
a major recovery protein that is attracting attention as a promising bioactive substance (Liu et al., 
2020). 
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16.4.10 PhaRmaCeutICal IndustRIes 

Starches are used in the pharma-drug industry for diverse purposes that include as binder, excipient, 
glidant, diluent, granulation, disintegrant, tableting, and capsule filling (Maurer, 2009; Szepes, 2009). 

16.4.11 theRmoPlastIC staRCh 

Mościcki et al. (2012) reported the use of potato starch as means of making thermoplastic starch. He 
employed variant blends of potato starch combined alongside with glycerol to form various ranges 
of thermoplastic starch pellets which can then be processed (Janik et al., 2018). 

16.4.12 CeRamIC PRoCessIng 

Potato starch is used in the processing of ceramic due to its large size (46–49 μm) and its chemi­
cal constituents, mainly carbon, hydrogen and oxygen, which enhances its combustibility without 
any trace of residue after burning. Starch is employed as a pore formation agent in the technology 
employed for making ceramic (Gregorová et al., 2006). 

16.4.13 PaCkagIng mateRIal 

The rising use of synthetic-polymer for packaging has led to serious ecological burdens as a result 
of their non-biodegradability and food safety concerns from seeming infiltration of the food chain 
by extraneous toxicants (Janik et al., 2018). This therefore necessitated the need for the use of bio­
materials as substitutes to conventional synthetic polymers, potato-starch polylactide, and polyvinyl 
alcohol in food packaging production (Arvanitoyannis et al., 1998; Mościcki et al., 2012; Ferreira 
Saraiva et al., 2016; Balakrishnan et al., 2018; Janik et al., 2018). Scientific reports have shown that 
these potato starch packaging material disintegrates in in situ marine environment as well as in the 
laboratory (Franz, 2015; Janik et al., 2018; Dash et al., 2019). 

16.5	 TECHNIQUES ADVANCED FOR THE EXPLORATION 
OF RECYCLABLE POTATO-BASED 

The recalcitrant nature of synthetic polymers or petroleum-derived polymers (e.g. synthetic plastic 
packaging bags) used in agro-allied industries, their environmental pollution and biosystems’ health 
hazards have attracted polymer scientists across the globe to benign biopolymers (like bioplastics) 
as possible alternatives (Cruz-Gálvez et al., 2018; Shafqat et al., 2020). Furthermore, the inability of 
petroleum and coal-based polymers to seamlessly feedstock the natural biogeochemical recycling 
system and preserved environmental resources is also a raising concern to environmentalists, toxi­
cologists and physical health experts in most part of the world. Biopolymers are natural polymers 
derived from chemically synthesized biomaterials or completely biosynthesized biomaterials by 
living organisms (Mahalakshmi et al., 2019; Maraveas, 2020). Aside from the facts that natural 
obtained biopolymers are degradable, eco-friendly, user-friendly, recyclable and cost-effective, they 
also offer biological benefits that may include biocompatibility, antioxidant, antimicrobial and pes­
ticidal when activated bioactive substances like essential oil (Varghese et al., 2020; Syafiq et al., 
2020). Their application according to Gowthaman et  al. (2021) mediates social, economic and 
environmental repercussions of ecosystems’ service disbalance. Biopolymers are hydrophilic (i.e. 
they swell due to adsorption of moisture) and have poor thermal, physic-mechanical and barrier 
properties (Vinod et al., 2020) whose limitations have been drastically mitigated in recent years 
by some specific modification techniques. Some of the products produced with biopolymers are 
edible films, aerogels, and electrolyte, foams and plastics (Zhao et al., 2018b). Some of the biopoly­
mers used in the industrial space to produce most biodegradable plastics are polylactic acid (PLA), 
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polyhydroxyalkanoates (PHA), and polyhydroxybutyrate (PHB) (Ranganathan et al., 2020). Most 
potential biomaterials sources are classified into three groups; protein (e.g. soy protein, casein, 
gelatin and wheat gluten), polysaccharides (e.g. starch, lignin, cellulose, pectin, chitin, fungal and 
algae) and by-products (e.g. peels, leaves and bran). Although polysaccharides like starch are more 
explored since they are available in large quantities, versatile and cheap and their byproducts are 
normally protein-polysaccharide composites (Ilyas and Sapuan, 2020). Consequently, research in 
the use of potato-based polymer is of high interest and recently trending due to its ranking as the 
fourth most important food crop in the world, after rice, wheat and corn (Torres et al., 2020). The 
physic-mechanical properties of most polymer-based composites are improved with plasticizing/ 
compatibilization agents, and nano-fillers (Islam et al., 2020). Industries in the world release large 
tonnage of potato byproducts of which 33.3% accounts for potato protein (PP) which are valuable 
fillers in many polymer composites (Członka et al., 2018). Potato-based polymers have been used 
in diverse forms in recent years. For instance, it is used as reinforcement in the production of rigid 
polyurethane foams (Członka et al., 2018). Rigid polyurethane foam (RPF) is a widely used plastics 
produced from the reaction between polyol and an isocyanate. In other to reduce the environmental 
impact caused by the use of these plastics, potato-based additives like PP was integrated to its total 
mass content in the range of 0.1–5% wt. Incorporation of PP to the RPF improved the compressive 
strength, reduced the thermal conductivity and water absorption properties even though 0.1% wt of 
PP was recommended as adequate. 

Bio-based edible films have also been receiving research attention as a replacement for non­
biodegradable/compostable conventional packaging films and partial solution to non-recyclable 
waste-disposal management problems (Ncube et al., 2020). Consequently, biopolymer film has been 
produced from potato peels even though studies showed that the product exerts lower mechanical 
properties than biopolymer films from some other sources. The improvement of the mechanical, 
along with tensile, moisture barrier, microstructure, storage, antimicrobial, optical and colour quali­
ties of potato-derived biopolymer films have been studied using different combinations of reinforce­
ment composites (e.g. chitosan, oil, pomace, bacterial cellulose, curcumin, glycerol, sorbitol, ZnO 
NPs, etc.), homogenization, ultrasound and irradiation techniques (Kang and Min, 2010; Farajpour 
et al., 2020; Wang et al., 2020b; Xie et al., 2020; Liu et al., 2021). These methods of biofilm pro­
duction also significantly improved the antioxidant characteristics and reduced the lipid oxidation 
tendency of products (Xie et  al., 2020). Dash et  al. (2019) developed sweet potato starch-lemon 
waste pectin film (3:1) impregnated with titanium oxide (TiO2) particles for improved the water 
barrier and mechanical properties due to good intra- and intermolecular interactions of the compos­
ites. The addition of lavender essential oil significantly enhanced the antimicrobial and antioxidant 
properties of potato starch-furcellaran-gelatin films but lowered the mechanical strength (Jamróz 
et al., 2018). Similarly, biofilms produced from 2.4% wt potato-starch containing 1% glycerol was 
plasticized with acetone and methanol extracts from Hibiscus sabdariffa (Cruz-Gálvez et al., 2018). 
The antimicrobial assay investigation of the film further showed higher sensitivity by pathogens 
like Escherichia coli to the acetone extract plasticized film compared the methanolic modified 
film. This suggests a likely differential level of alteration of the physicochemical properties of the 
potato-based film due to the addition methanolic and acetonic extracts. Significantly reduced per­
meability of water vapor is a unique and important characteristic considered in the production of 
packaging materials in the food industries and therefore one of the basic essential properties of 
biopolymer films (Nandi and Guha, 2018). Reinforcement of potato polysaccharides with com­
posites, the nature of composites, composition and concentration variability are optimized based 
on the desired physical, optical, mechanical and barrier properties. Nandi and Guha (2018) used 
an optimized combination of 3.7% (potato starch), 0.4% (guar gum), and 15% (glycerol) respec­
tively in their biofilm experiment. Zhao and Saldaña (2019) applied Subcritical fluid technology 
to produce of potato-based bioactive films composited with and without the gallic acid. The pro­
cess which involved the filling of a reactor of subcritical fluid system with blended samples of 
potato cull, potato peel, glycerol and water, with or without gallic acid was homogenized to obtain 
the desired temperature and pressure as well as starch gelatinization and reaction. This method 
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produced potato-based film with optimal tensile strength with increasing concentration of the glyc-
erol (plasticizer) and higher antioxidant capacity at 0.3 g gallic/g starch combination. It is therefore 
likely that the Subcritical fluid technology is a hypothetical technique for optimizing potato-based 
bioactive films’ production (Figure 16.1). Furthermore, Sharma et al. (2020) have associated the 
assured benefits of food safety, food quality retention, extension of shelf life, prevention of physical, 
environmental, chemical and microbiological alterations of both nutritional and sensory proper-
ties during storage and transport from food packages of biological sources. Glycerol and sorbi-
tol plasticizers showed capacity in improving the mechanical, optical, and barrier properties of 
sweet potato-based starch film (Ballesteros-Mártinez, et al., 2020; Miller et al., 2020) while also 
suggesting a concentration of 50% sorbitol composite for edible film production. Reinforcement 
techniques have also helped optimized antibacterial potential as evident in the work of Gopi et al. 
(2019) in which a potato-starch/tapioca-starch/chitosan-based biopolymer combined with turmeric 
nanofibers inhibits Escherichia coli, Bacillus cereus, Salmonella typhimurium and Staphylococcus 
aureus. Moreso, nanofillers do not only act as reinforcement agent in biofilm production, but they 
also serve as an active ingredient for biopolymers (Jamróz et al., 2018).

Ultrasound technology (UT) is amenable to biofilms production (Figure 16.2). Increase in the 
ultrasound treatment time causes better film qualities such as lower water vapor permeability, mois-
ture adsorption, and water solubility; better film strength; higher elongation capacity; and lighter 
colour (Borah et  al., 2017). It was however noted in a study by Coezee et  al. (2020) that ultra-
sound technique may be unsuitable for potato-based polymer production involving nanocomposites. 
Biocomposite of poly (lactic acid) and potato pulp powder (20% wt) was alsoreported in literature to 
help improve the mechanical strength bio-based and petroleum-based waxes (Righetti et al., 2019). 
Melting technology was applied to produce poly (3-hydroxybutyrate-co-3-hydroxyvalerate) bio-
composite using coffee silver skin, an agro-based material whose addition to the matrix enhanced 
the stiffness, and heat deflection temperature properties, and crystalline nature of the compos-
ite (Gigante et  al., 2021). In addition, the production of solid-based polymer electrolyte casted 
with Lithium trifluoromethanesulfonate (LiCF3SO3) as well as having potato-starch/graphene 
oxide composite has lend credence to the use of nanotechnology in potato-based polymer-matrix 
nano-composite explorations. Therefore, the presence of the nanomaterial in the polymer matrix 
may have implications for the physical and conductivity characteristics of polymer materials (Azli 
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FIGURE 16.1  Subcritical fluid technology system: (1) Solvent reservoir, (2) Pump, (3) One-way valve, (4) 
Pressure gauge, (5) Band heaters, (6) Pressurized fluid reaction vessel, (7) Motor stirrer controlled by the 
control panel, (8) Stirrer, (9) Thermocouple, (10) Temperature controller, (11) Safety valve, (12) Back pressure 
regulator, and (13) Sample collection. (Zhao and Saldaña, 2019).
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FIGURE 16.2	 Illustration of processes involved in using ultrasound technique potato peel and sweet lime 
pomace Biofilm production (Borah et al., 2017 modified). 

FIGURE 16.3	 3D printable materials from starch and polylactic acid 

et al., 2020). The rising popularity of nanotechnology in food biopolymer products is still a concern 
and requires better understanding of their toxicological effects, recyclability, disposal, heat and 
electrical conductivities effect for acceptability in the food industries. More recently, biopolymers 
have sufficed in the production of 3D printable materials using starch-based polymers (Figure 16.3). 
This phenomenon has helped to reduce the use of fossil-based materials whose unregulated exploit 
has caused unprecedented environmental and health oddity (Liu et al., 2019). 
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16.6	 FACTORS AFFECTING MEDIUM-LARGE SCALE 
PRODUCTION OF POTATO POLYMERS 

The recent global trend enforced by increasing intoxication of the environment, and correspond­
ing rise in health hazard concerns from chronic use of synthetic substances, have given impetus 
to human attention shift to safer food crops as well as plants as sources of natural product or raw 
materials for byproduct needs’ generation (Nogueira et al., 2020). This new paradigm might exert 
unprecedented pressure on global food balance and forest resources, create apparent competition for 
food, and undermine food security strategies. Many tuber (cassava, yam, potatoes) and cereal (corn, 
maize, sorghum, wheat) crops are becoming more attractive as acceptable alternative raw materials/ 
feedstock for the production of biopolymers (biofilms, exopolysaccharides, bioplastics, etc.), animal 
feeds, drug delivery/gelatinizing agents, industrial starch, biofuel production and biofertilzers (Vithu 
et al., 2020). These secondary uses of food crops however have implications on the social, economic, 
foreign exchange, industrial and agricultural perspectives of many nations all over the world. 

Although many food crops now enjoyed usage in the production of a diverse range of biopoly­
mers, potato is fast gaining acceptances as one of the best sources of thermoplastic starch in many 
food and pharmaceutical industries due to their starch quality versatility. The persistent use of 
potato as a veritable source of starch in biopolymer production might be marred by a number of 
factors popular among which is their recent declared status, based on their nutritiveness, by the 
United Nations as a hunger food for solving global malnutrition challenges (Wang et  al., 2018). 
Other factors, particularly as evident in Nigeria militating medium to large scale use of potato as a 
sustainable source of starch for degradable bioplastic packaging materials or biopolymer films by 
the food industries and domestic applications are as follows. 

16.6.1 ComPetItIon WIth Food need 

If current trend persists, the rising demands for food crops and other natural resources as feedstock 
of several industrial systems will over time conflict with food need purposes in all ramifications. 
This competition is likely affect on the availability and cost of these industrial feedstock for scalar 
production of potato-based polymers (Wool and Sun, 2011). Although conceptualized use of these 
natural resources is to partially reduce and replace fossil biomass dependence in the production 
of polymers. The present dichotomy, a bid to finding lasting supply balance between reorienting 
industrial values for sustainable environmental safety and hunger eradication, has become the sub­
ject of scientific discussion among the community of global scientists. While there is apparently no 
literature that has evaluated economic impact of food crops’ biomass as raw material for industrial 
productions, it is logical to assume the trend might unbalance supply-demand dynamics and pose a 
raw material challenge to biochemical, biopolymer and food industries (Babu et al., 2013). Globally, 
there is a need to systematically roll back the use of food-based commodities for eco-friendly tech­
nologies that are uses cellulose-based feedstock like wood, parts of non-edible plants (stems and 
leaves) and wastes (domestic, municipal, agricultural and industrial) (Pillai, 2010). 

16.6.2 RIsIng Cost oF Food 

The geometric population rate increase has doubled the world food need by over 60% while the 
constant fight against food loss is still undercutting supply. Food needs are encumbered by envi­
ronmental, disease and economic vagaries coupled with their demand for non-food product genera­
tion by the industries. Potatoes along with other popular tuber and cereal crops are staple food and 
constitute regular household diets in many nations which suggests that they might be less available 
or scarce for other non-food-based applications. This coupled with poor government agricultural 
support initiatives might impact negatively on the price and slow down potato-based polymer pro­
duction (Glenn et al., 2014). 
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16.6.3 hIgh-qualIty FeedstoCk 

According to literature, corn in comparison to other crops including potato is richer in starch, 
produces higher yields, and provides high-quality feedstock for the production of high-quality lac­
tic acid, which is needed for an efficient synthetic process in polylactic acid (PLA) production. 
According to Babu et al. (2013), most biopolymer firms’ preference for corn and other food crops 
in producing biopolymers adversely contest with their food values and accessibility as feedstock for 
compounding animal feeds. 

16.6.4 PeRFoRmanCe oF Potato PolymeRs 

The key disadvantages of unmodified starch-based materials like potato is poor mechanical behav­
iour and high-water vapour permeability (WVP), which can be due to starch’s highly hydrophilic 
nature. Potato starch polymer also exhibits poor performance properties when subjected to severe 
environmental conditions capable of limiting its broad application (Shit and Shah, 2014). Except for 
strain at break, thermoplastic starch-based materials’ mechanical properties (tensile ability, elastic 
modulus, and strain at break) are weak when compared to other thermoplastics, restricting their use 
in soft plastics applications. While they may undermine their wide use and acceptability, diverse 
affordable modification technologies now abound in the industries to activate and tinkered with the 
desired properties required for the end-use functionality. 

16.6.5 Cost oF PRoduCtIon 

Although there is a pressing need for bioplastic and bio-composite materials, the cost of their pro­
duction must be effective. The current affordability of degradable and recalcitrant plastics products 
allowed them to dominate a large portion of today’s local and international polymer markets. This 
may be as a result of the low cost input of raw materials, energy requirement and production space 
in the production system (Mohanty et al., 2002). Irrespective of the cost effectiveness, large-scale 
production development is still undermined by the cost of acquiring the optimization technologies 
for potato starch-based polymer s production. Similarly, the time to develop efficient potato poly­
mer is high (Mooney, 2009) while the currency of potato in the biopolymer production system and 
market is juvenile and still being received with scepticism in Nigeria even though it has a promising 
prospect of rapid adoption in the near future (Al-Oqla and Sapuan, 2020). 

16.6.6 PRoCess abIlIty 

Starch-based polymers like the potato polymer production are common in laboratory using the cast­
ing technique. This technique is apparently less cost-effective for even medium to industrial scale 
production due to the longer drying period of the film-forming mixture. Addressing this challenge 
often requires scientific expertise in the management of thermoplastic treatments that include sheet/ 
film extrusion, foaming extrusion, reactive extrusion and injection moulding (Ribba et al., 2017). 
The need for and timing of hydrothermal treatments during the process is however of observed 
limitation to the adoption of the technique for large-scale production. Furthermore, the use of care­
fully monitored processing conditions and the astute combination of complex additives also militate 
against the friendly application of the technique and apparently complicate the processing is being 
investigated as a way to improve these processing techniques (Fink, 2019). 

16.6.7 bIodIveRsIty and global WaRmIng 

Mono-cropping of energy crops such as potatoes is a booster to biodiversity with a tendency to 
increase beneficial energy crop production (intensify energy crop cultivation, irrigation, and pesticide 
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use). Agro-allied and agrochemical application in agricultural systems along with growing global 
biofuel, and biofeedstock trades endangers ecosystem services’ sustainability. The surge in demand 
for biofuels and bio-feedstocks is likely to hasten the exploitation of bioresources and cultivation 
expansion of natural feedstock to service safe industrial systems’ activities. It may also facilitate the 
deforestation of rainforests and grassland agriculture both of which are highly efficient carbon sinks 
(Jiang et al., 2020). Emissions of the highly potent N2O greenhouse gas are expected to surge as a 
result of increased fertilizer use. Consequently, planned conversion of rainforest and grassland into 
new cropland for the production of biopolymers could release 200 times more carbon dioxide into the 
atmosphere for decades, if not centuries, while transitioning from fossil to bio-based energy sources 
(Sanyang and Jawaid, 2019). Technically, the intention behind the use of biological-based starch 
sources to feed biopolymer productions is also likely to contribute undetectably to environmental 
stress. 

16.6.8 ReseaRCh and teChnology 

Building large-scale plants can be daunting due to the absence of expertise with modern technology, 
and there is a rarity of scientific literature on large-scale potato polymer processing (Nayak, 1999). 
As previously mentioned, potato polymers have some limitations, particularly in the areas of pro­
cessability, non-moisture resistance, and performance. Therefore, further research may be needed 
to effectively improve their storage, value, and microbial resistance in order to overcome these limi­
tations and encourage their wider industrial applications (Zhong et al., 2020). Additionally, there is 
the need to develop novel polymers made entirely from bio-based compounds that meet end-user 
specifications, functionalities, and intrinsically have complete biodegradable as well as recyclable 
characteristics (Madbouly et al., 2015). Europe, unlike Nigeria is one of the few developed con­
tinents leading in world bioplastics research and innovation, while Asia is atop in its production 
and consumption (Ramesh Kumar et al., 2020). However, only a few other countries have joined 
this league to advance biopolymer research. In order to make these technologies commercially 
viable, and accessible, it is important to develop and create (i) modern manufacturing pathways that 
can modify conventional systems for increased productivity, (ii) effective management of biomass 
resources, new biological strains/enzymes, and productive processing techniques for recovery of 
bio-based products. Research firms are not motivated to advance on improved bio-based composite 
because of lack of funding, which wasn’t the case during the polymer science and technology boom 
after World II (Gandini, 2008). Hence, the government legislature has to provide funding stimulus, 
improve technological growth and form of regulations facilitate the industrial production of differ­
ent bio-based polymers relying on food and non-food-based sources. 

16.7 CONCLUSION 

Relative to other tuber crops, potatoes as well as its derivable polymers have proven to be most 
versatile, tractable and functionally stable raw materials with applications that stretch beyond its 
traditional use in the production biofertifilizers, biogas, feeds, and as food to more novel use as feed­
stock for bioproducts, by-products and biocomposites production. Potato biopolymers constitute 
one of the value-adding derivatives from potato tubers that have been found to be toxicologically 
safe, biocompatible, physic-chemically stable, and amenable to a wide range of modification and 
optimization technologies that ascertain end use functionality. In many developing West African 
nations, potato is found to be relatively the least consumed compared to other tubers like cassava 
and yam which are more recurrent dietary preferences. The reason for this trend may require further 
socio-economic impact investigations even though the sizes, rate of spoilage, short shelf life, and 
prices of potato could have accounted for it. This is aiding the enlargement of the potato supply 
chain for the fulfilment of bioeconomy interests that include the inventing of new value chains that 
could afford product groups’ shift in raw materials from fossil to renewable energy (bioresources) 
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and carbon sources taking into account planetary limits. Hence, research, technological, and busi­
ness investments by developing nations in biopolymers, particularly from potatoes, would facilitate 
industrial growth and a new generation of safer product groups with a diverse range of value-added 
bioactivities as well as end use functionalities. The inherent thermo-pressure and mechanical ver­
satility of potato qualify it as a competitive candidate for application in biotechnology, nanotech­
nology, tissue engineering, renewable energy processes, food systems, pharmaceuticals, and other 
areas of human endeavours. Its utility benefits, some of which yet defy scientific detection, and mass 
valorization have also drastically reduce agrowastes build-up and mediate other attendant wastes 
related crises in the environment. Furthermore, it indirectly contributes to the United Nation’s 
Sustainable Development Goals (SDGs) 2030 attainment by assuring the protection of life in water, 
clean environment, affordable and clean energy coupled with growth. 
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17 The Introduction of 
Biotechnology into 
Food Engineering

Daniel Ingo Hefft
University Centre Reaseheath

17.1 � INTRODUCTION

Food production systems are complex as we live in an interconnected world where food has become 
international and supply chains are expanding across the globe. Food manufacturing and production 
is one of the few industries that serve one of humanity’s most essential needs.

Food and water are the foundation for human survival as they satisfy our most basic and physi-
ological needs (Maslow, 1943).

The idea of Maslow’s hierarchy of human motivation, which clearly points out how essential food 
and water are (the foundation of the pyramid), has also been recaptured in the United Nations 2030 
Sustainable Development Goals (SDGs) (United Nations, 2015). In fact, 2 of the 16 Sustainable 
Development Goals are clearly linked to food and water.

These are namely:

•	 Goal 2: End hunger, achieve food security and improved nutrition and promote sustainable 
agriculture.

•	 Goal 6: Ensure availability and sustainable management of water and sanitation for all.

With predictions forecasting a massive increase in population by 2050 – 7.7 billion in 2019 to 9.7 
billion in 2050 (UN Department of Economic and Social Affairs, 2019) food manufacturing and 
agriculture are under increasing strain to feed this ever-increasing number of humans on a planet of 
obviously limited resources.

Traditional agriculture and food production looked at a simple expansion model, i.e., for agricul-
ture this would be the exploitation of new land for farming usage to increase production. Since the 
post-World War II era, this model has shifted towards focusing on practices based on yield increases 
and a peak of a yield-focused agriculture has been reached in the 1950s/1960s with the so-called 
Green Revolution (Altieri et al., 2018).

This chapter will explore the introduction of biotechnology into food engineering. After a short 
introduction to the key concepts, the main focus will be laid on the role of biotechnology in modern 
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food engineering disciplines. This will also cover insights into the educational landscape with rec­
ommendations on why biotechnology should play a bigger role in the training of food engineers 
worldwide. 

17.1.1 bIoteChnology 

Biotechnology is a composition word of the ancient Greek words (bíos, English “life” and tech­
nología, the “art-appropriate treatise on an art or science” (Pape, 1914)). 

Biotechnology is an interdisciplinary science that deals with the use of enzymes, cells, and entire 
organisms in technical applications with goals including the development of new and/or more effi­
cient processes for the production of chemical compounds and of diagnostic methods. 

With biotechnology being a very broad term covering numerous areas to research, it is there­
fore commonly divided into different branches according to the respective areas of application 
(Table 17.1). Some of these branches overlap so this subdivision is not always clear. In some cases, 
the border of distinction between biotechnology and other industries becomes blunder (i.e., food 
engineering, biosystems engineering). 

In some cases, the terms are not yet established or are defined differently by different groups of 
scientists. However, each branch is usually associated with a colour. 

Biotechnology is multidisciplinary and combines findings from many subject areas, such as 
microbiology, molecular biology, genetics, (bio)chemistry, bioinformatics bioprocess engineering. 

At its heart, biotechnology is based on chemical reactions that are catalysed by free enzymes or 
enzymes present in cells (bio-catalysis or bio-conversion). In a traditional sense, this would be the 
use of yeasts and fungi to process dairy or to ferment beer and wine (Qiao, 2020). Modern biotech­
nology emerged in the 19th century and moved from a traded knowledge of application-effect prac­
tices (i.e., yeasts ferment sugary solutions) into a microbiology-based discipline (i.e., the production 
of antibiotics from microorganisms) (Barrels-Shallow, 2012). In the middle of the 20th century, this 
has been expanded by the use of molecular and genetic biological tools as well as genetic engineer­
ing capabilities. This latest development has made it possible to use industrial scale and industry 
competitive manufacturing processes for chemical compounds, allowing large-quantity production 
of active ingredients for the food, personal care, and pharmaceutical industry. But biotechnology 
also delivers basic chemicals required for the chemical industry to develop novel diagnostic meth­
ods, biosensors, and new plant cultivars (Buchholz and Collins, 2013). 

TABLE 17.1 
Overview of the Different Branches of Biotechnology and Their Key Application Fields 

Branch of Biotechnology Application Area 

Green biotechnology Agriculture, plant biotechnology (Yashveer et al., 2014) 

Blue biotechnology Biotechnological use of marine resources (DaSilva, 2004) 

Red biotechnology Medicine, pharmaceutical drug development and discovery, medical 
biotechnology (Gartland et al., 2013) 

Violet biotechnology Law and ethics (Kafarski, 2012) 

White biotechnology Industry, industrial biotechnology (Ulber and Sell, 2007) 

Brown biotechnology Environmental sciences, nature conservation, soil preservation (Rodríguez-
Núñez et al., 2020) 

Dark biotechnology Warfare, bio-terrorism (Kafarski, 2012) 

Gold biotechnology Bioinformatics (Kafarski, 2012) 

Yellow biotechnology Food industry(Vilcinskas, 2013) 

Grey biotechnology Waste management, environmental engineering (Siddhartha, 2016) 
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Considering the education of biotechnologists, biotechnology suffers some issues that are similar 
to those engineering disciplines are facing with educator’s inability to scope the discipline and, in 
consequence, giving career advice (Atmojo et al., 2018). 

17.1.2 Food engIneeRIng 

Whilst the discipline of biotechnology is well established, the opposite applies for food engineering. 
Food Engineering as a discipline is fairly young. The discipline roots back to primary production 
and biosystems engineering (more commonly known in Europe as agricultural engineering). 

Food Engineering suffers unlike many other engineering disciplines such as mechanical or elec­
trical engineering a lack of definition (Kostaropoulos, 2012), hence the overall profession lacks 
recognition; despite it playing such an important role in modern society. 

A definition of food engineering has been given by Hefft (2019), stating: 

Food Engineering is a technical multidisciplinary profession that deals with the system and structures 
of food, production processes as well as physical, (bio)chemical, and biological transformation pro­
cesses. It is based on scientific laws and economical, ecological and social, cultural and religious norms. 

This lack of recognition can be showcased impressively by a web search looking at the distribu­
tion of various food-related degrees in the UK within a scientific context (undergraduate and post­
graduate degrees combined) (Figure 17.1). 

It becomes apparent that technology and engineering degrees relating to food are not proportion­
ally represented across food disciplines. This falls in trend with overall issues other engineering dis­
ciplines are facing, however, food engineering has been in particular affected (Saguy et al., 2013). 
A 2018 report by Engineering UK highlights this crisis by showcasing that 70% of parents cannot 
tell what the role of an engineer entails and just over 50% of educators feel confident to give career 
advice in engineering (Engineering UK, 2018). 

This does not only put strain onto an industry crying out for years that there is a shortage of 
engineering skills in the food community – even at the point where current predictions talk of a 
permanent gap – (Mayes, 2021; Pendrous, 2016), but also reflects on the following: 
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FIGURE 17.1 University degrees of food degrees (undergraduate (UG) and postgraduate (PG) combined) 
based on a web search (https://www.hotcoursesabroad.com/). 
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•	 Decades of outsourcing of engineering activities for cost-saving purposes (Grant Thornton 
UK LLP, 2017). 

•	 Young people not opting for a career choice in engineering (Becker, 2010). 
•	 Gender and identity crises within engineering (Faulkner, 2007; Hodgkinson and Hamill, 

2006). 
•	 Decline in students mathematics and science performance skills (Gottfried et al., 2009; 

Stokke, 2015; Vigdor, 2013). 
•	 Massive investment shortfalls in the food industry compared to other sectors for Research 

and Development activities (Department for Business Innovation and Skills, 2010). 
•	 Asynchrony between industry needs and educational offering (Figure 17.1). 
•	 A lack of differentiation of food engineering from other disciplines (Hefft and Higgins, 

2021). 
•	 A lack of representation and independence from other engineering disciplines (Hefft and 

Higgins, 2021). 

Given the close relationship between food engineering and biosystems engineering, Figure 17.2 
shows a brief historic timeline on the key agricultural revolutions, including an outlook what is to 
be predicted to be the fifth Agricultural Revolution. 

The British Agricultural Revolution is a pivotal moment in the history of food production as it 
marks the time when humanity’s agricultural activity moved from subsistence farming to an agri­
cultural system that was able to feed people in cities. Farming has evolved from a mean of survival 
into a business opportunity (Swaminathan and Philippines, 1987). 

With this pivotal moment in primary production, farming and food manufacturing industries 
fuelled the Industrial Revolution. When comparing this timeline (Figure 17.2) with development in 

8th century 1920s 
30,000 years ago Arab Agricultural Mechanisation 

Homo sapiens Revolution Age (post WWI) 

12,000 years ago 17th century
Invention of British 
Agriculture Agricultural
(Neolithic Revolution 

Revolution) 2nd Agricultural
1st Agricultural Revolution 

Revolution 

Digital Transformation 
4th Agricultural Revolution 

1950s 
3rd Agricultural Revolution/
Green Technology 

5th Agricultural Revolution
Cybernetics Age 

Today

+ 
2nd Green Revolution 

FIGURE 17.2 Agricultural revolutions. 
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Degree of Complexity Degree of Efficiency/Yield 

Food Industry 4.0: Smart Production 
meeting individual consumer needs 
and low environmental impact 

Food Industry 3.0: Industrial Large-Scale 
Production 

Food Industry 2.0: Farmers 

Food Industry 1.0: Hunters, Gatherers, Fishermen 

40,000 BC 4,000 BC Late 18th 21st century 
century 

FIGURE 17.3 Evolution of the food industry. 

the food industry (Figure 17.3), a clear relationship between evolution in the agricultural sector its 
impact on food manufacturing. 

Again, synergies are apparent between philosophies in the agricultural sector (yield focus at its 
peak attention in the 1950s) and food manufacturing (introducing drive for cheap, large-scale pro­
duction of food based on lean manufacturing principles over the past 50 years) (Hefft and Higgins, 
2021). 

And even looking at the most current developments, food and agriculture follow similar trends 
with industrial food production/agriculture moving towards diversified individual food production/ 
agro-ecological systems. To meet this individualised trend towards individualised nutrition and 
products, food engineers will be tasked to develop new processes that can deliver on such agenda. 
Biotechnology and technologies such as 3D-printing are just a few techniques that are currently 
under investigation (Rosenthal et al., 2021). 

Distinction must be drawn between the application of biotechnological tools and the use of bio­
technology in the food industry. 

Biotechnology has been present within the food industry for centuries, be it for the fermentation 
of dough, beer, wine, and dairy, however, this has not followed a disciplined approach as in of a 
biotechnologist’s doing to assist a food handler to manufacture products. 

17.2 THE ROLE OF BIOTECHNOLOGY IN MODERN FOOD PRODUCTION 

• Baked Goods 
• Meats 
• Beverages – non-alcoholic 
• Beverages – alcoholic 

Traditional biotechnology for new foods and beverages - ScienceDirect 
The roots—a short history of industrial microbiology and biotechnology | SpringerLink 
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17.3 CHALLENGES 

• Power struggle between Food Eng and Biotechnology 
• Educators education 
• Ensuring food safety and quality 
• Skill updating of current Food Engs 
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18.1 � INTRODUCTION

Endophyte is derived from the Greek word ‘endon’ (within) and ‘phyte’ (plant). The term endophyte 
refers to interior colonization of plants by bacterial or fungal microorganisms. Petrini (1991) first 
defined endophyte as microorganism living in the plant organization for a certain stage of its life and 
would not cause disease. Anton de Bary coined the term endophyte in 1886 to describe microorganisms 
that colonize internal tissues of stems and leaves. Perotti (1926), Hallmann et al. (1997) and Azevedo 
et al. (2000) reported that bacteria on roots and in the rhizosphere benefit from root exudates, but some 
bacteria and fungi are capable of entering the plant as endophytes that do not cause harm and could 
establish a mutualistic association. Wagenaar and Clardy (2001) identified endophytes as microorgan-
isms growing in the intercellular spaces of higher plants and they are recognized as one of the most 
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chemically promising groups of microorganisms in terms of diversity and pharmaceutical potential. 
James and Olivares (1998) stated that all bacteria that colonize the interior of plants, including active 
and latent pathogens, can be considered to be as endophytes. Kado (1992) and Quispel (1992) suggested 
that endophytic bacteria establish endosymbiosis with the plant, whereby the plant receives an ecologi­
cal benefit from the presence of the symbiont. It is now commonly accepted that for each of the nearly 
300,000 existing plant species host, at least one or even several hundred strains of endophytes have 
been reported (Strobel and Daisy, 2003). Endophytic fungi belong to the phylum Ascomycota and they 
were often closely related to fungi known to cause diseases, either in healthy tissue or as secondary 
invaders of damaged tissue (Schardl and Tsai, 1993). This suggests that endophytes may have evolved 
from pathogens or vice versa. It has proven impacts on plant growth promotion, biological control and 
alleviation of abiotic stresses. Exploring the huge diversity of endophytes can bring potential strains 
which add to the valuable genetic stock of biological agents for sustainable agriculture. 

The size of the tissue fragment taken for isolation also affects the number of endophytic fungi 
that appeared on the media. Reducing the size and increasing the number of leaf fragments will 
increase the number of fungal species isolated (Gamboa et al., 2003). Almost all studies relating to 
endophytes of different plant species are based on, one-time sampling of the plant tissue (mainly, 
the leaf) resulting in a snapshot record of its endophyte community. Although such sampling may be 
useful for comparing endophyte assemblages of plants of different lineages or geographic locations, 
such single screenings do not reveal the dynamics of endophyte communities. Suryanarayanan and 
Thennarasan (2004) showed that the species composition of the foliar endophyte assemblage of 
a tropical tree changes significantly with time. For example, colonization by foliar endophytes in 
Fraxinusexcelsi is heavily dependent on microclimatic factors and leaf characteristics resulting in 
highly variable spatial and temporal distribution patterns of them in an individual tree (Scholtysik 
et al., 2013). Thus, periodic sampling is essential to obtain complete information on the endophyte 
community status of a plant. Existence of balanced antagonism between the virulence of colonizing 
endophytes and the plant defense response has been reported to be a key factor involved in the endo­
phytic relationship without producing any apparent disease symptom (Maciá-Vicente et al., 2009). 

18.2 ECOLOGY OF ENDOPHYTES 

Geographical and seasonal factors affect the assemblages of endophytic fungi as they are subjected 
to different selection pressure at each ecological niche (Petrini, 1991). Saxena et al. (2019) critically 
noticed that plants growing in greater biodiversity and special habitats like deteriorated ecological 
environment conditions, (Piriformosporaindica isolated from cactus in the deteriorated environ­
ment) plants surrounded by pathogen-infected plants showing no symptoms, plants that have been 
exploited for human use as traditional medicines in some places should be considered and plants 
occupied under certain ancient landmass were also likely to lodge good endophytes. 

18.2.1 PoPulatIon dynamICs oF endoPhytes In dIFFeRent Plant PaRts 

The endophytic microbial community inhabits different plant structures, such as leaves, petioles, repro­
ductive structures, twigs, bark and roots (Rodriguez et al., 2009). Investigations were carried out on 
different organs of a wide variety of plant species of economic interest, including food crops such as 
common bean (Phaseolus vulgaris L.), Cocoa (Theobroma cacao L.), soyabean (Glycine max (L.) Merr.) 
and wheat (Triticum aestivum) had revealed the diversity of the microbial population. Endophytes are 
present in different plant parts but greater diversity was reported from root tissues in some of the stud­
ies (Saxena et al., 2019). Specificity and variability in the distribution of endophytic microorganisms in 
different tissues of the medicinal plants have clearly indicated the variation in diversity of microbes is 
influenced by different chemical compositions in plant tissue (Jalgaonwala et al., 2017). 

However, the composition of endophytic microorganisms may be greatly influenced by the habi­
tat of the plants (Suryanarayanan, 2013). Host defence metabolites exert a selection pressure in 
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the evolution of endophytism. A comparison of the endophyte diversity of varieties of plant spe­
cies indicated a difference in antifungal compound composition may influence the microbial load 
(Mueller-Harvey and Dohana, 1991), and their tolerance to such chemicals would be of heuristic 
value. Maize tissues are rich in antifungal benzoxazinoids but harbour endophytes that are tolerant 
to those compounds (Saunders and Kohn, 2009). Recent studies have dispelled that horizontal gene 
transfer events from plant hosts to endophytes are responsible for the heightened biosynthetic ability 
of endophytes (Heinig et al., 2013; Sachin et al., 2013). 

18.2.2 InFluenCe oF ClImate and toPogRaPhy on PoPulatIon dIveRsIty oF endoPhytes 

Symbiotic plant-fungal interactions are of widespread interest to ecological research as they influ­
ence important ecosystem processes including plant productivity, plant diversity, and plant pathogen 
interactions (Van Bael et al., 2012). Many environmental factors influence the plant endophyte inter­
actions; however host plant response to endophyte infection is mainly mediated by the host geno­
type, endophytic strain, resource availability (Hesse et al., 2003; Singh et al., 2011; Qawasmeh et al., 
2012; Wani et al., 2015). Tolerance to abiotic factors such as thermo and salt tolerance is observed 
in certain plants colonized with endophytes (Redman, 2002; Waller et al., 2005). 

Plants growing in different geographical regions are confronted with different environmental chal­
lenges (Arnold and Lutzoni, 2007). The diversity of endophytes associated with the plant varies not 
only temporally but spatially as well (Herera et al., 2010; Ek-ramos et al., 2013). For instance, studies 
showed that endophytes may increase in incidence, diversity, and host breadth as a function of latitude 
(Arnold and Lutzoni, 2007). Furthermore, endophyte communities from high latitude were charac­
terized by relatively few fungal species representing several classes of Ascomycota, whereas tropical 
endophytes assemblages were dominated by a small number of classes. Different plants growing in sim­
ilar environmental conditions do not harbor the same endophytes. Endophyte diversity is expected to be 
high in tropical forests as they support a high diversity of plant hosts (Zimmerman and Vitousek, 2012). 

Few studies have analyzed the effect of different environment variables on endophyte diversity. 
Plant endophyte population also depends on many variables such as plant growth stage, the plant 
tissue analyzed; the health of the plant; the nutritional state of the plant; the type of soil and its 
condition (including pH and moisture content); the altitude; the temperature; etc. (Hardoim et al., 
2008). It has been evident that the abundance and hyper diversity of endophytes in tropical forests, 
rainy slopes of mountains and a positive correlation with increasing annual precipitation (Carroll 
and Carroll, 1978; Rodrigues and Samuels, 1999; Holmes et al., 2004; Bulgari et al., 2011). 

18.3 METHOD OF ISOLATION 

Isolation of endophytes and confirming the identity of the isolated fungi or bacteria as exact endo­
phytes or some surface contaminants is becoming an important matter of discussion, whenever any 
researchers are engaged in working with endophytes. Endophytes are isolated by removing surface 
contamination and plating the content of plants’ inner parts on a suitable agar medium. Isolation of 
endophytes is one of the most important steps in endophyte research as it ensures that no surface 
contamination is isolated as endophytes. Various methods are being used for endophyte isolation. 
The method of surface sterilization should be strong enough to remove the entire surface microflora; 
at the same time, it should be gentle on endophytes (i.e. surface sterilants should not kill the endo­
phytes). This may be a little difficult to achieve because if we use very strong surface sterilization 
to ensure complete removal of surface microflora, it kills some of the endophytes near to surface. 
On the other hand, if we use relatively dilute sterilants in order to “not kill” any endophyte near to 
surface, the surface microflora may not be eradicated. The culture-dependent surface sterilization 
methods, may not eradicate surface organisms. Therefore, the method used for surface sterilization 
should be standardized according to different types of tissue and sterilants used, so that eradication 
of surface flora can be achieved with minimum harm to the endophyte population (Figure 18.1). 
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Plantlets were washed to harvest roots and shoot with the least damage. Plantlets were sur-
face sterilized using the standard protocol, root and shoots are separated and grounded in phos-
phate buffer. The filtrate is plated on nutrient agar (NA) plates (strictly monitored for up to a week 
to ensure freedom from all accidental contaminants) in appropriate dilutions. Tissue imprints of 
surface-sterilized roots and shoots were also plated to ensure the elimination of surface microflora 
(Sessitsch et al., 2002). Here, care should be taken to judgment sterilization, as the tissue imprint of 
a surface sterile tissue may also give microbial colony from cut edges of tissue because sap coming 

Quick dip in 90% ethanol

One rinse in SDW

Rinse in water to remove dirt

1 min exposure to 2% NaOCl 
containing 1% Tween 20

Three rinse in SDW

Macerate the tissue in 12.5mM 
Potassium phosphate buffer

Make dilution and plate in suitable 
nutrient medium

Three rinse in SDW

1 min exposure to 2% Na2S2O3

FIGURE 18.1  Isolation of bacterial endophytes (conceptualized from Upreti and Thomas, 2015 and Zinniel 
et al., 2002; the protocol has been illustrated by taking tomato as model plant, it can vary with plant species; 
SDW = sterile distilled water, NaOCl = Sodium hypochloride, Na2S2O3 = Sodium thiosulphate)
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out from tissue contains some endophytes. These should not be considered as contaminants. Plates 
after incubation at 30°C were observed for distinct colony types for 2–7 days. All colonies should 
be categorized based on surface morphology. The most common method used for the isolation of 
endophytes i.e. fungi (McInroy and Kloepper, 1995; Hallmann et al., 1997) and bacteria (Zinniel 
et al., 2002; Upreti and Thomas, 2015).

18.4 � MODE OF ENTRY

Endophyte gets the benefit of the niche close to the host which bypasses the complex competition for 
food and space with other microbes as it happens in the rhizosphere. Research has been conducted to 
confer the mode of entry of endophytes to the plants. Apart from seed-transmitted endophytes which 
are already present in plants, root is the major source of entry. However, there are other possible sites 
like in fruits endophytes can enter through flowers, natural openings of leaves (stomata or lenticels).

Entry of Burkholderia sp. Strain PsJN in Vitisvinifera L. cv. Chardonnay was determined under 
gnotobiotic conditions. The visualization of the mode of entry and colonization was done by tagging 
with gfp (PsJN::gfp2x) or gusA (PsJN::gusA11) gene. Secretion of cell wall degrading endoglucanase 
and endo-polygalacturonase was observed as a mode of entry (Compant et al., 2005). Sharma et al. 
(2008) studied the colonization pattern of one endophyte isolate in wheat by tagging it with gusA/gfp 
genes. They found that cracks developed near lateral root emergence are major sites from where the 
endophyte enters and spreads to intercellular spaces as well as vascular bundles. Similar mode of 
endophyte entry was also observed in rice roots; however, external application of endophytes tagged 
with radioisotopes active P32 endophytic bacteria inoculated on cocoa pods and roots has clearly indi-
cated that endophytic bacteria colonize in the plant system if applied externally (Kurian et al., 2012).

18.5 � APPLICATIONS IN AGRICULTURE

Microbes with tremendous capacities for plant growth promotion, biocontrol and abiotic stress alle-
viation are being explored in rhizosphere, endosphere, phyllosphere and unique ecological niches. 
In past decades, promoting eco-friendly agriculture had explored a lot on rhizospheric microflora 
for plant growth and health promotion and recently the focus is shifting to explore endophytes to 
enhance agriculture production.

18.5.1 �B iotic Stress Alleviation

It is not evident that all endophytes are involved in protection against pathogens, but reports indicate 
strongly that the endophytes are having huge potential to be used as excellent biocontrol agents as 
they endorse disease tolerance against a wide array of plant pathogens. Induced systemic resistance 
(ISR), production of antifungal compounds- surfectin, fungicin, proteases, chitinases, siderophore 
production, competition for nutrients, volatile organic compounds, etc. are few of the major mecha-
nisms of pathogen suppression by endophytes.

Since induction of systemic resistance was reported first time in bacteria in Pseudomonas fluo-
rescens strain G8-4 against anthracnose disease of cucumber, massive efforts have been poured 
to harness it for suppressing plant pathogens. Induction of systemic resistance against pathogens 
involves the interaction of plants with microbial-associated molecular patterns (MAMPs) present in 
beneficial microbes. Endophytes are reported to suppress plant pathogens by various mechanisms 
like production of ammonia, hydrogen cyanide (HCN), volatile organic compounds (VOCs), anti-
biotics, biosurfactants, oxidative enzymes, hydrolytic enzymes, antioxidants, secondary metabo-
lites, siderophore, quorum sensing degraders, antimicrobial allelochemicals, etc. In the process of 
making more effective biological inoculants, it is imperative to explore the hidden potential of 
endophytes. Endosphere of plants is one of the potential niches to be explored for novel secondary 
metabolites and biologically active compounds. This could be a useful source of biological inputs 
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in agriculture. As a biocontrol agent endophytes could form an extra line of defense against plant 
pathogens attacking their host. Endophytes also obtain the benefit of being close to plants and not 
deprived of rhizosphere microflora (Sturz et  al., 2000). Bacterial endophytes provide additional 
mechanisms like niche exclusion, production of novel secondary metabolites, direct antagonism 
inside the plants, barrier effects for vascular pathogens, etc., than rhizospheric microorganisms 
(Rosenblueth and Martínez-Romero, 2006). All such effects make endophytes a suitable candidate 
to be used as biological inoculants in the agriculture production system for biological control. The 
effect of endophytes is always referred to as a combined defect of the interaction of microorganisms 
and its host plant; therefore, it could be more suitable for sustainable agriculture. 

18.5.2 abIotIC stRess allevIatIon 

Plants have the internal capability to withstand a certain amount of salt stress. Some of the ben­
eficial microbes also enhance the plant tolerance to such stresses by multiple times. Mayak et al. 
(2004) have reported the use of plant growth promoting bacteria for salinity alleviation, by study­
ing ACC-deaminase producing Achromobcterpiechaudii strain enhanced growth and production 
of tomato seedlings up to an extent of 172mM concentration of sodium chloride. Palaniyandi et al. 
(2014) have studied salinity stress –alleviating activity of streptomyces strain PGPA39 was evalu­
ated using “Micro Tom” tomato plants with 180 mmol 1-1 Nacl stress under gnotobiotic condition. A 
significant increase in plant biomass and chlorophyll content and a reduction in leaf proline content 
were observed in PGPA39-inoculated tomato plants under salt stress compared with control and salt 
stress non-inoculated plants. Endophytes have great potential to become successful inoculants for 
agriculture production by having novel secondary metabolites and bioactive compounds. The use of 
Rhizobium in legume production is an established practice for dinitrogen fixation. There are several 
other reports of dinitrogen fixing endophytes from cereal crops like rice, wheat, sugarcane, etc. 
Endophytes like Glucanoacetobacter, Azoarcusspp., Herbaspirillum spp., Pseudomonas stutzeri, 
Azorhizobiumcaulinodans, etc are reported from cereals. Endophytic inoculants are reported to 
solubilize mineral nutrients in the rhizosphere. This enhances the performance of crops as well as 
reduces the necessity of adding a higher amount of chemical fertilizers. Phytoharmones control the 
physiology and performance of plants and endophytes enhances plant growth by modulating these 
phytoharmone-producing bacterial endophyte for enhanced growth of plants. 

18.6 CONCLUSION 

The changes that occurred during the green revolution have increased the usage of pesticides and 
chemicals in agriculture production. This continuous usage of chemicals over a long period had 
lead to deleterious effects on soil and brought concerns regarding ecology and environment. On 
other hand, pesticides are toxic to health and also increase resistance to the pathogen. Hence, to 
maintain sustainable agriculture production and to overcome biotic and abiotic stress, it is essen­
tial to implement environmentally safe approaches in plant health management. Among these, the 
usage of endophytes will be a highly potential weapon for maintaining plant health management. 
Endophytes are very potential in controlling diseases, preventing emerging diseases, abitotic stress 
and improving plant growth and health when used wisely at proper time. The practical usage of 
endophytes in plant protection is yet to gain momentum. Still there is a need for a better under­
standing of the mechanism of endophytes in defense signaling in host plant and about host plant 
microbiome. Rachel Carson has rightly stated in her book “Silent spring” which has made to think 
about the nature by many business tycoons all over the world as “In nature nothing exists alone”. 
Anthropogenic interventions should exploit the relations for the benefit of mankind instead of ruin­
ing the human existence by disturbing the relations, this might be most probably a great gift that we 
can give to our future generations, instead of a barren planet. 
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19 Application of Remote 
Sensing in Smart Agriculture 
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19.1 � INTRODUCTION

Agriculture plays an important role in the lives of man. It serves as a medium for survival and also 
raises the economy of the country. It can be referred to as the backbone of the economic system in 
some countries. It provides employment opportunities to the people who are illiterate. Agriculture 
not only provides food but also provides raw materials for industries like textile, sugar, etc. It ensures 
a constant food supply and food security for the population. The World Summit on Food Security 
declared that in 2050, “The world’s population is expected to grow to almost 10 billion by 2050, 
increasing agricultural demand - in a scenario of modest economic growth - by some 50 percent 
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compared to 2013” (Weiss, 2020). Due to the rise in the global population, the food demand is more 
than the food supply. Not only the increase in food production, but also we need to take care about 
the quality and quantity of land, climatic conditions, crop growth, etc. The annual shifts of the crops 
in a particular field should be taken care of. Nowadays, modern people lack awareness about the 
cultivation of crops at the right time and at the right place. Because of these cultivating habits, the 
seasonal climatic conditions are also being changed against the fundamental assets like soil, water 
and air which lead to insecurity of food. It would be easier to increase the production if farmers can 
identify which crop is best for the season. 

This can be achieved by using Artificial Intelligence (Shah et al., 2020; Patel et al., 2020a; Ahir 
et al., 2020). Artificial Intelligence plays a great role in various applications in the industry (Pandya 
et al., 2020; Sukhadia et al., 2020; Patel et al., 2020b; Kundalia et al., 2020). Artificial Intelligence 
(AI) is the ability of an algorithmic digital computer or computer-controlled machine or a robot 
to perform tasks commonly related with intelligent beings (Jani et al., 2020; Parekh et al., 2020; 
Gandhi et al., 2020; Panchiwala and Shah, 2020; Shah et al., 2020; Patel et al., 2020b). With the 
help of AI, we can analyze various things such as climatic conditions, crop yield, etc. Artificial 
Intelligence can also detect weeds and suggests herbicides to be sprayed. AI has the potential to 
solve all the problems faced by farmers. It can be applied to farming in many ways (Talaviya et al., 
2020; Jha et al., 2020; Kakkad et al., 2019; Pathan et al., 2020). One such application is remote sens­
ing. Remote sensing basically means to acquire information about the farm and the crops without 
making any physical contact with it. It uses methods like photography, surveying, etc (Jha et al., 
2020; Pathan et al., 2020; Talaviya et al., 2020). Remote sensing data can greatly contribute to the 
monitoring of earth’s surface features by providing timely, synoptic, cost-efficient and repetitive 
information about the earth’s surface. The advantage of remote sensing is its ability to provide 
repeated information without destroying the sample of the crop, which can be used for provid­
ing valuable information for precision agricultural applications. Remote sensing along with GIS is 
highly beneficial for creating spatio-temporal basic informative layers which can be successfully 
applied to diverse fields including flood plain mapping, hydrological modelling, surface energy 
flux, urban development, land use changes, crop growth monitoring, drought monitoring and stress 
detection (Shanmugapriya et al., 2019,). Hence, remote sensing is an important key to the develop­
ment of an effective and economical agriculture in the near future. 

19.2 APPLICATION OF REMOTE SENSING IN AGRICULTURE 

Remote sensing has gained a lot of attention these days. It is widely addressed based on its specific 
applications, specific platforms, specific locations and sensors. There are many advances in the field 
of remote sensing. 

The basic principle on which remote sensing works is “Different objects based on their phys­
ical, chemical and structural properties reflect or emit different amounts of energy in different 
wavelength ranges of the electromagnetic spectrum.” Remote-sensing techniques record data in 
both: the visible region and in the invisible region of the electromagnetic spectrum. The essential 
components of remote sensing include a signal from a source/light, sensors on a plate form and 
sensing components that performs signal reception, storage, processing, information extraction and 
decision-making. The data products like air photos and digital data are interpreted in visual form 
and digital form. Decision-making is done by maps and statistics. 

Remote sensing can be mainly divided into three categories: ground based, air-borne and satellite. 

1. Ground-based remote sensing: It is useful for small-scale operational field monitoring. 
This technology has better temporal, spectral, and spatial resolutions as compared to air­
borne and satellite remote sensing. A disadvantage of ground-based remote sensing is one 
of efficiency and often time reduced to evaluating small areas when compared with aircraft 
and satellite-mounted sensors, which can be used to evaluate much larger areas at a time. 
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2. Airborne remote sensing: Airborne remote sensing was mainly carried out with the use 
of piloted aircrafts. However, this is replaced by Unmanned Aerial Vehicles (UAVs) which 
are aircrafts remotely piloted from the ground. Its low cost, lightweight and low airspeed 
aircrafts make it well suited for this job. Sensors are mounted such that they face down­
ward and sideward. One of the advantages of airborne remote sensing over satellite remote 
sensing is that airborne offers very high spatial resolution. However, it has a low coverage 
area and it is not cost-effective to map a larger area. 

3. Satellite remote sensing: The remote-sensing satellites are equipped with sensors fac­
ing the earth. They are like the “eyes in the sky” continuously observing the earth while 
revolving in their orbits. A major disadvantage of this method is that the image quality gets 
degraded because of the atmospheric effects like absorption and scattering of radiations. 

19.3 PRECISION FARMING 

Precision farming, also called satellite farming or site-specific crop management, is a method in 
which farmers optimise input such as water and fertilisers to enhance the quality, quantity and 
yield. This also involves minimising pests and diseases through spatially targeted application of 
a precise amount of pesticide. It focuses on observation, measurement and responses to variabil­
ity in crops, fields and animals. Precision practices are facilitated by satellite and communica­
tion technologies mainly by Global Navigation Satellite System (GNSS) coordination networks. 
Precision Farming systems can be considered as a superset of precision farming which includes a 
combination of soil sampling, soil scanning data, fertilisers and chemicals with the combination 
of auto-steer and yield mapping technologies remotely monitored using smartphones. Auto-steer 
is automated steering and positioning of the vehicles on the landscape. Its advantage is that it 
reduces the overlap between passes of the machine, thus cutting down energy and the expenses on 
the chemical fertilisers. It makes farming vehicles to operate in accordance with a pre-set planning 
path. Such type of ideal systems can regulate the input of seeds and agrochemicals according to 
the needs (Figure 19.1). 

19.3.1 tools and equIPment 

1. Global positioning system (GPS): GPS is a set of satellites that is used to determine the 
ground positions of different objects. It uses the transmission of microwave signals from a 
network of satellites. The importance of knowing the precise location is: 
• The soil samples and the laboratory results can be linked to the soil maps. 
• Fertilisers and pesticides can be prearranged to fit soil properties. 
• Monitoring and recording field data can be done. 

2. Geographical Information System (GIS): GIS is a system designed for capturing, stor­
ing, analysing and managing all types of geographical data. It links information in one 
place so that it can be inferred whenever required. GIS helps individuals and organiza­
tions better understand spatial patterns and relationships. This system is cost saving which 
results in greater efficiency. GIS also analyses rock information characteristics and identi­
fies the best site location. 

3. Remote sensors: Remote sciences in agricultural terms refer to viewing crops from a low 
flying aircraft without actually coming in contact and providing a map to identify the field 
problems early and more effectively. Transfer of information is achieved by the use of 
electromagnetic radiation (EMR). They indicate variations in field colours corresponding 
to changes in soil types, field boundaries, etc. 

While working with Remote sensed images for agricultural decision making, there are many issues 
that must be taken care of. 
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FIGURE 19.1 Precision farming cycle. 

19.3.2 Image Related Issues 

1. Geometric precision: The sensors mounted on the unmanned aerial vehicles (UAV), sat­
ellite or aircraft, while capturing images, are influenced by various unavoidable factors 
like earth revolution, topographic relief, and the dynamic state of the platform. This results 
in images which are geometrically distorted which do not exactly correspond to the ground 
location. Correction of the geometrically distorted image is the first step to be done before 
the remote-sensed images are used for interpretation and analysis. This rectification is 
commonly called ortho-rectification. The points on the earth with known locations are 
called ground control points (GCPs). They are commonly used to ortho-rectify and as 
checkpoints for validation and quality assessment of those rectified images. Some of the 
easily recognizable GCPs are road intersections and landmarks. The traditional approach 
involves manual feeding of information related to camera systems such as lens distortion 
and focal length, ground elevation and the altitude of the sensor which creates relationships 
between the sensor, image and target surface. In situations when this information is not 
available, GCPs are found manually with prior ortho-rectified images. This is done using 
commercial software packages like ENVI and ERDAS Imagine. 

2. Image resolution: While analysing images, four types of resolutions are taken into con­
sideration. These are spatial, temporal, spectral and radiometric. Among these, spatial and 
spectral are significant as they influence the ability to extract information from an image. 
•	 Spatial resolution: Spatial resolution refers to the pixel size. It determines the size of 

the smallest distinguishable features in an image. In images with high spatial resolu­
tion, small objects can be detected, which displays features in detail. When the size of 
the pixel is high, multiple features are represented by a single pixel. Pixel size is deter­
mined by the distance between the sensor platform and the target and the field view 
of the sensor. Images obtained by UAVs have higher spatial resolution as compared to 
those obtained by satellites. The process of converting an image with a pixel size dif­
ferent from the original is known as re-scaling. 

•	 Spectral resolution: It refers to the ability of a sensor to distinguish between wave­
length intervals in the electromagnetic spectrum. This is the main factor that differ­
entiates multispectral images from hyperspectral. Hyperspectral images deal with 
thousands of fine wavelength intervals whereas multispectral images deal with fewer 
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bands. Hyperspectral images provide detailed information. Sensors with high spectral 
resolution are useful in distinguishing features that are not easily detectable by sensors 
with broad wavelength ranges. Although hyperspectral images have the ability to cap­
ture variability in crop and soil conditions, there are some limitations associated with 
it. These include high cost of sensor and high image storage requirement. 

•	 Temporal resolution: Temporal resolution refers to the frequency at which the images 
are collected over the same field. Images from UAVs and manned aircrafts have a high 
temporal resolution as compared to satellite images due to flexibility in scheduling 
flight plans. During the crop growing season, it is important to obtain images at fre­
quent intervals so that agricultural decision-making such as nutrient application and 
irrigation becomes much easier. Timely monitoring of crop growth during the critical 
growth stages helps farmers to identify problems. 

•	 Radiometric resolution: Radiometric resolution refers to a sensor’s ability to identify 
and differentiate slight differences in reflected or emitted energy. Data is digitised and 
recorded as a positive digital number which varies from zero to the selected resolution 
power of 2. For example, if the resolution of an image is 4-bit, there would be 16 (24) 
digital values ranging from zero to 15. Higher radiometric resolution shows that it is 
more sensitive in detecting small differences. 

19.4 CROP YIELD FORECASTING 

The joining of RS and CSM for crop yield forecasting has been investigated for right around three 
decades, and is defended by the way that RS can evaluate crop status at some random time during 
the developing season, while CSM can portray crop development consistently all through the season 
. RS by implication can give measure to shelter state factors utilised by the CSM just as both spatial 
and transient data about those factors which would then be able to be utilised to change the model 
recreation. Since the principal satellite data opened up to researchers, they have created calculations 
to gauge overhang state factors, for example, LAI, vegetation portion and part of APAR. One of the 
principle mix strategies among RS and CSM centers around modifying the LAI reenacted with the 
harvest models against the one evaluated through RS. LAI it is a significant agronomic parameter 
since leaves are the place water and CO2 are traded between the plant and the climate; moreover, the 
LAI is utilised to show crop evapotranspiration, biomass gathering and last yield . Analysts chipping 
away at such mixes commonly embraced three fundamental advances: (i) gauge shade factors with 
RS; (ii) run the CSM; (iii) utilise an appropriate mix technique to change model runs. The initial 
step can influence the ensuing aftereffects of the incorporation in light of the fact that, in the event 
that the yield variable isn’t appropriately assessed, at that point altering the model with a one-sided 
variable will prompt an off-base model assessment. There are two different ways of utilizing RS for 
the estimation of covering factors: using measurable/exact connections; and the Physical Reflectance 
Models that recreate the communications between sun-powered shafts (which is a meaning of the 
concentrated stream of molecule, for example, the light motion) and the different shelter segments 
using physical laws in which the LAI can be entered as info acquired from the yield model. 

There are many methods to estimate crop yield. 
For the interpretation and analysis of what is being sensed, calibration of remote-sensing data 

has to be done. The information collected on location is known as the ground truth and the collec­
tion of ground truth data allows calibration of remote-sensing data. 

The identification of the farm, the identification of the year, the identification of the crop fields 
like detailed crop-map, crop species, crop yield data, the acreage in the given farm, dates of sowing 
and harvesting are the key data that can be provided by Ground truth data. Other chief remarks are 
the stress, change in technology, etc. 

It is seen that this ground truth information is sufficient for classification of the high-resolution 
remote-sensing data. 
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Now this high-resolution remote-sensing data allows good assistance in the identification of the 
low-resolution pixels, which are the features for a given crop species in the research and develop­
ment phase and in the routine application. 

The land use maps and the ground truth crop field map both are combinedly used for the iden­
tification of the Advanced Very-High-Resolution Radiometer (AVHRR pixel groups) during the 
calibration and development (C&D) phase. The known reference crop fields with known conditions 
and yields are shared by the AVHRR pixel groups. Clean pixels can be obtained when the AVHRR 
pixel group contains only one crop species. 

In a definite region, experimental - measurable models consider crop yield for a long time and 
powerful factors on crop yield are found. At that point, crop yield is identified with a successful 
parameter by an observational condition and the coefficient of each factor is found. Presently by 
these coefficients, crop yield is assessed. Each arrangement of observational models relates crop 
respect to one set of elements. In most relations, compelling components are natural. 

Resource optimization significantly increases the performance of the production system for two 
reasons: firstly, the production increases in a particular area and secondly, the quantity of inputs 
such as fertilisers and herbicides decreases as well as consequent reduction in cost. 

19.4.1 oPtICal Remote sensIng-based maPPIng method 

Optical remote detecting sensors were broadly utilised for mapping rice regions around the world. 
It was utilised in segregating land use/land spread and estimating crop regions because of their 
capacity to see the Earth surface in the otherworldly range 0.4–2.5 μm. The most ordinarily applied 
optical sensors include: Landsat (for the most part MSS, TM and ETM+), SPOT-VGT, NOAA/ 
AVHRR, MODIS, and so on. These satellite sensors have the capability of getting multi-worldly 
and multi-ghastly reflectance information over croplands that can be utilised for determining time 
arrangement of vegetation lists (VIs), determined as an element of red, blue, and infrared phantom 
bands. A number of studies have investigated the handiness of optical remote detecting sensors to 
distinguish rice territories. 

19.4.2 mICRoWave Remote sensIng-based maPPIng method 

One of the prime focal points of microwave remote detecting is related with its capacity of obtaining 
pictures hypothetically under any climate conditions, for example, overcast spread, downpour, day 
off, and sun-based irradiance. In this manner, the radar pictures gathered from microwave sensors 
give a magnificent symbolism source to mapping rice regions, where rice development happens dur­
ing blustery seasons with prevailing shady conditions. Since the 1990s, analysts have investigated 
the helpfulness of microwave information recovered from various satellites (e.g., ERS-1 and 2, 
RADARSAT-1 and 2, ENVISAT ASAR, and so on.). When all is said in done, the transient variety 
of radar backscatter over the developing season was the key factor in outlining rice zones. 

19.5 CLIMATE CHANGE MONITORING 

There are a lot of ways in which climate change can be monitored today, and each way has its own 
extent of effectiveness for a certain type of terrain. For example, a permafrost region, simplifica­
tion of surface energy balance is taken into account to reduce the number of local variables needed. 
Index methods which use minimum climatic and soils information to outline the broad regional 
features of permafrost distribution are not used for they are not well suited to the assessments 
of climate change impacts, since they do not contain explicit relations between climate and the 
temperature conditions for permafrost. A common approach taken to monitor the climate change 
of a permafrost region uses a combination of simplified coupling between the climate and ground 
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together with an analytical model for the thermal offset effect which results from the seasonal 
variation in ground thermal properties. The model used will then be able to predict the permafrost 
temperature under any combination of climatic, surface and lithologic conditions. For the model, 
the temperature regime is divided into four levels: 

1. The temperature at standard screen height; 
2. The temperature at the snow surface; 
3. The temperature at the ground surface; 
4. The temperature at the top of permafrost. 

On a mean annual basis, the temperatures at each of these levels differ instantaneously because 
of the change in heat transfer with time. If the mean annual air temperature (MAAT) and mean 
annual surface temperature (MAST) are to be compared as illustrated by the ground temperature 
data for Fort Simpson region one might infer that the regions with MAATs greater then about −5°C 
should be permafrost free since MAST is warmer then MAAT in most cases. However, that is not 
the case and is also believed that around 30% of the Fort Simpson region lies under the permafrost 
region. Hence clearly stating the presence of some sort of mechanism that produces mean ground 
temperatures that are considerably lower than the surface mean, which can also be explained by the 
phenomenon of thermal offset. Hence the model executes two types of processes which are surface 
processes and subsurface processes. 

19.5.1 suRFaCe PRoCesses 

Local factors generally cancel the influence of larger-scale macro climatic factors on ground ther­
mal conditions. The principal influences of the vegetation canopy are the reduction of solar radia­
tion reaching the ground surface and the variable effects on the accretion and persistence of snow 
cover (Rouse, 1984). Additionally, the convergence of precipitation and transpiration by the canopy 
influences the ground thermal regime through the water balance. In general, a thicker snowpack 
usually restricts heat loss from the ground to a greater extent. As a result, during the winter months, 
the ground surface temperature is varied by the local and regional spatial variability of the persis­
tence of snow cover (due to the vegetation and topography) to a great extent. And additionally, inter 
annual variability of snow packs leads to an inter annual variation in the temperature of the ground 
and beyond that simply due to the variation in air temperatures. Hence N-factor is applied as the 
transfer function between the air and the temperature at the ground surface, to account for the local 
influence of the vegetation and snow cover. Here the N factor incorporates all the microclimatic 
effects due to vegetation (radiation, convection, evapotranspiration etc.) during the summer and is 
dominated by the snow covers during the winters. Hence to obtain the values applicable to ground 
surfaces seasonal N-factors are applied as multipliers to air temperature indices. 

DDT S = NT DDTA (19.1) 

DDF S = NF DDFA (19.2) 

where DDTS = surface thawing degree days (seasonal thawing index) 
DDTA = air freezing degree days (seasonal freezing index) 
DDFA = air freezing degree days (seasonal freezing index) 
DDFS = Surface freezing degree days (seasonal freezing index) 
(Note that DDF is assigned a positive value when the temperature is below 0°C, so that (DDTA– 

DDFA) 365 yields the mean annual air temperature while (NT DDTA – NF DDFA)/365 yields the mean 
annual ground surface temperature.) 
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19.5.2 subsuRFaCe PRoCesses 

The correspondence between the ground surface temperature and the temperature at the top of 
permafrost (TTOP) is determined fundamentally by conductive heat flow, although non-conductive 
heat transfer processes may be important within the active layer under some circumstance. Hence 
the subsurface process deals with the thermal offset which is caused due to the thermal conductivity 
of the soil which becomes greater when frozen than when thawed. Seasonal variations in the mois­
ture content of the soil near the ground surface can augment the effect (i.e. drier surface conditions 
in summer, wetter in rainy, spring, autumn and winter). For example, variations in the ground ther­
mal regime due to the thermal influence of the organic soil were much more important than the veg­
etation canopy. We have determined that TTOP is related to ground surface temperature as follows: 

TTOP  = (kT DDTs  − kF ) FDDFs /  k P  (19.3) 

Where kT = thermal conductivity of ground (thawed) 
kF = thermal conductivity of ground (frozen) 
P= period (365days) 

19.5.2.1 A Functional Climate-Permafrost Model 
Combining Eqs. (19.1)–(19.3), we get the complete model as: 

TTOP  = k NT DDT − k NT A )( T A F DDF /  k PF (19.4) 

Hence providing a general formula of the climate and permafrost relationship taking all the dis­
cussed factors into consideration. And hence various case scenarios about the climate can also be 
studied by altering the values in Eq. (19.4) hence allowing us to monitor the climate based on the 
information available to us in this region. Similarly, this model can also be used in monitoring cli­
mate at the sites of exposed bedrock as they will produce the most direct signal of climate change 
on ground thermal regime. 

19.5.2.2 A General Approach on Climate Monitoring over All Regions 
After going through the above examples and a detailed explanation of one such example, it indicated 
to a certain extent that the climate is also dependent on the solar radiation emitted by the surface 
of the ground and based on this indication a model was created which through remote sensing 
would be able to monitor climate with the help of solar surface radiations emitted by the ground 
over all the regions i.e. of the whole earth. For this, a satellite is used which retrieves surface radia­
tion accounts with a high structural and profane resolution and a large areal coverage. Through 
radiometric measurements, satellite sensors provide information on the interaction of solar radio­
active fluctuations with the atmosphere and the earth s̓ surface and become the basis for retrieval 
of surface radiation datasets. There is kept a 23-year-long (1993–2005) continuous and validated 
climate data record of surface solar irradiance, direct irradiance and effective cloud albedo recently 
generated by the Satellite Application Facility on Climate Monitoring (CM SAF) which is a part of 
the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) Satellite 
Application Facilities (SAFs) network. Within the CMSAF, the generation of satellite-derived data 
records for climate monitoring is placed special emphasis on (Schulz et al., 2009). Using the instru­
ments on-board of the METEOSAT First Generation Satellites (MFGS) The surface solar irradi­
ance, direct irradiance and effective cloud albedo are presented by MVII (METEOSAT Visible 
and Infrared Imager) based on its visible channel (0.45–1 μm). The model created for the monitor­
ing of climate involves the process of the climate version of the Heliosat algorithm (Cano et al., 
1986) which has a self-calibration method which automatically accounts for the degradation of the 
individual satellite instruments during their lifetime and the breaks induced by changes between 
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different satellite instruments in the generation of climate data record; and also has an improved 
algorithm for the determination of clear-sky reflectivity which is based on a recently developed 
algorithm for the retrieval of the clear sky reflection used to calculate pcs (clear sky reflection) (Dürr 
and Zelenograd, 2009; Zelenka, 2001) where a 7day running mean of pcs is used instead of using a 
monthly field of clear sky normalised counts (p) because of it being a comparatively faster method 
to find the temporal evolution of clear sky reflectivity if p exceeds pcs by eup 2 tests are conducted, 
the first test Which involves Application of a slow adaptation of pcs to the current minimum counts 
is applied if p is to a certain extent greater than pcs and is given an assumed adaptation time of 
7days Which correspond to the timescale of involved processes (example changes in vegetation, 
soil properties). Additionally, a sudden strong decrease in p below pcs-elbow Also leads to a slow 
change of pcs and should Prevent the contamination of pcs with cloud shadows. If p falls below pcs 
by up to Elow then test two is conducted Which executes a fast adaptation of pcs. This latter scheme 
is applied to events with relatively fast processes such as, e.g. melting of snow. If both the tests fail 
i.e. if p is rather large as occurring in case of clouds and snow, pcs is not changed. If this happens 
for a span of time of ts = 28 days subsequent days (i.e. the pixel is very bright at all times) then the 
pixel is assigned to be snow-covered. This algorithm is based on low temporal variability of snow 
compared to clouds and thus detecting very high reflectivity in one-time slot over a certain number 
of days indicates snow. This strategy can fail in the cases of persistent cloud decks (e.g. marine 
stratocumulus or fog). In the case of positive snow detection, pcs subsequently evolve according to 
Equation (19.4) so that pcs increases to the range of the current minimum normalised counts and the 
basic scheme can be applied in the subsequent time steps. 

Test 1: The CM SAF, solar surface irradiance, direct irradiance and effective cloud albedo data-
sets are presented below in Figure 19.1 as seasonal means on the full circle with highest radiation 
values in the regions with highest sun elevation and lowest values in winter hemisphere (lowest sun 
elevation). In the given Figure 19.1 the stratocumulus region close to western is very well depicted 
by the shadowing effect of clouds on radiation (especially for SID), and in the tropics and South 
African coast with large amount of cumulus clouds (Figure 19.2). There exists a number of similar 
data sets for solar surface irradiance. The HelioClim project also applies a Heliosat algorithm to the 
MFG satellite data to obtain solar surface irradiance on the METEOSAT disk from 1985 to 2005 and 
furthermore The flux dataset from the international satellite cloud climatology project and surface 
radiation budget dataset from the global energy and water cycle experiment provide global solar sur­
face irradiance in this particular time gap which is from 1983 to 2005. And finally the model based 
on the analysis dataset ERA-interim from the European Centre for medium-range weather forecasts 
does also provide global Solar surface irradiance fields starting in 1989. These are the four data sets 
that are used for Inter comparison for the CM SAF solar surface irradiance dataset. 

Overall, it was shown that the target accuracy is achieved for monthly and daily means of the 
global and direct surface solar irradiance in the CM SAF CDR. The effective cloud albedo is a 
central input quantity for the calculation of SIS and SID. The high accuracy of these data sets 
demonstrates in turn the high quality of the effective cloud albedo. In general, the validation 
demonstrates the outstanding quality of the CM-SAF data set for climate monitoring and analysis, 
also in inter-comparison with other data sets. As a consequence of the high spatial resolution, the 
CM-SAF data can be also applied to regional climate monitoring and analysis. Moreover, the suc­
cessful retrieval of high-quality data from the non-calibrated Meteosat First Generation satellite 
enables the generation of long-term data sets. Heliosat in combination with MAGIC can be also 
applied to the Meteosat Second Generation satellites, which enables the prolongation and con­
tinuation of this high-quality data set. Thus, the analysis of climate trends and extremes becomes 
possible. The self-calibration approach enables the application of Heliosat to other geostationary 
satellites, e.g. GOES, as well as to the Meteosat East satellites. Within this scope Heliosat has 
been implemented at the Joint Research Center for the processing of Meteosat East data. The 
first validation results show a similar accuracy (T. Huld, Personal communication). The applica­
tion of the method to other geostationary satellites enables the extension of the data set toward a 
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FIGURE 19.2 SIS means Solar Surface Irradiance; SID means Direct Irradiance; Cal means Effective 
Cloud Albedo. 

geostationary ring, which increases the attractivity of the data set for further applications, e.g. the 
evaluation of global climate models. 

Test 1 : ρcs;t ≤ρt≤ρcs;t þup or ρtbρcs;t−low →ρcs;tþ1 ¼ 6 7 ρcs;t þ 1 7 ρt slow evolution ðÞ ð4Þ 
Test 2 : ρcs;t−low≤ρtbρcs;t →ρcs;tþ1 ¼ 1 2 ρcst þ 1 2 ρt fast evolution ðÞ ð5Þ else : ρcs;tþ1 ¼ρcs;t 
ð6Þ The subscript t denotes the current and t+1 the subsequent time step. We use variable band­
widths up and low depending on ρmax and ρcs given in Dürr and Zelenka (2009) instead of the 
fixed ones used in Zelenka (2001). 

up ¼0:125ρmax þ 
8 ρcs−0:15 ρmax ðÞ 0:25ρmax ð7Þ 
low ¼0:0875ρmax þ 
6 ρcs−0:15ρmax ðÞ 0:25ρmax ð8Þ 

In order to better account for snow events, a reduced ts = 7 is applied in case the considered pixel 
already experienced a snow event in the past (Zelenka, 2001). The shorter time range is chosen to 
still avoid that persistent fog is mistaken for snow and that elevated sites had the time to adapt ρcs 
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after a sudden snowfall. A past snow event is, on one hand, determined by a large amplitude of ρcs 
(given by Δρcs ¼ρcs; max−ρcs; min> 0:55 ρmax) reflecting the range of the clear sky reflectivity 
between snow and soil/vegetation. Further, a higher probability of snow events is also given if 
ρcs > ρsnow with ρsnow being an empirically derived snow threshold. It includes a term ρsnow, min 
that is high enough to exclude oceans or other dark surfaces and it includes a term ρsnow, range 
that accounts for the higher probability of a former snow event for pixels with a high amplitude ρcs. 
ρsnow; min ¼0:48ρmax ð9Þ ρsnow; range ¼max 0:15ρmax;0:6ρcsð Þ ð 10Þ ρsnow ¼max ρsnow; 
min; ρcs; min þρsnow; range ð11Þ The calculation of the effective cloud albedo CAL for non-snow 
pixels follows the standard Heliosat method (see Eq. 19.1). In case snow is detected the calcula­
tion of the cloud albedo CAL is modified according to Dürr and Zelenka (2009) in which ρcs is 
substituted by ρsnow, min and ρmax is increased by a factor of 1.41 in order to artificially increase 
the count range and, thus, enhance the contrast. This empirically developed modified cloud albedo 
formulation generally gives lower cloud albedo values in order to account for the radiative proper­
ties of snow. This includes mainly the reflectivity of the bright current surface which leads to higher 
surface irradiance values. 

CALs ¼ 
ρ−0: 48ρmax 1:41ρmax−0:48ρmax ¼ 
ρ−0: 48ρmax 0:93ρmax ð12Þ 
2.3: Satellite data 
Data from EUMETSAT’s geostationary Meteosat satellites of the First Generation (Meteosats 

2–7) are used. They were in operation from 1982 to 2005 at a location directly over the equator at 
a longitude of 0° at an altitude of about 36,000km. The resulting visible disk reaches up to 80°N/S 
and 80°E/W, respectively. Meteosat 7 is still operational above the Indian Ocean. 

19.6 CROP IDENTIFICATION 

Object-based feature selection and crop identification at different phenological stages and field 
conditions in Yolo County agro ecosystem. The OCIM methodology involves several consecu­
tive steps and provides three levels of crop identification. After segmentation of remote images 
into realistic and homogeneous areas, cropland was firstly discriminated between permanent 
crops, summer crops, winter cereals and meadows. Then, the model describes which crop is 
growing in every parcel and, simultaneously, the intra-class variations attributed to specific crop 
management operations. Several spectral (vegetation indices), textural and hierarchical features 
from three different crop-growing periods were selected in a decision tree structure, revealing 
the physical background affected by every kind of crop, as well as their relationships to field 
crop stages and crop calendar. The spectral features formed the decision tree framework and 
contributed around 90% to the model. Some textural features were also necessary to discriminate 
between crop fields with similar spectral responses, mainly permanent crops (orchards, vineyard, 
alfalfa and meadow). Out of 336 object-based features studied, the 3-period model included 24 
features that made relevant contributions, divided them up into 16 spectral, 6 textural and 2 hier­
archical features, demonstrating the potential of this technique to optimise the feature selection 
for crop classification and, consequently, reducing the computational time of image analysis pro­
cedure. NDVI was the index that made the chief contribution to OCIM by identifying the main 
groups of crops based on the presence and vigor of green vegetation within the fields. In addition, 
other vegetation indices incorporating SWIR bands (NDSVI, NDI7, NDTI and LCA) were also 
important to crop identification performance because of their relationship to field properties such 
as moisture, vegetation vigor, non-photosynthetic vegetation and bare soil. Studying the evolution 
of field and crop status by using several images in different growing stages was essential for crop 
identification. The features calculated in the late summer period contributed around 60% to the 
models produced, followed by mid-spring (30%) and early-summer (10%). Intra-class variations 
were detected and grouped to different local crop calendars (mainly, planting schedule), orchard 
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structure (tree size or separation) and land management operations (cover crops, residue or tillage 
after harvest). 

OCIM was built using rules based on the physical properties of the studied crops and so, most 
of these rules can be extrapolated to other Mediterranean climate regions, although future analyses 
are necessary to evaluate its strength. Moreover, ASTER spatial, spectral and temporal resolu­
tion fulfilled requirements concerning general field size and crop calendars and, therefore, similar 
results are expected using other calibrated multior hyper-spectral imagery with similar resolutions 
such as Landsat or Hyperion. In a subsequent companion investigation, researchers are developing 
an extended rule-set version of OCIM methodology for cropland classification of multi-year satel­
lite imagery, so as to monitor detailed crop parameters at a field scale for the integration of remote 
sensing and modelling to assess temporal and spatial variations of greenhouse gas emissions in 
agro-ecosystems. 

19.7 LIMITATIONS 

Remote sensing has been helping farmers for many years. Agriculture sector contributes around 
6.4% of the world’s economic production. From 3 billion people living in rural areas, roughly 2.5 
billion people are dependent on agriculture for their livelihood (FAO). But this method has some 
drawbacks: 

•	 Remote sensing is fairly an expensive method especially when it comes to analyzing 
smaller areas. 

•	 When there is a need to analyze different aspects of the photographs, taking repetitive 
photographs becomes expensive. 

•	 Collection of data, specifying the resolution and calibrating the sensors is done by humans. 
This gives rise to human error. 

•	 Remote-sensing systems such as radar emit their own electromagnetic radiation which 
affects the phenomenon. 

•	 Large scale maps cannot be prepared from the satellites which makes remote-sensing data 
collection incomplete. 

•	 Atmospheric phenomena may affect the images being analyzed. 

19.8 CONCLUSION 

This review paper gives an overview of how remote sensing can be applied in agriculture. In recent 
years, the agricultural industry has marked significant advancements which rendered the use of 
remote-sensing data. In the last decade, studies mainly focused on showing the feasibility and the 
operationality of techniques and methods previously developed. A large part of the effort was dedi­
cated to deep learning and machine learning that answers the operational needs, taking advantage 
of the unique amount of data available, while the fundamental research on remote sensing pro­
gresses slower. 

Yield models, remote detecting and satellite remote sensing have had equal improvement courses. 
Yield models are relied upon to adjust to encourage environmental change and look into just the 
prerequisites of quality phenotype modeling while satellites are used to detect the climate change 
giving an even more precision insight for the sustenance of each model in the course of the future. 
Thinking about the favorable circumstances and the wide materialism of the blend of the three, it is 
sure that the joint effort of remote detecting information with crop models will increase, hopefully 
by consolidating computerised methodology that will improve their presentation. The alleged large 
information upset is the setting where this cooperation will certainly unfurl. Procedures for infor­
mation absorption and quality checking should be at the core of this promising road of research on 
the off chance that it is to convey solid and dexterous forecasts. 
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Remote sensing also includes describing and modelling variation in plant and soil species. It 
aims for increasing economic returns, as well as reducing the energy input and the environmental 
impact of agriculture. Hence, remote sensing is an important key to the development of an effective 
and economical agriculture in the near future. 
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20.1 � INTRODUCTION

Tomato (Solanum lycopersicum L.), which comes in different varieties, is a universal essential veg-
etable that is known for its positive health, culinary, economic, and industrial benefits (Alenazi 
et al., 2020). Tomato is popularly consumed in different forms (raw, cooked, and processed). Tomato 
is a high source of antioxidants, vitamins (A, B, C, E, and K), lycopene, carotenoids, phenolics, 
minerals (potassium, folate, and sodium), cholesterol, and saturated fat levels are low (Olaniran 
et al., 2015; Migliori et al., 2017). Approximately 160 million tons of fresh tomatoes are produced 
annually on an international scale, with China (56.8 million tons) and India (18.7 million tons) 
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ranking as the highest producers. While no African nation ranked among the 12 highest producers 
of tomato in 2019, China’s export of tomato sauce accounts for one-third of the total global tomato 
export (Mendonça et al., 2020). In contrast, three times as many potatoes and six times as many 
rice are cultivated globally than tomatoes (FAOSTAT, 2016). However, about a fourth of those 160 
million tons are cultivated for industrial production, making tomatoes the world’s most processed 
crop. Every year, nearly 40 million tons of tomatoes are produced in some of the world’s largest 
food industries around 3.7 million metric tons of processed tomatoes were produced (FAOSTAT, 
2020; WPTC, 2019). The production of processed tomatoes was around 3.7 million metric tons 
(FAOSTAT, 2020; WPTC, 2019) at the international level in the year 2019. The main global tomato 
production was linked to the temperate zones of the northern hemisphere (40th parallels North) 
between July and December, an average of 91% of the world’s crop is processed. However, between 
January and June, the remaining 9% is stored in the Southern Hemisphere. Brazil (4.3 million 
tons annually) which ranked ninth among the top producing countries in 2019 is an exception by 
being in the Southern hemisphere. Although tomato processing industries exist in many countries, 
production is extremely limited with 83% of annual global production from the ten largest produc­
ing countries. However, outside of these ten nations, the amount of food processed has constantly 
increased in recent years and the shared global contributions from the top ten producers tend to 
decrease (Boccia et al., 2019). There are two types of cultivated tomatoes, those for fresh consump­
tion and those for industrial transformation (processing), both of which are usually grown in the 
field. Tomatoes come in a number of ways for consumers, including paste, sauce, ketchup, dried, 
powdered, frozen, and juice. They are available for consumption outside of the usual harvest season 
due to their production in the food industry. Consumption of tomato products rich in lycopene has 
been reported to reduce the risk of breast cancer, ovarian cancer, cardiovascular diseases, etc. in 
humans (Forbes-Hernandez et al., 2016; Kulczyński et al., 2017). 

Tomato processing is huge a business in many parts of the world with ready markets both inter­
nationally and nationally. The production of tomatoes in many developing nations is threatened by 
disease, agronomic, socioeconomic, and preservation challenges (Alenazi et al., 2020). The review 
of processing, preservation of tomatoes and allied products is therefore important to purposely pro­
vide the knowledge-based inspirations required to potentiate a proportionate improvement in the 
tomato value-chain trend for sustainable alleviation of poverty and hunger in the developing nations. 

Tomatoes are eaten in large quantities, either fresh or as concentrates in the form of juices and 
pastes. Although thermally processed juices are microbiologically stable, they are easily susceptible 
to microbiological degradation and lycopene bioavailability (Fattore et al., 2016). Processes includ­
ing heat treatment may impact cell reinforcements profile and various micronutrients of tomatoes. 
Manufacturing techniques could affect the color estimates of tomato pastes (Kelebek et al., 2017). Due 
to unregulated conditions during manufacturing, Brix estimates of homemade tomato pastes were 
far higher than those of commercial equivalents. To decrease the level of microbial contamination 
and changes in physical properties, non-thermal technologies such as high-pressure homogenization 
(HPH), pulsed electric field (PEF), ultrasonic (US), and irradiation have been widely used in tomato 
juice processing (Gao et al., 2019). The fruit of the tomato (Solanum lycopersicum) is very important 
in human nutrition because it contains many bioactive compounds, and the value of these compounds 
has made it valuable for use in industrial processes (Mohammed et al., 2017). Because they are a staple 
food and a rich source of high-quality proteins, amino acids, fatty acids, and fiber, processed tomato 
products have a significant impact on the basic efficiency of patterns of eating of the population (Shao 
et al., 2015). Emerging technologies such as high pressure–low temperature, modified atmospheres, 
the addition of antioxidants, pulsed electric fields, etc. are applied in processing, preservation and pack­
aging of tomato products (Viuda-Martos et al., 2014). High-pressure homogenization (HPH) is a valu­
able technology for achieving changes in physical properties that are desired of tomato products such 
as pulp sedimentation behavior, particle size distribution, turbidity, color, and microstructure (Wang 
et al., 2018). There are different processing methods during the production of tomato and its allied 
products that may be broadly divided into thermal and non-thermal methods (Jayathunge et al., 2017; 
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Mehta et al., 2019). Thermal processing of tomatoes may be carried out by pasteurization, blanching, 
cooking, frying, canning, dehydration, or drying (Martínez-Hernández et al., 2016). Thermal process­
ing though reported as beneficial lycopene is liberated and solubilized in free, ester structure due to the 
interference of food mediums such as cell walls and membranes during production. This improved the 
carotenoid’s bioavailability and can retain its total phenolic, flavonoids, and total antioxidant activity 
in spite of the loss of vitamin C at 88°C (Martínez-Hernández et al., 2016). The highest rates of lyco­
pene abasement have been reported for non-thermal processes such as striping and freeze-drying. The 
use of PEF (pulsed electric field) technology and HHP (high-hydrostatic-pressure) processing to boost 
the health-promoting properties of tomato products due to lower lycopene degradation or increased 
isomerization of cis-lycopene isomers, which have improved properties than trans-isomers, was used 
(Mehta et al., 2019). In addition, ultrasound has been used to remove lycopene from tomato products 
and waste (Rahimpour and Dinani, 2018; Rahimi and Mikani, 2019). Other operations or steps such 
as chopping, grinding, milling, and homogenization are also crucial in sustaining the viscosity of the 
tomato product (Xu et al., 2018). 

20.2 PRODUCTS FROM TOMATO PROCESSING 

Tomatoes are cultivated all year round in greenhouses mainly for distribution fresh to processing 
industries, exports, and local marketing outlets. Several tomato products, such as paste, dried veg­
etables, canned foods, tomato juice, and other related items, cater to a wide range of customer tastes 
and are available for consumption outside of the regular production season. Tomato fruits used for 
commercial processing are usually ripe, firm, and unblemished. Technological processing of toma­
toes, such as cooking and baking, has little effect on the lycopene content of finished products, and 
any lycopene losses are typically small (Górecka et al., 2020). 

20.2.1 tomato Paste 

Tomato paste contains nourishing ingredients and it is a common source of natural antioxidants 
that are most consumed virtually in many countries including Nigeria due to its unique taste, fla­
vor, and aroma (Olaniran et al., 2013). Tomato paste industries constitute one of the largest market 
and product output in the world (Debastiani et al., 2021). It’s also a significant food-related indus­
trial product that’s been produced on a small scale in many tomato-producing countries homes. 
It is valued along with preservation and green-house technologies in breaking the seasonality of 
tomato fruits and guarantees their sustainable supply all the year-round. The redness of toma­
toes to be processed into a paste is a major criterion that can affect consumer preference hence it 
must be completely red to elicit appeal from consumers. The level of maturity, water-soluble dry 
matter content, low Brix value, high dry matter content, elemental composition, sugar contents, 
disease resistance, and mold growth resistance are some other fruit qualities. Tomato paste made 
at home is usually processed under more permissive conditions, such as a long cooking period at 
atmospheric pressure or exposure to sunlight (Kelebek et al., 2017). Tomato paste on the shelf is 
typically made through a series of steps that include thermodynamic treatment for pulp preserva­
tion, filtration, pasteurization, and evaporation. The color and flavor characteristics of the paste are 
improved and preserved during industrial processing by a vacuum-assisted evaporation process 
that produces low pressure and low temperatures. Tomato pastes on the shelf have been shown to 
contribute more to total micronutrient intakes, such as total phenolic, antioxidants, and total flavo­
noids, than homemade tomato pastes. 

20.2.2 tomato juICe 

Unlike tomato paste, the juice of tomato is a common beverage that can be consumed for a variety 
of reasons. It’s typically made in a continuous process, beginning with a hot break into tomato paste 
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and then diluting with water to the desired concentration (2–5 oBrix) (Håkansson, 2019). The juice 
of tomato is an un-concentrated pasteurized product consisting of liquid expressed from ripe tomato 
together with a substantial proportion of the pulp. Different technologies have been reported and 
recommended for tomato juice production. This involves the use of high-pressure homogenizers in 
the manufacture of tomato juice to split cells of tomato and viscosity increase (Innings et al., 2020). 
Furthermore, the low-pressure homogenization using hydrodynamic cavitation (HC) technology 
to improve the microbial stability of tomato juice (Hilares et  al., 2019), Concentration of sugar 
aqueous solution in tomato juice using a clathrate hydrate-based procedure (Ghiasi et  al., 2020) 
have equally been used in tomato juice production. However, the short shelf life, rapid alteration of 
its organoleptic and physical properties of tomato juice by fermentation, and general environmen­
tal impact coupled with growing toxicological concerns of chemical preservatives have affected 
the development of its sustainable commercialization (Parajuli et al., 2021). Thermal processing, 
homogenization, plant-based phenolic additives and fermentation techniques have been reported in 
improving, their sensory qualities, appearance, texture, taste, or nutritional attributes (Rojas et al., 
2019; Lu et al., 2020). 

20.2.3 tomato ketChuP 

This is unique among leafy food products after tomato paste that is being manufactured and sold on 
the global market. Ketchup is prepared to a fairly thick consistency by heating up the mash of ripe 
tomatoes with flavours, sugar, vinegar, and salt before being packed in glass bottles. Although the 
technique of preparation is straightforward on a basic level just as in the procedure, there are some 
problems associated with its storage and delivery. Some of these include the growth of a dark circle 
called “Black neck” close to the surface of the ketchup inside the tapered-bottled neck, thin liquid 
from the ketchup, and developments of molds. These deformities can effectively be overawed by 
adopting standard methods and using tomatoes of good quality. 

In tomato ketchup production, healthy and fully ripe tomato fruits that are well-developed, red 
coloured are sorted and washed systematically in freshwater. The marred and green parts should 
be removed with a knife made of stainless steel, the sound portion cut into smaller bits. The fruit 
prepared should be placed in a stainless-steel or aluminum open basin and press with a scoop made 
of wood. The crushed mass should be cooked until it reaches a temperature of 80 to 85 ºC or till the 
skins are loosened from the flesh to form the pomace. By rubbing softly with the lower end of an 
enameled cup, strain through a fine mosquito net or a 1mm mesh stainless steel sieve. Ketchup is 
produced using stressed tomato juice or mash and flavours, salt, sugar, and vinegar, with or without 
onion and garlic, and contains at the very least 12% tomato solids and 25% complete solids. To 
prevent vitamin loss and browning during subsequent stockpiling, the ketchup should be filled hot 
(around 88°C). It doesn’t spoil for a long time if it’s made with good tomatoes and the right quanti­
ties of sugar, salt, vinegar, and flavours, and if it’s kept in a cold, dry place after opening the secure 
bottled if the latter is kept in a cold, dry place. Adding 0.025% sodium benzoate to the item prior to 
packaging is also a good idea and afterward purify the bottles as a precautionary measure against 
decay during the three to about a month that the ketchup stays in the opened container before it is 
utilized (Belović et al., 2018). 

20.2.4 tomato sauCes 

Any combination of fruits or vegetables can be used in making sauces. In reality, however most 
market in several countries sells chili sauce, tomato sauce and small amounts of fruit sauces such 
as ‘Worcester’ sauce, which consist of dates and apples in addition to tomatoes. Chutneys are made 
of diverse vegetables, sugar, fruits and at times vinegar, the mixtures are thick and look like jam. 
To balance the sugary taste of chutney, any edible sour fruit can be used as a base. Depending on 
the natural acidity, the addition of vinegar may not be necessary due to the high sugar content of 
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chutneys which has a preservative influence, elemental composition, and development of the fruits 
that are used. Most chutneys yield a caramelized syrup when boiled in most international cuisines, 
which changes the colour, thickness, and taste of the product. Boiling is also a means of preserving 
the product through pasteurization. 

The processing method for the preparation of tomato sauce is related to tomato ketchup except 
that all of the seeds and unfiltered mash are utilized and that the seeds are not excluded. The prod­
ucts are filled hot into cans and bottles and treated in the water at 85°C–90°C for 30 minutes. In 
several ways, thicker ketchup is closer to tomato sauce in structure. 

20.3 TOMATO PRESERVATION 

New food processing and distribution technologies are being implemented by both developed and 
developing countries in response to the increase in demands for functional products, changing con­
sumer preferences, and patterns of action. This is in addition to the growing interest in minimizing 
economic scale wastage streams of perishable fruits and vegetables while simultaneously maximiz­
ing the fruits and vegetables supply chain values towards attaining the global set standard for their 
consumption (Amit et al., 2017; Belović et al., 2018). The tomato industry is one of the most impor­
tant agri-food sectors of the world with food industries involved with its production generating huge 
amounts of wastes and more than 40 million tons of tomatoes at the global level. This represents 
about 2.5% of incoming raw material (Boccia et al., 2019). Tomatoes are generally susceptible to 
mildew rot during storage, particularly when stored under high temperature and humidity condi­
tions. Therefore, there is a need for the application of preservative(s) to minimize the rate of dete­
rioration and extend the storage period of tomatoes (Olaniran et al., 2013). General fresh-keeping 
methods for tomato are cold storage, mechanical refrigeration, cooling devices, natural preservative 
agents (essential oils, extracts, paste, etc), the addition of chemical preservative, mud-pot storage 
(Wu et  al., 2015). Microencapsulation technique was found to be more effective in maintaining 
a constant supply of the oil with bacteriostatic effect, the stability of flavour and anticorrosion in 
the whole tomato, its concentrates, and derivatives like tomato ketchup (Wu et  al., 2015; Souza 
et al., 2018; Corrêa-Filho et al., 2019). The use of plant extracts as a bioactive film to preserve the 
tomatoes (Cejudo Bastante, 2019; Banu et al., 2020). The use of Pulsed Electric Field and Modified 
Atomspheric technique to preserve the tomato (Leng et al., 2020; Paulsen et al., 2019). The use of 
Ozone; a non-thermal technology is becoming appealing in the tomato value chain as an alternative 
preservative method due to its quick disintegration capacity with little or no residual toxicological 
effect when such is exploited for tomato juice production (Pandiselvam et al., 2019). Natural mate­
rials such as salt, sugar, vinegar, ginger, cinnamon, garlic and benzoates, nitrate, sulphites which 
are chemical preservatives are used commonly on a commercial scale for tomato paste preserva­
tion (Olaniran et al., 2015; George-Okafor et al., 2020). Even though chemical preservatives are 
essential for reducing spoilage organisms and ensuring the availability of healthy, affordable foods, 
their negative effect on food safety has become a widespread concern among consumers. Some of 
these preservatives have been linked to serious health problems including allergies, asthma, neu­
rological damage, and tissue and organ cancer. (George-Okafor et al., 2020). Application of hurdle 
technology which is based on a reasonable combination of microbial limiting variables or maneu­
verability of their interaction in ensuring multiple target disruption of potential microorganisms 
cum biochemical changes that undermine food safety and nutrient quality is common in developed 
countries (Giannakourou et al., 2020; Tapia et al., 2020). 
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21.1 � INTRODUCTION

The global population has been forecasted to increase drastically to 9.6 billion in the year 2050. 
Therefore, there is a need to guarantee the adequate provision of food to ever increasing population. 
There are several increased pressure on the agriculture sector to boost the production of agriculture 
and ameliorates the challenges boarding around food insecurity and malnutrition. The goal of feed-
ing the ever increasing population could only be possible by making more land to be more available 
as well as increasing the level of soil fertility, remediation of heavily polluted soil. This could only 
be possible through the application of eco-friendly tools through the application of natural recourses 
that could enhance food security and increase in food production. Majority of the numerous agricul-
tural practices depend on several agricultural practices through the usage of synthetic pesticides such 
as insecticides, herbicides and fungicides as well as over irrigation, intensive tillage (Singh, 2011).

This technique has assisted many poor farmers in the developing nation to need the demand of 
their population but there are numerous adverse effects that are associated with such techniques. 
Some of these challenges associated with such problems include higher cost of these agricultural 
pesticides, overuse of water and land resources, declining of soil fertility. Therefore, there is a need 
to search for a sustainable agricultural techniques that help in meeting the current and imminent 
food requests of the population without any within the accessible limited resources, deprived of 
weakening the environmental excellence (Singh and Strong, 2016).

CONTENTS

21.1	 Introduction.......................................................................................................................... 379
21.2	 Natural Bioresources and Their Application in Pharmaceutical,  

Food and Environment.........................................................................................................380
21.3	 Plant Bioresources................................................................................................................ 381
21.4	 Marine Bioresources............................................................................................................ 382
21.5	 Edible Insects Bioresources................................................................................................. 382
21.6	 Agricultural-Based Bioresources......................................................................................... 382
21.7	 Conclusion and Future Recommendation to Knowledge..................................................... 383
References....................................................................................................................................... 383

DOI: 10.1201/9781003268468-21

https://doi.org/10.1201/9781003268468-21


 
 

 

 
 

 
 

 
 
 

  
  

 
 

  

 
 

  
 

  
 

  
 

 
  

 

 
   

 

 
 

380 Agricultural Biotechnology: Food Security Hot Spots 

The application of beneficial microorganism have been established to portend the capacity to 
increase the generation of sustainable green energy production as well as improves the level of soil 
fertility (Koller et al., 2012). Typically some have validated the fact that cyanobacterial biomass 
could be applied for food production, biofertilizer as well as food supplement production (Benson 
et al., 2014). This could go along way in prevention of GHG emissions and improves the assurance 
of food security (Singh et al., 2011). 

The constant application of synthetic chemical, food preservation and agrochemicals have 
led to an increase in agricultural produce but entails several; challenges involved. These concern 
entails health and environmental challenges associated with these agricultural products. Therefore, 
the application of natural products is more safer for food preservation and cheaper agrochemical 
(Dayan, et al., 2009, US EPA, 1996, Njoku et al., 2017). Most of these natural products could help 
prevention pest invasion resulting to uninterrupted food supply (Casida, 2010). 

Moreover, it has been established that pesticides could react with the ecosystem and plant 
genome. But most of these pesticides could get metabolized most especially organisms’ tissues 
leaving disastrous end-products. Also, most of these metabolites could cause adverse effect most 
especially to ecosystem, target organism and mankind (Rohan et al., 2012; Chiu et al., 2015) 

Therefore, it has become a factual fact food preservation and crop protection are very crucial 
toward the achievement of global food sustainability. There are several factors that caused food 
spoilage such microbial attacks, climatic conditions and insect infestation. Hence, the utilization of 
natural preservatives has been applied in agrochemical industries, pharmaceutical, food (Mogoşanu 
et al., 2017, Santos-Sánchez et al., 2017). Typical example of Phytochemicals that could be applied in 
the production of virucides, pesticides, insecticides, herbicides, entails polyketides, alkaloids, amino 
acids, phenylpropanoids, terpenoids, lipids (Thorat et al., 2017, Vora et al., 2018, Yan et al., 2018) 

Therefore, this chapter intends to provide a comprehensive review the application of natural 
product bioresources and their application in pharmaceutical, food and environment 

21.2	 NATURAL BIORESOURCES AND THEIR APPLICATION IN 
PHARMACEUTICAL, FOOD AND ENVIRONMENT 

Several minerals from biomass sever as a source of raw materials for food, medicine and bioagents 
(Godfray et al., 2010). In their study, it was discovered that the global environmental and economic cri­
sis has prompted enormous research output in the area of bioresources for the generation of bio-based 
products for the industrial revolution. The authors noted that microbial polysaccharides mainly cellulose 
serve as emerging and potential raw materials in bio-based industries for the production of paper, food, 
pharmaceutical products, biomedical products, tissue engineering, dentistry and cosmetics. It is noted 
that cellulose is very abundant, homogenous, non-degradable, excellent physiochemical properties and 
renewable natural products. It is worthy to note that many microbes are capable of synthesizing cellulose 
including plants. Studies have reported that microbial cellulose has several advantages over plants’ cel­
lulose in terms of lack of pectin, lignin and hemicellulose products capable of affecting the structure. 

Arevalo et  al. (2016) demonstrated that several techniques have been deployed in the manu­
facturing of bio-based products such as surface casting, pultrusion, ultrasonic-assisted casting, 
extrusion, press molding, injection molding, hand lay-up, sheet molding compounding, enzymatic 
grafting and filament winding. Suffice to mention that many synthetic products are known to cause 
severe health risks like respiratory dysfunctions and skin irritation but bio-based products have 
low health risk, non-toxic, eco-friendly and easy handling. Arevalo et  al. (2016) also revealed 
that cellulose-based materials are currently utilized for diverse products such as paper, food, tis­
sue engineering, packaging, electronics, pharmaceuticals, biocomposites, medicine and dentistry. 
Many bacteria strains are utilized for the production of biomedical materials and value added prod­
ucts. In food and pharmaceutical industries, the health benefits of microbial cellulose derived from 
some species like Acetobacter xylinum have been established using pineapple water-based and 
coconut water-based culture mediums. There is a great need for further exploitation, sustainable 
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conservation and utilization of so many bioresources available for the survival and development of 
mankind through the production of agricultural products, environmental protection, therapeutics, 
biofuel, food, drugs, cosmetics, bioenergy and other value-added products . 

21.3 PLANT BIORESOURCES 

Due to the serious population explosion creating severe food insecurity, environmental pollution, 
climate change and nutritional deficiency. Thus, there is serious need to increase the capacity for the 
growing demand for food, nutritional security, clothing, health and shelter globally. Recently, there 
have been a lot of efforts to explore traditional medicine as bioactive molecules derived from plants 
for health needs. Plant diversity has been reported to play a critical role in addressing nutritional 
security, food and medicinal compounds. 

Dulloo et al. (2014) revealed that plant species serve as sources of essential and fundamental bio­
resources for food, clothes, medicines, building materials, pharmaceuticals, ornaments, biochemi­
cal products, bioactive metabolites, nutraceutical and biomedical devices (Bharucha and Pretty, 
2010). Many plants derived anticancer agents have been reported for plant-based therapies. Many of 
the phytochemicals such as vinblastine, alkaloids, vinorelbine and vincristine have been reported 
for the antidiabetic, anticancer and fertility properties. Also, marine-derived anticancer agents 
from Africa like invertebrates have been reported to possess powerful anticancer properties such as 
hemiasterlins, proanthocyanidins and dolastatins. Plant derived anti-plasmodial compounds such as 
anthraquinones, pseudoguaianolides, isoquinolines, morindone, pentacyclic triterpenes and diter­
penes. Briskin (2000) reported that plants are currently being utilized to tackle non-communicable 
and communicable diseases particularly in Asia and Africa which provides a cheaper and assess­
able means of disease management. The authors revealed that these medicinal plants are rich in 
bioactive fractions with capacity to manage chronic and infectious diseases physiologically through 
nutrigenomic mechanisms. 

Ayurveda science includes all natural bioresources that can be utilized for medicine and envi­
ronmental protection. In the study, the author grouped bioresources into different areas such as 
primary, secondary, tertiary and quaternary bioresources. Furthermore, primary bioresources were 
described to entail a specific purpose of generating bioresources for products, food and energy. 
Secondary bioresources are produced during the primary process as a form of byproducts or sec­
ondary residue. Tertiary bioresources were described as raw materials during the production cycle. 
Quaternary bioresources are generated after the utilization of a product. Dnyaneshwar (2017) con­
cluded that there should be an establishment of traditional bioresources value to cater for the ongo­
ing global development. 

Bioresources are very important renewable resources such as bio-based raw materials in agricul­
ture, forestry, fisheries and aquaculture, food, biofuels and bioenergy available for the production 
of essential value chain products for chemical and plastic industry, building and construction indus­
try, pharmaceutical industry, technological sector, textile, wastewater treatment and many more. 
Many authors have revealed that bioresources are under threat due to unsustainable harvesting, thus 
the need for protection and other multi-dimensional interventions. Currently, the world’s bio-based 
polymer and chemical production has been projected to grow exponentially to about 113 million 
tonnes by the year 2050 which is serving as a substitute for petrochemical products. 

Jamshidi-Kia et al. (2018) revealed that environmental resources serve as valuable materials for 
human as sources of food and medicine. Information about so many medicinal plants has been passed 
from one generation to the other. Medicinal plants are sources of active plant-derived compounds for 
the treatment of many notable human diseases, maintenance of good health and development. These 
phytochemical compounds are source of drug discovery agents and pharmaceutical products. 

Africa is very rich in diverse arrays of medicinal plants which are currently reemerging for health 
aid and bioprospecting of new plant-derived pharmaceutical drugs. Many rely on the use of tradi­
tional medicine in developing countries, thus extract from these plants serves as chemotherapeutics 
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for the treatment of ailments and maintenance of personal health. Global the market for plant-derived 
bioresources, fragrance, pharmaceuticals, ingredients, flavors and chemicals exceeds several billion 
of dollars annually (UNESCO, 1998). 

21.4 MARINE BIORESOURCES 

Collins et al. (2020) reported that the growing rate of blue bioeconomy has generated a lot of con­
tributions and economic gains to the sustainable development goals of the United Nations. Even 
though there are numerous challenges facing the sector, pharmaceutical, medical, agricultural, 
biotechnology and nutraceutical sector seems to experience the worst hit relating to the issue of 
technology, market, supply, sustainable, mass generation of bioactive molecules/other biomaterials. 
The marine ecosystem provides numerous opportunities for economic and environmental services 
to humanity. The oceanic economy like seas, oceans, and coasts offers gas, energy, fisheries, trans­
port, food, shipping, offshore oil, tourism, extracellular enzymes like pectinase from marine fungi, 
wind, minerals, and other bioresources. Collins et al. (2020) reported that marine bioresources can 
be utilized for biotechnological applications and the estimated global market has been projected 
to be around 6.5 billion USD by the year 2024. Marine bioresources and bioeconomy can produce 
economic growth, support to public health system, jobs, environmental protection and tourism. 

Collins et al. (2020) reported that many marine organisms are potential sources of bioresources 
like fungi, bacteria, microorganisms, sponges, macro/microalgae, cyanobacteria, fishes, plants, 
invertebrates, mollusks, and animals generating different compounds for pharmaceuticals, cosmet­
ics, nutraceuticals, biotechnology, agricultural and many others. Scientists are now utilizing many 
of these marine bioresources to generate drugs, medicines, enzymes, foods, paints, supplements, 
biomaterials, antiaging products, co-adjuvants, enhancers, bioplastics, and many others. It should 
be noted that the scientific knowledge for marine bioresources is increasing for commercialization 
and generation of value-added chains of products. Though many parts of our blue bioeconomic sec­
tor remained unexploited when compared with the terrestrial environment, thus many of the emerg­
ing blue bioeconomy for biotechnology to be very small and underdeveloped (Jaspars et al., 2016). 

21.5 EDIBLE INSECTS BIORESOURCES 

Studies have shown the role of edible insects like crickets, male moths, prawns, grasshoppers, bees, 
locusts, cockroaches, mealworms, melon and sorghum bugs, weaver ants, as a potential target for the 
generation of many valuable industrial biotechnological value-added chains of products. Across the 
globe, insects are utilized for food, animal feed as a result of high protein content form part of the diets 
of not less than 2 billion individuals (Ayieko et al., 2012). 

Many valuable products are derived from edible insects such as honey, silk, oil, beeswax, propo­
lis, therapeutic enzymes, toxins and venoms, dyes, and ornaments. The environmental benefits are 
largely based on pollination processes, reduction in environmental contamination, pest control and 
conservation of ecosystem. Edible insects are highly nutritious with a lot of vitamins, fat, fiber, 
chitin, proteins and minerals. Insect-based animal feed products have recently emerged as a major 
aquacultural, livestock and poultry production with established niche markets (Acuña et al., 2011). 

21.6 AGRICULTURAL-BASED BIORESOURCES 

Sadh et al. (2018) reported that many agricultural residues that are released into the environment as 
waste products which are underutilized, untreated forms constitute a major source of environmental 
pollution. These agricultural residues can be converted into an alternative source of value-added 
products like biofuel, enzymes, animal feeds, biogas, antibiotics, antioxidants, vitamins, biochemi­
cal and raw materials. The authors noted that juice industries generate a huge amount of waste like 
peels, stubbles, stalks, shells, straws, seeds, bagasse, pulp, wood shavings and husks contributing 
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to about 147.2 million metric tons of fiber sources all over the world. Also, many of these agricul­
tural wastes like banana, pomegranate lemon and walnut peels are natural sources of antimicrobial 
agents, nutritional factors, fermented products, oil, grease, substrate, metabolites and other biomol­
ecules. Recently, renewed interest of many scientists in the utilization of agricultural bioresources 
as sources of raw materials for the production of valued added products has been witnessed. Some 
of the products include enzymes, biosurfactants, organic acids, bioethanol, biofertilizers, aroma 
compounds, biopesticides, pigments, antibiotics, feeds, and vitamins. Agro-industrial residues or 
waste have been shown to be very rich sources of nutrition, bioactive molecules, with a lot of com­
positions like sugars, minerals and proteins (Sukan et al., 2014). 

21.7 CONCLUSION AND FUTURE RECOMMENDATION TO KNOWLEDGE 

This chapter has provided detailed information on the application of natural bioresources and their 
application in pharmaceuticals, food and environment. Moreover, several relevant information on 
the relevance of several natural bioresources were also highlighted such as plant bioresources, 
marine bioresources, edible insects bioresources, agricultural-based bioresources. There is a need 
for government and policymakers to pay attention to several available natural resources that could 
boost the increase of food production and maintenance of health environment. 
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22.1 INTRODUCTION 

Potato designated by binomial nomenclature as Solanum tuberosum belongs to the family 
Solanaceae, comprising about 90 genera and 2,800 species. It is known as Aalu in Bengali and 
Urdu, Batata in Gujarati, Alu in Hindi, Urulaikkilangnku in Tamil, Potato in English, and Alugedde 
in Kannada. Potato is an annual non-woody (herbaceous) plant, mainly reproduced vegetatively via 
tubers and typically by botanical seeds, i.e., True Potato seeds. Besides leaves, stem and floral parts 
tubers are the major part of the plant. The potato tuber is an enlarged part of an underground stem 
from which new shoots are produced. The tuber is morphologically a fleshy stem, carrying buds 
and eyes in the axil of small-scale-like leaves. There is the presence of eyes on the apical end of 
the tuber, with a small number near the stolon or basal end. The presence of eye number and their 
distribution are used in the characteristics of the various variety. Being the most favorite and main 
component of food items it lies fourth among the crops after wheat, maize, and rice. It is frequently 
used as fries, chips, canned and mashed potatoes, and ready meals (Tierno et al., 2015). 

Potato has been identified as one of the most widely consumed vegetables endowed with several 
benefits. It is a highly nutritious crop with numerous components such as carbohydrates (22%), pro­
teins (2%), fats (0.1%), water (74%) along with minerals and traces elements viz. potassium, sodium, 
iodine and magnesium, folic acid, pyridoxine, vitamin C, ascorbic acid and iron. The presence of 
other biological activities such as antibacterial, antifungal, antiviral, and anti-inflammatory proper­
ties has been reported. Moreover. The availability of mineral and salt content has also been proven 
to enhance its anti-inflammatory capability most especially when applied burn-induced wounds 
using its peel and pulp that has been crushed and converted to paste for easy application. Also, 
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some other research has affirmed its antioxidant property by reducing free oxygen radicles which 
makes potato the second most effective antioxidant food after broccoli (Chandrasekara and Kumar, 
2016). Furthermore, some other biological activities include anti-irritating, soothing, anti-cancer, 
anti-ulcer, anti-LDL peroxidation, de-congesting, and antiaging properties. Due to its low calories 
it is a good alternative for cereals and grains in the obese and overweight populations that’s why 
it is considered an anti-obesity agent. Some other work has shown its significance in the treat­
ment of gastrointestinal tract ailments which has been used in the treatment of constipation and 
hemorrhoids. 

Solanum tuberosum has been identified as one of the important crops worldwide with high nutri­
tional values (Millam, 2006). Potatoes are mainly used as staple foods but they are also very sig­
nificant in the medicinal field (Kuete, 2014). According to the consumption of food crops around 
the world, potatoes lie on the third number in importance, following wheat and rice (Camire et al., 
2009). Potato and its components are known to be important in the control of several cardio meta­
bolic measures which include lowering cholesterol levels, improving lipid profile, preventing cardio­
vascular diseases, and lowering inflammation markers (McGill et al., 2013). 

Throughout the past few years, molecular tools have helped a lot to isolate much of the genes 
taking part in the synthesis of methionine and cysteine, both of which are sulfur-containing amino 
acids. The development of transgenic plants that are modified in the activity of individual genes 
is made easy with the help of plant transformation technology. Transgenic or genetically modi­
fied form of Solanum tuberosum or potato contains methionine which plays an active role in the 
reduction of serum lipid levels and the activity of genetically modified or transgenic potato as an 
anti-hyperlipidemic agent (Nikiforova et al., 2002) 

Genetically modified organisms are designated as those having their genetic makeup changed 
and organized followed by the researcher desire. Genetic modification is a product of genetic engi­
neering which can be designed either by deleting the gene of non-interest or by adding the gene of 
interest in the DNA strands or RNA in the case of microbes. The purpose of generating genetically 
modified organisms (GMO) is to introduce the desired characteristics in the phenotype of an organ­
ism via incorporating genes of interest in genotype or to diminish the less desired characteristics 
from phenotype by removing genes of non-interest. Another third technique is the replacement of 
an existing gene with the gene of interest in DNA (Lee and Gelvin, 2008; Park, 2007; Cabot et al., 
2001; Kita et al., 2013). The targeted organism for gene modification includes a variety of animals, 
plants, and microorganisms and several applications are derived from such organisms for thera­
peutic, industrial, nutritional purposes. The introduction of genetic modification has gained keen 
interest among the medicine as it generates superb consequences regarding the treatment and cure 
of various diseases especially that of genetic origin. Plants are a major focus as they are a rich and 
vast source of food as well. Among plants, potato remained a point of interest due to the presence of 
characteristics specified by Gregor Mendel to have in compulsion in an organism for genetic inter­
vention. The presence of tuber plays a key role as this part contained all the active phytochemicals 
in it in rich concentration compared to other parts. Research presented the Benzoic acids, Cinnamic 
acid, flavonoids, Anthocyanins, alkaloids, proteins, amino acids, carbohydrates especially starch, 
vitamins, 2-Carboxyarabinitol-1- phosphate, carotenoids, and phytic acid-rich tubers of potato 
(Umadevi et al., 2013). 

Genetically modified organisms are being used in research for being a major source of healthy 
food as well as to produce things other than food. The term genetically modified organism is 
very similar to the technical legal term defined in the Cartagena Protocol on Biosafety as, ‘living 
modified organism’. It reflects the regulation of international trade in living genetically modified 
organisms more precisely, “any living organism, carrying an innovative combination of genetic 
material achieved through the use of modern biotechnology” (Sahar et al., 2017; Kita et al., 2013). 
Genetically modified organisms have been studied for their various applications. They have been 
used in research of both medical and biological types as well as in agriculture and the production 
of experimental medicine and pharmacological drugs (Falck-Zepeda et al., 2000; Shipitalo et al., 
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2008; Christou et al., 2006; Hutchison et al., 2010). The use of genetic engineering in the production 
of food has amplified not only the quantity but also the quality of food (Izquierdo, 2000). 

Plants are specially used for genetic modifications in higher organisms. Among the plants pota­
toes specifically represent a better model for genetic modifications for several reasons. One of the 
most important reasons is the presence of tubers in potato plants. Tubers are the storage organs 
for the plant in which the plant can store nutrients that they use during winter and dry seasons for 
growth. Also because potato plants reproduce asexually by the process of vegetative propagation 
if modified genetically the feature of this modification will be conserved for quite a long period of 
time. On the contrary, a tetraploid genome, high variability, and low numbers of produced mutants 
contribute to the drawbacks of using genetic modification in potato plants. In Europe, Cultivar 
Desirée has been used to carry out studies targeted at expressing the foreign genes in plants (Davies, 
1996). Potato grows through vegetative propagation by planting small pieces of dormant buds or 
eyes containing potato tubers or they are grown from botanical seeds. The dormant buds of potato 
tubers develop into new shoots when provided with suitable environmental conditions. These tubers 
are a good source of carbon and nitrogen. They contain storage proteins and starch. 

According to the reports published by Food and Agricultural Organization Statistics (FAO sta­
tistics), after rice, wheat and corn, the fourth majorly yielded crop is potato and in terms of area 
under cultivation, it is number eight. Because of the presence of tubers and high productivity per 
unit area, the potato plant represents one of the best options to lessen the shortages of food. Potato 
is a perennial herbaceous plant belonging to the Solanaceae family and is scientifically known as 
Solanum tuberosum L. Potato has yellow stamens with white to purple flowers. Some cultivars of 
potato contain green seeds, small in size and containing several seeds of up to 300 in number. 

In view of all the aforementioned, this chapter intends to provide a holistic review of the nutri­
tional and other health benefits of genetically modified potatoes. Moreover, recent advances in the 
application of biotechnology for the enhancement of biological components available in the mass 
production of genetically modified potatoes were provided in detail. 

22.2	 BIOLOGICALLY ACTIVE COMPOUNDS OF 
GENETICALLY MODIFIED POTATOES 

Potato tubers contain total carbohydrates in the ranges of 1.0–7.0 g/kg. The reducing sugars such 
as glucose and fructose although in high amounts initially, are reduced greatly near the season of 
cultivation. Therefore, young tubers have large amounts of reduced tubers as compared to matured 
ones. The primary carbohydrate component of the dry matter of potatoes is starch and consists of 
amylase and amylopectin. The functional properties of various foods have been enhanced by add­
ing starch to them. The characteristics of the starch structure and ratio of amylase to amylopectins 
differ in various cultivars of potatoes. Characteristics of starch and its content in potatoes greatly 
affect the quality of processing and nutrition of potato products. Several methods have been adopted 
to improve the processing operation of the starch present in potatoes. These modifications are of 
chemical, enzymatic and physical types. 

In agriculture, extensive use of chemical pesticides has led to increased resistance in pests 
against these pesticides. Because of this research have been carried out on the production of geneti­
cally modified crops which can successfully resist these pests without the use of chemical pesticides 
and can be a lot more beneficial (Slater et al., 2003). Potato beetle (Leptinotarsa decemlineata) is 
one of the potato plant pests which can cause serious consequences and becomes resistant to chemi­
cal insecticides. Cry3A gene which has been derived from the bacteria Bacillus thuringiensis has 
been introduced into the potato plants to control this beetle. This gene produces a toxic protein in 
the leaves of the potato plant and when these leaves are ingested by the beetle, the protein passes 
on to the bowels of the beetle and causes its death due to toxicity. It is interesting to note that this 
protein is toxic to the potato beetles of all developmental stages however their natural enemies are 
not affected by it (Perlak et al., 1993). 
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Cry3A gene is selective only to the Colorado potato beetles and does not affect other plant pests. 
In regards to this other modifications of potatoes have been developed such as wheat α-amylase 
inhibitors (WAI), snowdrop lectins (GNA), and bean chitinases (BCH). Peach-potato aphids also 
called Myzus persicae have been used to study the insecticidal properties of these modified plants. 
The insecticidal property of snowdrop lectins (GNA) was recorded as best. These exerted inhibi­
tory effects on the development of insects by impairing their fertility and thus leading to decreased 
propagation of the population of insects (Gatehouse et al., 1996). This has been further tested by 
another study in which the modified plants containing the GNA were tested against the larvae moth 
Lacanobia olearacea which is also a vector of various viral infections while also being a pest of 
potato plants. The plants expressing GNA were found to have increased resistance against the moth 
and further supported the evidence that lectins GNA when genetically introduced in potato plants 
protect them from several insect pests of the plants (Gatehouse et al., 1997). A major drawback 
of introducing the lectin GNA in plants was observed to be a decrease in the production of foliar 
glycoalkaloids of the plants which are indigestible to various types of insects and mammals. As a 
consequence of lectin gene introduction in potato plants, while it may protect the plant from some 
pests it may make it more attractive for some others which initially did not target the plant for their 
food (Birch et al., 2002). Another disadvantage of this procedure was shown in a study performed 
by feeding the GNA-modified potatoes to the rats with results in the proliferation of their intestinal 
cells and changes in the gastric mucosa. The changes in the gastric mucosa were considered to be 
due to the presence of lectins GNA while the intestinal proliferation was due to genetic transforma­
tion (Ewen and Pusztai, 1999). It raised questions about the safety of these GNA-modified potatoes 
for ingestion as food in humans. However, no other published data about this has been found. 

Temporin A gene has been introduced into the plants to control potato blight. Studies have con­
firmed that the plants which express Temporin A are resistant to most fungal pathogens such as P. 
erytroseptica and P. infestans (Osusky et al., 2004). Potato blight has also been controlled by the 
plants producing hydrogen peroxide. It has been achieved by the introduction of glucose oxidase gene 
from Aspergillus niger in potato plants. Glucose oxidase catalyses the oxidation of β-D-glucose with 
the result in the release of hydrogen peroxide along with gluconic acid (Wu et al., 1995). Similarly, 
plants modified with the introduction of the coat protein of PLRV (potato leafroll luteovirus) showed 
increased resistance to luteovirus. It was found that the transgenic potato plants contained a decreased 
amount of the viral antigen as compared to the control (van der Wilk et al., 1991). 

Potato plants have also been modified to increase their nutritional value. Potato plants modified 
by the introduction of a gene for a non-allergenic protein AmA1 from A. hypochondriacus have 
been produced and shows an increased amount of all amino acids in the tubers of potato plants as 
compared to nontransgenic potatoes. The important amino acids produced in increased amounts 
include lysine, cysteine, methionine, and tyrosine which are in very small amounts in nontransgenic 
potato plants. This is highly beneficial as it increases the nutritional value of the potato plants and 
has been used to decrease malnutrition in Indian poor children (Chakraborty et al., 2000). 

22.3	 LIST OF PHYTOCHEMICALS AND BIOLOGICALLY 
ACTIVE COMPONENTS PRESENT IN POTATOES 

The presence of antioxidants and phytochemical properties extracted from plants has been of great 
use in the reduction of diseases (Lee et al., 2017). Potato (Solanum tuberosum) tuber cultivated in 
over 125 countries, constitutes one of the highest consumption followed by rice, maize, and wheat 
in the world (Jansky et al., 2019). The phytonutrient component of Potato is rich in carbohydrate, 
starch, vitamin C and B- complex, niacin, potassium, sodium, iodine and magnesium, folic acid, 
pyridoxine, and Iron, however, with fairly low protein content and fat but has an excellent biological 
value of 90–100 (Kanter and Elkin, 2019; Navarre, 2019; Beals, 2019). 

Potato contains several secondary metabolites as a biologically defensive mechanism that is 
desirable in human nutrients, among them include phenolics, flavonoids, polyamines, polyphenols, 
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anthocyanins, and carotenoids. The biologically- active substances of potatoes cannot be overemphasis 
because of their health-promoting attributes (Kosieradzka et al., 2008). Moreover, Secondary products 
found in the plant are regarded as plant metabolism which implicated human health as antioxidants. 

An in vivo experiment conducted by Chaparro et al. (2018) revealed another approach of metabo­
lomics and Economics to exploring the bioactive compound present in Potato tuber. Another find­
ing on comparative phytochemicals composition of different colored potatoes (Solanum tubers L.) 
tubers by Lee et  al. (2017) confirmed the metabolic association-related biochemical pathway 
between metabolite characteristics and color difference in tubers. Rodriguez-Perez et  al. (2018), 
in vivo study of comprehensive metabolite profiling of potato (Solanum tuberosum L.), leaves by 
HPLC-ESI-QTOF-MS the presence of 109 compounds present in potato leaves, including organic 
acids, amino acids, and derivatives, phenolic acids, flavonoids, iridoids, oxylipins and other polar 
and semi-polar compounds. The research further ascertain that 45% of quinic acid and its deriva­
tives, were found in the quantified leave extract (Rodriguez-Perez et al., 2018) 

Countess finding has led to proving the potentials of several phytochemicals present in Potato 
(Solanum tubers L.) whole plant and present improvement trend is genetically modified to annex the 
availability of the plant all season as consumption and extraction of biologically active compounds, 
as shown in Table 22.1. 

22.3.1 antI-InFlammatoRy In VItro and In VIVo 

Several scientific findings have revealed that secondary metabolites synthesize from plants have 
the potential effect on the treatment of diseases as complementary medicine (Bagad et al., 2013). 

TABLE 22.1 
Phytochemicals Present in Potato (Solanum tubers L.) 

Secondary 
S/N Metabolites Name of the Compound Source Biological Activities Reference 

1 Carbohydrates Tuberonic alpha Glucosidase Leaves, GI lowering Activities. Das et al. (2017) 
Tuber 

2 Vitamins α-Tocopherol(vitamin E), Folic Tubers Antioxidant activity Anjum Sahair 
acid (Vitamin B9) et al. (2018) 

3 Protein Patin Tuber The antioxidant or antiradical Anjum Sahair 
activity et al. (2018) 

4 Folates Solanine and Chaconine leaves Anti –inflammatory FAO (2008) 

5 Anthocyanin’s Petunidins, Malvidin, Tuber Antitumor activity, antibacterial Mohammad 
Pelargonidin glycosides, activity, strong antioxidative et al. (2016); 
Peonidin glycosides. activity, anti-influenza virus Amanpour 

activity, and anti-stomach et al. (2015) 
cancer activity 

6 carotenoid β-Carotene, Cryptoxanthin, lutein, Tuber Antioxidant Lachman et al. 
Zeaxanthin, Violaxanthin, (2016) 
Antheraxanthin, Neoxanthin 

7 Phenolic Acid Benzoic acids and Cinnamic acid Peel Anti-inflammation Anjum Sahair 
et al. (2018) 

8 Alkaloids α-solanine and α-chaconine Tuber Anticancer and Das et al. (2017) 
anti-inflammatory 

9 Flavonoid Catechin, cyaniding, delphinidin, Tuber Anti-inflammatory Akyol et al. 
malvidin, malvidin-3-(p­ (2016) 
coumaroyl rutinoside), 
pelargonidin, peonidin, 
petunidin, rutin 
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Inflammation, a pathologic condition that intersects a wide range of diseases such as diabetes, car­
diovascular diseases, rheumatic, immune-mediated condition, etc., is one of the targets using plants’ 
active extraction to eradicate. Many drugs have been synthesized from a plant such as steroids, 
steroids, anti-inflammatory drugs, and immunosuppressants in the treatment of an inflammatory 
crisis. Inflammatory response is a defense mechanism to hazardous stimuli such as allergens and/ 
or injury to the tissue (Ghasemian et al., 2016). The secondary metabolites in Potato such as glycoal­
kaloid contain resistant starch, fiber, and anthocyanin which possess anti-inflammatory components 
(Bibi et al., 2019; Reddivari et al., 2019). Anthocyanin characterized the pigment of potatoes and 
has antioxidant effects. 

Anin vivo experiment by Choi and Koo (2005) reveals that the ethanolic extract from potato 
tuber at doses of 100 and 200 mg/kg produced a significant anti-inflammatory property. Kenny 
et al. (2013) finding suggested that the sub-cytotoxic concentration of potato glycoalkaloids and 
potato peel extract possess anti-inflammatory effects in vitro. Kenny et al. (2013) findings further 
suggested that sub-cytotoxic concentrations of potato glycoalkaloids and potato peel extracts pos­
sess anti-inflammatory effects in-vitro. The content of biologically-active substances, secondary 
metabolites, changed upon transgenesis may contribute not only to the differentiated degree of 
nutrients utilization but also yield health-promoting or detrimental as well as immune-stimulatory 
and anti-inflammatory effects or may induce disturbances in redox balance- a change in the oxida­
tive status of body cells, degradation of DNA. 

22.3.2 CaRdIovasCulaR eFFeCt 

Cardiovascular disease is associated with so many risk factors which impair the health condition of 
individuals and has led to so many experiments to ascertain mechanics through which the disease 
condition can be adverted. Having this in mind, Tang et al. (2017) investigated on several vegetables 
and their significant effect in ameliorating cardiovascular disease. The researchers observed that 
high consumption of potatoes could be effective in reducing the risk of CVDs however, their review 
showed that aqueous extract of African potatoes (APE) had deleterious inotropic effects when 
experimented on electrical driven left atrial muscle of guinea pig and a corresponding deleterious 
chronotropic effects on rhythmic beating right atrial. While validating the effect of APE on bands of 
atrial muscles, Tang et al. (2017) a dependent decrease in positive inotropic and chronotropic reac­
tions of these muscles in guinea pig induced with noradreline. Their further investigation revealed 
that APE was found to have influenced the actions of the portal veins in experimented rat models 
through interrupting the periodic, impulsive, and myogenic contractions of the portal veins and its 
concentration. Their experiment was able to validate that using a dose-dependent APE, a remark­
able decrease of systemic arterial blood pressure and heart rates of hypertensive rats was observed. 
Their investigation therefore proof that APE has the ability to act as a natural therapeutic measure in 
ameliorating cardiac dysfunction and hypertension. To buttress their findings, the authors revealed 
that levels of thiobarbituric acid reactive substances (TBARS) found in the heart was reduced with 
a corresponding increase in vitamin plasma level which they attributed to antioxidants present in 
potatoes indicating that potatoes could ameliorate CVDs. 

22.3.3 neuRoPRoteCtIve eFFeCt 

As an age-related disease, Alzheimer’s disease has been linked with several known neuronal pathol­
ogy associated with forgetful commemorations, twisting of the neurofibrillary, with an extensive 
degeneration of neurons and synapse loss in the brain. Ye et al. (2009) investigation revealed that 
forget commemorations observed after administration of amyloid-beta peptide (Aβ 1-42) was able 
to induce Alzheimer’s disease. The authors study validated that presence of natural phenolic anti­
oxidant phytochemical present in PSPA was effective in reducing neurotoxicity caused by Aβ of 
which 3(4,5-dimethylthiazol-2yl)2,5-diphenyl-2Htetrazolium bromide (MTT assays) was used to 
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attest for the neurotoxicity of Aβ after which, neuroprotective effect of PSPA was tested. To this 
fact, the authors observed that high dose PSPA was found to have a neuroprotective effect based on 
the possession of a strong antioxidant property. However, they equated the neuroprotective ability 
of PSPA to that of a strong antioxidant found in α-tocopherol. The authors made use of oxidative 
stress to further buttress their point showing that PSPA could ameliorate Aβ-induced neurotoxic­
ity were they observed superficial elevation of intracellular oxidative stress when measured with 
oxidative stress-sensitive dyes Dichlorofluorescin diacetate (DCF-DA) was detected buttressing a 
point that Aβ could ameliorate neurotoxicity. Aβ found in PSPA has a characteristic feature of less­
ening cellular hydroxyl radicals and superoxide anion. However, administration of PSPA at a high 
concentration produced a resultant effect on the treated experimental models which was almost 
equivalent to the result gotten from positive control. The authors observed PSPA is a renowned natu­
ral phenolic phytochemical antioxidant that has a neuroprotective effect through the inhibition of 
neurotoxicity caused by Aβ. Investigating with the use of MTT assays, the authors observed that the 
use of high-dose PSPA has the same effect as administration of a strong antioxidant α-tocopherol 
which was confirmed by the protective effect of PSPA against Aβ-induced neurotoxicity. To this, 
the authors observed an obvious elevation of intracellular oxidative stress which was measured with 
the aid of oxidative stress-sensitive dyes DCF-DA. According to the authors, the presence of phe­
nolic phytochemicals in PSPA, scavenging properties that led to the decrease in ROS and LPO in 
both in vivo and in vitro studies shows the neuroprotective ability of PSPA, with a mechanism that 
involves antioxidant properties of PSPA having attributes of eight different mechanisms with high 
active DPPHI scavenging, superoxide anion radical scavenging, hydrogen peroxide scavenging, 
total reducing power and metal chelating on ferrous ions activities. Their investigation revealed the 
neuroprotective ability of PSPA which is due to antioxidant properties present in PSPA possessed 
with the ability to block apoptosis activated by ROS, with a specific apoptosis induced by Aβ neuro­
toxicity showing DNA fragmentation. Hence, for PSPA to improve the brain against neurotoxicity, 
it has to inhibit DNA fragmentation. Furthermore, their investigation revealed that stimulation of 
apoptogenic signaling pathway has the significant effect of blocking the antioxidant ability severing 
the proper functioning of the brain with an alternative increase in calcium levels of the brain due to 
free radical-mediated by mitochondria. However, this was attenuated after administration of PSPA 
showing the pretreatment of PC cells with PSPA has a significant effect on improving mitochondrial 
function. Deduced from the authors’ study, neurotoxicity triggered by Aβ led to the stimulation of 
capsade-3 affecting the normal function of the brain, administration of PSPA was found to have 
ameliorated capsade-3 effect and improved the functioning of the brain. Hence, the study indicate 
the neuroprotective effect of genetically modified potatoes has the ability to alter neurotoxicity 
while improving the brain functioning. 

Ji et al. (2012) investigation of potato clones revealed the presence of proton NMR spectra con­
taining a high percentage of phenolic compounds in potato tuber extracted from water while potato 
tuber extracted from methanol has variable phenolic components. The authors observed that the 
colors of the potatoes correlate with the percentage phenolic content where purple and red potato 
clones were found to be present with high phenolic content than the yellow or un-pigmented clones. 
The authors further investigated the chlorogenic acid content found in cloned potatoes and observed 
a value of 0.33–8.67 mg/g and 0.04–4.26 mg/g as levels of chlorogenic acid content found in dry and 
tuber potatoes respectively while a value of 0.01–3.14 mg/g was found in granule potatoes, which 
buttress their point that chlorogenic acid is a main phenolic compound found in cloned potatoes 
that could range from 50% to70%. To ascertain the anthocyanins content that could be found in 
cloned potatoes, the authors employed two different techniques which resulted in different results 
based on the colors and forms in which it was experimented on. They further observed that antho­
cyanins levels were higher in peeled cloned potatoes than the tuber cloned potatoes. Furthermore, 
the authors validated the glycoalkaloids contents of the various forms of cloned potatoes with the 
result that peeled potatoes contained a higher form of glycoalkaloids than tubers while granulated 
potatoes contains lesser glycoalkaloids than tubers linking the loss of glycoalkaloids in granulated 
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potatoes to have resulted from the granulation process, however, these potatoes still retain their 
phenolic content. An antioxidant activity test was carried out using DPPH radical scavenging assay 
with a result showing a higher percentage of antioxidant activity in the peeled potato clone than in 
any other potato clone. After these examinations of potato clones to attest to their protective prop­
erties, their neuroprotective properties were conducted in primary cortical neurons culture primed 
from E16 CD1 mice to reveal the polyphenolic-enhanced potato extracts found in DIV8. Their 
observation revealed that neuronal apoptosis was measured with the use of a cytotoxicity detection 
kit plus. Deduced from their observation, the authors observed that cloned granulated potato extract 
had a neuroprotective effect by showing a remarkable protective effect on the cortical neurons that 
have undergone apoptosis induced by oxygen-glucose deprivation (OGD). The authors’ experiment 
revealed that from all cloned potatoes experimented upon, granulated potato extracts were found 
to possess neuroprotective ability which was accrued to a modification of potato component after 
granulation hence, neurons thrive better with granulated cloned potato. Inferred from their study it 
could be observed that genetically modified potato has a neuroprotective ability. 

Youm et al. (2005) observed that neuritic plaques and neurofibrillary tangles are symptoms that 
accompany Alzheimer’s disease (AD) with memory loss and cognitive deficiencies that affected 
mainly the aged. The authors were able to determine the causative mechanism behind neuritic 
plaques and neurofibrillary tangles, and they observed that genetic and pathological indicator all 
points to amyloid cascade as a suggestive means of indicating AD. They further buttress their point 
stating that the build-up and collection of beta-amyloid (Aβ) has a significant effect by damaging 
the structure and morphology of neurons eventually causing disintegration of synapses leading to 
neuronal cell apoptosis. However, the authors noticed an increase in research on different drugs and 
food substances to ameliorate AD which has little or no substantial effect in ameliorating the disease 
condition. To this fact, Youm et al. (2005) investigated transgenic potatoes known to be genetically 
modified food and their significant effect in ameliorating AD. Deduced from their study, transgenic 
plants could serve as a substitute for showcasing recombinant antibodies, antigens, and therapeutics. 
The authors’ study indicated that antigens found in plants were extracted successfully and admin­
istered to animals with a resultant effect of increased immunogenicity. However, their research was 
able to validate the component of these antigens which comprises of disease-related virus capsid 
and surface proteins, as well as pathogenic bacterial antigens. However, their study showed that 
inculcating these antigens into food substances could be of maximum benefits aside from increasing 
production of the plant available to the consumer. Their study made use of plant-derived human Aβ, 
where they breed transgenic potatoes that possesses 5 tandem recurrences of Aβ1-42 (5Aβ42). Their 
study was able to produce potato plants with no abnormalities indicating that the β-amyloid protein 
that can be found in potato does not possess an antagonistic effect on shoots and roots of the plants 
in an in vitro study. However, the authors observed the presence of a double 35S promoter which 
was more in number than any other promoter which shows the presence of a detailed antigen that 
could be affected by the antigen nature. Deduced from the authors’ study, administration of orally 
5Ab potato extract with an adjuvant to mice stirred a primary resistant response which elapses at 
seven weeks, which Youm et al. (2005) linked their findings to others study that the phenomenon 
could be traced to memory immune cells that was observed after oral immunization producing an 
instantaneous and resilient secondary antibody reaction. However, the authors observed that immu­
nization carried out on Tg2576 transgenic mouse, resulted in reduced adaptive immune reaction that 
was linked with Aβ1-40. Introducing CTB as an adjuvant which is known as a non-toxic fragment of 
the toxin cholera, the authors observed that CTB has the activity of a non-T helper (Th) 1-inducing 
adjuvant. Deduced from the authors’ study, a vaccine can be produced from transgenic potatoes 
which are edible in nature and can be used for a therapeutic purpose to ameliorate Alzheimer’s 
disease which is linked to the production of Aβ in transgenic potatoes, revealing that genetically 
modified plants are when properly harness, are present with neuroprotective properties. 

Having understood the significant effect of oxidative stress and its connection with neurodegen­
eration Shan et al. (2009) investigation was to understand how genetically modified potatoes could 
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ameliorate the decline in memory and cognitive function in the aged mouse. To this effect, Shan 
et al. (2009) made use of a genetically modified potato called purple sweet potato and extracted 
anthocyanins from the potato which was administered to their experimental model testing the 
activities of anthocyanins. However, their study has been able to indicate that anthocyanins have 
some positive effect that includes anti-inflammation, antioxidation, and antimutagen properties. 
Understanding the morphological and functional changes associated with the aging brain, it was 
deduced from their study that these changes result in degeneration of motor and cognitive abili­
ties in the brain of aged people which according to the authors lined the changes in the brain as 
neurodegeneration having similar characteristic with other forms such as amyotrophic lateral scle­
rosis (ALS), Alzheimer’s disease (AD), and Parkinson’s disease (PD). The authors observed that 
D-galactose is an example of reducing sugar with a metabolism rate that could be easily achieved 
at normal concentration level and give a resultant result of aldose and hydroperoxide stimulated 
by the catalyst galactose oxidase to produce superoxide anion and oxygen-derived free radicals in 
high concentration levels. The author’s investigation proved that the reaction of D-galactose with 
free amino acids found in proteins as well as peptides in an in vivo experiment produced Advanced 
glycation endproducts (AGEs) which furthers activate inflammation of neurons by stimulating 
NF-kB pathway prompting several neurological impairments that includes behavioral impairment 
of learning and memory and decreased antioxidant enzyme activities in the brain, establishing a 
hypothesis that AGEs has a neurotoxic effect on the brain. Furthermore, the authors observed that 
to extract these toxins from the brain, flavonoids which are potential antioxidants could mitigate the 
effect of neurotoxins injected into the brain by AGEs due to the anti-aging and anti-inflammatory 
properties of flavonoids. Understanding the importance of flavonoids, the authors were able to 
extract and observe the presence of essential flavonoids on purple sweet potato colour (PSPC) using 
HPLC analysis, flavonoids such as cyanidin acyl glucosides and peonidin acyl glucosides (peonidin 
3-O-(6-O-(E)-caffeoyl2-O-β-D-glucopyranosyl-β-D-glucopyranoside)-5-O-β-Dglucoside amongst 
others were detected. The authors were able to detect from all flavonoids and discovered that cyani­
din acyl glucosides and peonidin acyl glucosides were both present with a higher concentration of 
antioxidant as well as anti-inflammatory properties. However, Shan et al. (2009) were able to observe 
that PSPC was present with two major flavonoids namely; acylated cyanidin and peonidin which 
after administration to their experimented mouse with induced neurotoxicity caused by D-galactose 
was reduced through the process of regulating the levels of ROS in mouse brain. Subjecting the 
experimental animals to behavioral tests, it was inferred from their study that D-galactose severe the 
learning and memory function in mice whereas the authors used open-field and passive avoidance 
tasks, it was deduced from their study that PSPC has the ability to enhance brain functions in aging 
models while showing a remarkable repressed effect in during behavioral deterioration induced by 
D-galactose. Experimenting with the aid of western blotting to ascertain the molecular mechanism 
through which PSPC treatment could aid the aging brain from the neurotoxicologically effect of 
D-galactose, the authors observed that while D-galactose was known to reduce significantly Cu/Zn-
SOD and CAT antioxidant enzyme activity as well as the buildup of ROS. Administration of PSPC 
was able to reinstate Cu/Zn-SOD and CAT activity while also improving the antioxidant activity 
of the body. Having known that increased levels of MDA activities are an index of brain oxidative 
damage, administration of PSPC was found to have decreased the MDA levels that were increased 
from D-galactose administration and as well decreasing the secretion of free radicals revealing the 
ability of PSPC to arrest brain aging. Deduced from their study, it could be observed that geneti­
cally modified potatoes have the ability to improve an aging brain thus, reducing the susceptibility 
of encountering neurodegenerative diseases. 

22.4 ANTIDIABETIC ACTIVITY OF GENETICALLY MODIFIED POTATOES 

Potatoes have been genetically modified to act as a mean to reduce hyperglycemia of diabetes mel­
litus. The reason why potatoes are preferable delivery systems for the anti-diabetic agents is in their 
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cost effectiveness, large cultivation and ability to pass on the genetic modifications through vegeta­
tive propagation. Type 1 diabetes mellitus also called as insulin dependent diabetes mellitus results 
from the progressive destruction of the pancreatic B cells which produce insulin in our body. This 
destruction is autoimmune and is mediated by the T lymphocytes which become auto-reactive and 
results over long periods of time characterizing the chronicity of the disease. A number of auto 
antigens which target the islet cells have been identified to be insulin, glutamic acid decarboxyl­
ase (GAD), and tyrosine phosphatase-like IA-2. These play an important role in the initiating and 
maintaining the events leading to type 1 diabetes mellitus (Atkinson and Maclaren, 1994; Bosi and 
Botazzo, 1995). In a diabetic mouse model which is non obese and is very similar to human type 
1 diabetes mellitus, there is a period preceding the over diabetes in which there is an infiltration of 
islets by lymphocytes. If intervention is done in this period it can alter the disease process. The results 
observed the non-obese diabetic mouse model have suggested a potential for prevention of diabetes 
by immunological intervention in clinical practice. Even though immunosuppressive drugs such as 
cyclosporine A have been used to alter T-lymphocyte immune responses to inhibit the development 
of diabetes in both humans and non-obese diabetic mice, interventions targeted at suppressing spe­
cifically the immune responses associated with the disease and not the overall immune responses are 
much safer and much preferable. The general immunosuppressive drugs adversely lead to increased 
risk of infections and cancer. It has been shown that reduction of peripheral immune responses to 
proteins administered orally can help in keeping the immune system intact to fight off pathogens. 
This immune regulatory system which is endogenous and the mechanisms involved in it are collec­
tively termed oral immune tolerance. This method has been used to approach the autoantigens such 
as insulin and glutamic acid decarboxylase (GAD) targeting the islet cells to prevent the develop­
ment of diabetes in non-obese diabetic mice. It has been demonstrated that transgenic plants can 
be effectively used as a mode of production and delivery of autoantigen, mouse GAD67 associ­
ated with diabetes. Genetically modified plants are not only cost-effective but they can successfully 
express GAD in a form that is immunologically active. Feeding these GAD-containing genetically 
modified plants can result in the prevention of diabetes in non-obese diabetic mice (Ma et al., 1997). 
Genetically modified plants are a cost-effective means for the large-scale production of recombinant 
proteins. A study was carried out in which GAD-induced genetically modified potato tubers were 
introduced to some non-obese diabetic mice to find out whether it would affect the proliferation of 
T-lymphocytes. The dose of 1 mg/day of GAD was administered in one mouse which is very high 
as compared to what would be administered to humans. After four weeks of supplementation these 
mice were administered with highly purified recombinant GAD67 derived from E. coli in hind foot­
pads. The results were obtained after sacrificing the mice ten days later. Lymph node and spleen 
T cells were isolated to study their proliferation in response to GAD67 in vitro. The transgenic 
plant-fed mice showed decreased proliferation of T cells as compared to control plant-fed mice. A 
two-fold increase in the anti-GAD antibodies was also observed in the mice fed by GAD67 geneti­
cally modified plant as compared to the control. Similarly, potato tubers modified to contain small 
amounts of CTB-insulin infusion proteins when fed to non-obese diabetic mice showed a decrease 
in insulitis. The study demonstrates the use of transgenic plants especially transgenic potatoes as an 
effective delivery system to induce oral immune tolerance against type 1 diabetes mellitus in ani­
mals (Ma and Jevnikar, 2002). Adiponectin is a cytokine produced by the adipocytes and is a 30kDa 
protein that is involved in breaking down fatty acids as well as regulating glucose levels in humans. 
Adiponectin is present in normal amounts of 5–30mg/mL in blood plasma and attributes to 0.01% of 
all plasma proteins (Arita et al., 1999). Low levels of adiponectin in plasma have been associated with 
hypertension, obesity, and type 2 diabetes mellitus. Sweet potatoes have been genetically modified 
by the introduction of mouse adiponectin cDNA. DNA gel blot analysis and PCR has been used to 
detect the protein in transgenic sweet potatoes. Expression of the mouse adiponectin in genetically 
modified plants was confirmed in the study. It was suggested that full length adiponectin produced 
by the mammals can be used to treat and control increased levels of glucose as observed in type 2 
diabetes but the adiponectin from E. coli failed to show any such activity (Berberich et al., 2005). 
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22.5 ANTIFUNGAL ACTIVITY 

The use of expressed protein of potato can be used against fungal infection. This could be done by 
the use of transgenic plants carrying gene ac2 from amaranth – Amaranthus caudatus (Liapkova 
et al., 2001). Protein resulting from the expression of this gene is highly homologous with cysteine/­
glycine-rich domains in the chitin-binding proteins (Broekaert et al., 1992). These proteins mostly 
bind to chitin present in internal fungal cell walls causing alteration of their polarity and inhibiting 
of growth of the fungi (Selitrennikoff, 2001). 

Fungal disease of potato plants is potato blight (Phytophthora infestans). Temporin A 
protein-producing potato plants display resistance to this disease. Temporin A is a small naturally 
occurring antimicrobial peptide, which enhances plant resistance to potato blight, and is also of 
bacterial origin. This is a disease caused by the fungus P. erytroseptica and bacterium Erwinia 
carotovora. The results obtained confirm that transgenic potato plants that express temporin A can 
serve as a good tool for control of most significant fungal pathogens such P. infestans and P. ery­
troseptica (Osusky et al., 2004). 

22.6 ANTIVIRAL ACTIVITY 

Potato plants transformed with Phytolacca insularis antiviral protein (PIP) were resistant to infec­
tion of Potato Virus Y (PVY), Potato virus X (PVX), and Potato leafroll virus (PLRV) (Moon et al., 
1997). Nonetheless, because of their toxicity, all these RIPs generated a severe phenotype in trans­
genic plants. This led to several attempts where RIPs with lower toxicity toward host plants were 
used, including PAP II, which is a low-toxic isoform of PAP isolated from leaves (Wang et al., 1998). 

Luteovirus (Poleovirus sp.) is known to be a potato viral pathogen, spread by aphids; this patho­
gen causes disease with the signs of potato leafroll luteovirus (PLRV) infection. van der Wilk et al. 
(1991) investigated the resistance of potato plants against this virus after inserting the coat protein 
gene of PLRV into the genome of potato plants. A detectable level of coat protein was not gathered 
in any of the tested virus-infected transgenic plants that contained markedly lower levels of viral 
antigen than control plants; this resulted from a reduced rate of virus multiplication in transgenic 
plants (van der Wilk et al., 1991). 

22.6.1 In vIvo antIvIRal aCtIvIty 

The causal agent of epidemic gastroenteritis in a human was treated with transgenic potatoes carry­
ing a gene for the capsid protein of Norwalk virus – NVCP. Capsid protein was expressed in potato 
tubers, in the amount of approximately 0.37% of total protein. Immunogenicity of transgenic potato 
plants was tested in mice; IgG antibodies against recombinant Norwalk virus were detected in them 
(Mason et al., 1996). Capability of this “edible vaccine” to activate the immune system was tested 
also in human volunteers; the immune response was activated in the majority (95%) of the people 
(Tacket et al., 2000). 

Zhou et al. (2003) used the e extract from potato tubers containing S1 protein on mice after 
administration of three doses of the extract. Similar results were recorded in chickens and they were 
completely protected against IBV virus after the third application of the genetically modified plant 
transgenic potatoes (Zhou et al., 2003). This research team was also the first (Zhou et al., 2004) to 
prepare a transgenic plant expressing the full-length S protein of IBV. Transgenic potato plants were 
used for oral and intramuscular immunization of chickens. The results demonstrated a high titer of 
anti-IBV antibodies, which protected the experimental animals from the infection of the virulent 
IBV in the trial. The results show the possibility of transgenic potato plants expressing the S protein 
of IBV to be used in the control of infectious bronchitis 

The modified potato plant extract was injected into mice. This was used to test the immuno­
genicity of recombinant protein; antibodies against VP6 protein (Matsumura et al., 2002). Mouse 
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rotavirus was used as a source of VP6 protein in another study. Protein effectivity was again tested 
in mice. These were fed with transgenic potato tubers as a source of protein. Oral immunization 
of mice stimulated the production of IgG and IgA antibodies against capsid protein and thus repre­
sented a progress in the development of the rotavirus vaccine by means of agricultural plants (Yu 
and Langridge, 2003). It was also confirmed in mice, intraperitoneally and orally that extracted 
from transgenic potatoes (Gomez et al., 2000). 

22.7 ANTIBACTERIAL ACTIVITY 

Modified potato plant was used against enterotoxigenic strains of E. coli (ETEC) A thermolabile 
enterotoxin B (LT-B) from bacteria E. coli was expressed in potato plants. The toxin is produced 
by enterotoxigenic strains of E. coli (ETEC) that colonize small intestine and cause acute watery 
diarrhea. Faecal IgA and serum anti-LT-B IgG antibodies were noticed in mice that had been given 
three doses of transgenic potatoes. Despite the infection in mice was induced, full immunity against 
the bacterial disease was not developed in this case . This modification mentioned was also investi­
gated by Lauterslager et al., in one of their studies, which was focused on testing the capability of the 
recombinant LT-B protein to produce mucosal and total systemic antibody response in mice. Mice 
used in the experiment were either preimmunized or non-immunized (so that there would not be 
any form of false result). Whilst no anti-LT antibody formation was detected in the non-immunized 
mice, anti-LT IgA antibodies were produced by the immunized mice. Higher antibody response was 
found after LTB-protein administration through intestinal intubation than after oral administration 
(Lauterslager et al., 2001). 

Lactoferrin is one of the human proteins inserted into the genome of potato plants. Lactoferrin 
has a protective function because it can bind iron, which makes it inaccessible to bacteria. The 
potential for lactoferrin to act both as an antimicrobial and an immune regulatory agent in addi­
tion to its nutritional and pharmaceutical value has led to development of transgenic potato plants 
carrying a cDNA fragment encoding human lactoferrin (hLF). The biological qualities of lactofer­
rin, formed by transgenic potatoes were confirmed in four different human pathogenic bacterial 
strains. GM potato plants were shown to be able to produce human lactoferrin that maintains 
biological, bacteriostatic, and bactericidal qualities against various pathogenic bacteria (Chong 
and Langridge, 2000). 

Further genetic modification was the insertion of the gene for human interferon-α-2b (HuIFN-α-2b) 
and α-8 (HuIFN-α-8) into the genome of potato plants. Interferons are classified as antiviral cyto­
kines responsible for various cytotoxic effects including anti-tumor activity. The HuIFN-α genes 
introduced into the potato plant were correctly translated and transcribed in plant cells and their 
biological activity was verified by inhibition of vesicular stomatitis virus (VSV) replication on a 
human amniotic cell line. It is supposed that potato plants carrying genes for human interferons 
will be used as food additives or as additional substances for the treatment of infectious diseases 
and decreased immunity (Ohya et al., 2001). 4.2.3. Production of human tumor necrotizing factor 
(HuTNF-α) Ohya et al. (2002) produced transgenic potato plants carrying a gene for human tumor 
necro- Review Article Veterinarni Medicina, 51, 2006 (5): 212–223 220 tizing factor-α (HuTNF-α). 
This cytokinin is produced by stimulated cells of the immune system and can improve the inflam­
matory immune response of the organism or cause in vitro lysis of tumor cells. Transgenic potato 
plants were shown to produce HuTNF-α, and the extract from transformed plants causes a cytotoxic 
effect. This capability together with a relatively high protein yield will predestine transgenic plants 
producing TNF-α to be used in human and veterinary medicine (Ohya et al., 2002). Oral vaccines 
are potentially usable for the production of any vaccine, which comprises or contains subunit com­
ponents. Oral administration of subunit vaccines is particularly suitable for stimulation of immunity 
against the pathogens that enter the body via the intestines. 

Oral vaccines are also important for the control of pathogenic infections of other mucosal sur­
faces (hepatitis B, HIV) due to the shared origin of the mucosal immune system. As plants can 
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produce large amounts of subunit vaccines, they may be particularly used for the control of diseases 
affecting large populations of people. Production at low costs, stability of plant vaccines during 
storage at ambient temperature, reduction of material and nursing staff (administration of injec­
tions) predestines edible vaccines to be particularly used in developing countries. 

Other types of genetic modifications of potato plants Genetic engineering extends the potential 
use of natural plant materials, e.g. in the production of modified starch or synthesis of novel poly­
mers. Plant biomaterials, characterized by their renewability and biodegradability, might replace 
synthetic plastic materials and elastomers made of petroleum in the future. 

22.8 ANTIULCER ACTIVITY OF GENETICALLY MODIFIED POTATO 

Potatoes have been genetically modified to act as a means to treat ulcers. The reason for the selec­
tion of potatoes includes delivery systems for the anti-ulcerogenic agents along with their cost 
effectiveness, large cultivation, and ability to pass on the genetic modifications through vegetative 
propagation, short and fast life cycle. 

Peptic ulcer is an aggregate of most normal heterogeneous issue, present as a pit in the coating 
of the gastrointestinal tract (GIT) mucosa in light of acid, pepsin, bile acid, pancreatic compound, 
and microscopic organisms. It is because of awkwardness between destructive(corrosive and pep­
sin) and protective (bicarbonates, mucin, and so forth.) factors. Peptic ulcer ailment likewise hap­
pens because of organization of NSAIDs, stress, H. pylori, or obsessive condition, for example, 
Zollinger-Ellison disorder (Wegener et al., 2015). NSAIDs cause disintegrations, petechiae, ulcer­
ation as well as gastritis and blend with impedance of ulcer mending. Further, they likewise initiate 
harm to the mucosa with awkwardness among forceful and protective elements. Even though an 
excellent number of enemies of ulcers medications, for example, antisecretory drugs, H2 recep­
tor opponents, proton inhibitors, antimuscarinic, cytoprotectants, and prostaglandins analogs are 
accessible, the adverse effects related to these medications limit their utilization. Numerous home­
grown medications from natural plants and arrangement of medication are upheld for the adminis­
tration of peptic ulcer. Natural prescriptions utilized as entire plant powders/extricates from various 
parts are currently a day’s considered as sheltered medicine for the treatment of various illnesses 
as it is a general idea that plant based medications are more secure with no reactions. Potato has 
assessed tentatively by in vitro and in vivo conventions for hostile to ulcer movement. 

An examination was led to survey the capability of S. tuberosum for the treatment of ulcers. 
Ranitidine is utilized as a standard reference to assess hostile to ulcer development in rat models, 
for example, pylorus ligation model and stress-instigated ulcers by chilly water inundation. At the 
point when alcoholic extract of tubers of S. tuberosum (AETST) and aqueous extract of tubers of 
S. tuberosum (AQETST) were oppressed for LD50 learn at the concentration of 2,000 mg/kg body 
weight (Atoui et al., 2005). The concentration was chosen as low (100 mg/kg), medium (200 mg/kg) 
and high (400 mg/kg), and the dosages of both the extracts essentially decreased the ulcer (P < 0.05, 
0.01 and 0.001). The investigation uncovered that both the AETST and AQETST had antiulcer 
potential. Phytochemical constituents, for example, tannins, flavonoids, and triterpenes have just 
been accounted for as their enemy of ulcer induction. These phytochemical constituents were avail­
able in both the extracts and, thus, liable for the watched suppression (Emad, 2006). 

Following the progression of hereditary designing instruments, a few potato cultivars with 
wanted yield, dry issue, protein, and cancer prevention agent quality, coking surface, (for exam­
ple, waxy, floury), tissue shading, and abiotic stress tolerant plant have likewise been created. The 
interest in starches with extraordinary properties valuable for mechanical nourishment handling 
has prompted the presentation of altered starches utilizing hereditary designing procedures. The 
hereditarily altered potato is likewise utilized for remedial reasons for ulcer treatment. Hereditarily 
adjusted potatoes involved dietary things contained lactin Galanthus nivalis agglutinin (GNA), a 
mannose explicit lectin, articulation which is administered by GNA quality inclusion in potato 
(Chauhan, 2014) 
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GNA has observable effects on gastro intestinal tract supported by in vivo experimental studies. 
The GNA transgene causes the mucosal proliferation of the stomach which could be the key reason 
for ulcer treatment. It also has effects on the small as well as the large intestine. Genetically modified 
potatoes (GMP) have been evaluated for effects on mucosa of mammals. By genetic modification 
of potato GNA a mannose-specific lectin, has been expressed under the action of CaMV35s promo-
tors that boosts the resistance of insects and worms in the abdomen. Due to the ability of GNAto 
bind mannose of epithelium on the villi of the small intestine. This mechanism takes time to give 
response and is proven by in vivo rat model where response was produced after 10days of ingestion 
of GMP and compared among control and experimental groups vis parent potato, GNA-GM potato 
and parent line potatoes with GNA, where GM potatoes are further divided in to raw and boiled 
GNA-GM potatoes. The difference lies in the expression of GNA in raw and boiled GM potatoes 
justified by ELISA test. The research revealed that stimulation of stomach epithelium refers to the 
expression of GNA whereas the proliferation enhancement of jejunal epithelium with raw potato 
and antagonistic proliferation suppression of cecal epithelium with boiled potato ingestion is not 
much dependent on GNA expression. The mechanism lies in that binding of GNA to intestinal 
mucosal cells is followed by penetration in to the mucosal cells along with some other compo­
nents of GM-GNA potato. The crypt hyperplasia proved the epithelial proliferation of jejunum by 
GNA expression. Also the enhanced T-lymphocytes infiltration is suspected to eliminate destructive 
enterocytes (Stanley and Pusztai, 1999). 

22.9 ANTI-HYPERLIPIDEMIC ACTIVITY 

Methionine is hypothesized to have effect on cholesterol mechanism in order to suppress serum 
lipid levels. It has two metabolic pathways; transamination pathway and transsulfuration pathway. 
The metabolism of methionine via transsulfuration pathway yields cysteine and taurine, both of 
which are liable for plasma cholesterol lowering activity of methionine containing transgenic potato 
(SugiYama et al., 1985) 

HDL (High Density Lipoprotein) or good cholesterol carries almost 50% of serum cholesterol. 
According to recent studies, the amount of reduction in serum cholesterol level when high methio­
nine transgenic potato is taken in diet indicates that methionine affects the regulation of Apo A-I 
secretion from liver into blood stream, which is a major protein component of HDL (Morita et al., 
1997). 

Preferably, for lowering serum lipid levels, potatoes containing low fat and high sodium content 
should be prepared, comparatively higher potassium levels are necessary to neutralize the effect of 
sodium and shield against accumulation of fat or cholesterol in vessels (Nicolle et al., 2004). 

22.10 ANTICANCER ACTIVITY 

Research studies revealed that non communicable diseases such as cancers are seen rare in the 
people using fruits and vegetables regularly. Recent studies have explored the medical advantages 
of potatoes and related plants, for example, anti-infection, anticancer, and cancer prevention agent 
properties (Roleira et  al., 2015). Following the progression of hereditary designing instruments, 
a few potato cultivars with wanted yield, dry issue, protein and cancer prevention agent quality, 
cooking surface, (for example, waxy, floury), tissue shading, and abiotic stress tolerant plant have 
likewise been created. The interest for starches with extraordinary properties valuable for mechani­
cal nourishment handling has prompted the presentation of altered starches utilizing the hereditary 
designing procedures. The hereditarily altered potato likewise utilized in remedial reason for can­
cer treatment. The activity of anthocyanins contained in the Solanum tuberosum L. in both breast 
and hematological tumors were researched. The biomedical exercises of anthocyanin remove got 
from the Vitelotte cultivar were resolved. Sub-atomic genotyping was performed to appropriately 
distinguish this exceptional genotype in contrast with other potato types and to advance the usage 



 

 

  
  

 

  
 
 

  
    

  
 

  

    
 
 
 

  
   

 
    

   

  
   

   
 

   
  

  
 

 
  

   

400 Agricultural Biotechnology: Food Security Hot Spots 

of this hereditary asset by plant raisers. Besides, cell and sub-atomic portrayal of the activity of 
anthocyanin separate in malignant growth cells uncovered that adjustment of cell cycle control­
lers happens upon treatment. Just as inciting apoptotic players, for example, TRAIL in malignancy 
frameworks, anthocyanin separate restrained Akt-mTOR flagging in this manner actuating devel­
opment of intense myeloid leukemia cells. These outcomes are of enthusiasm for perspective on the 
effect on nourishment utilization and as practical nourishment segments on potential malignant 
growth treatment and avoidance by Solanum tuberosum L. 

K-State’s Soyoung Lim, doctoral understudy in human sustenance, Manhattan, worked with 
George Wang, partner teacher of human nourishment at K-State, to comprehend the color impacts 
of a Kansas-reared purple sweet potato on disease prevention. The potatoes were isolated by differ­
ent characteristics dependent on substance pigmentation and fiber substance. The investigation estab­
lished that the Kansas-reproduced potato had altogether higher anthocyanin substance contrasted with 
different potatoes. In the study, it was found that two subordinates of anthocyanin were prevailing: 
cyanidin and peonidin, which demonstrated huge, cell development hindrance for the malignancy 
cells, yet there were no noteworthy changes in the cell cycle (Lim et al., 2013). Ohya et al. (2002) deliv­
ered transgenic potato plants conveying a quality for human tumor necrotizing factor-α (HuTNF-α) 
(Ohya et al., 2001). This cytokinin is delivered by invigorated cells of the insusceptible framework and 
can improve the incendiary resistant reaction of the living being or cause in vitro lysis of tumor cells. 
Transgenic potato plants were appeared to create HuTNF-α, and the concentrate from changed plants 
causes a cytotoxic impact. These capacities together with a generally high protein yield will fate trans­
genic plants delivering TNF-α to be utilized in human and veterinary medication (Ohya et al., 2001). 
Another study has demonstrated that dietary anthocyanins gastrointestinal tract carcinomas, and when 
topically applied, these molecules repress skin malignant growths. Ongoing research exhibits that the 
induction of differentiation obtained using anthocyanin extract in both leukemic and breast carcinoma 
systems is complemented by c-Myc (regulator genes that code for transcription factors) down regula­
tion, and balance of p90 and ERK (extracellular signal-regulating kinase) phosphorylation, proposing 
that these signal transduction pathways may partially add to the foundation of the differentiated phe­
notype. Strikingly, a comparative ‘situation’ has been recently reported as mediated by the inhibition 
of PKB (protein kinase B)/mTOR (mammalian objective of rapamycin) pathways incited by histone 
deacetylase (HDAC) inhibitors in leukemia (Nishioka et al., 2008). Some latest studies have validated 
that the adequacy of various dosages of the anthocyanin extract was surveyed in solid and hematologi­
cal cancer cell lines. The crude anthocyanin extract showed anti- proliferative activity in some solid 
malignant growth cell lines like HeLa (cervical carcinoma), MCF7, 3, MDA-MB231 (breast carci­
noma) cells and LnCaP (prostate carcinoma). Besides, this anti-proliferative activity, could likewise 
be appeared in myeloid leukemia cells such as U937 and NB4 the model of intense promyelocytic 
leukemia (APL), an acute myeloid leukemia (AML) which carries the chromosomal translocation 
prompting the outflow of the combination protein PML-RAR alpha (Ieri et al., 2011) 

In another in vitro study, purple potato extracts were tested on four cancer cell lines consum­
ing crystal violet and tetrazolium MTT assays. The viability of treated cells was controlled by the 
crystal violet assays, where the concentration of the dye relates with the quantity of attached viable 
cells. Results acquired showed that the concentrate was proficient in lessening Caco-2 (colorectal 
adenocarcinoma) cell viability (Hansen et al., 1989). 

A current in vitro study exhibited that in vitro purple potato extract essentially smothered mul­
tiplication in CSCs (cancer stem cells). The extract additionally upregulated proteins engaged with 
mitochondria-intervened apoptotic pathway and downregulated proteins associated with the Wnt/β­
catenin signaling pathway. Purple potato eradicated colon cancer stem cells with nuclear β-catenin 
in vivo through induction of apoptosis and stifled tumor incidence in mice with azoxymethane 
(AOM)-induced colon cancer giving boost to the anti-cancer properties of purple potato(Lala et al., 
2006). 

Moreover, anthocyanins prepared from purple potatoes incite apoptosis in cultured human 
stomach cancer KATO III cells. Morphological changes showing apoptotic bodies and DNA 
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fragmentations were seen in cells treated with potato anthocyanins. As the anthocyanins have 
no particular side effects, we can use them persistently to prevent the occurrence of carcinomas. 
Besides, as potato anthocyanins are normally colored, those potato pigments give a tasteful special 
visualization on foodstuff and drink (Hayashi et al., 2006). 

22.11 ANTI-ALLERGEN 

Rahnama et  al. (2017) carried out an immunologic study on feeding on transgenic Solanum 
tuberosun on Wistar rats. The transgenic Solanum tuberosun possess cry1Ab and nptII and some 
marker genes which serves as target. It was observed in an in-silico study that cry1Ab and nptII gene 
does not share same protein sequence to toxins or allergens already known. During the experimental 
approach, Wistar rats were maintained on a diet composed of 20% transgenic Solanum tuberosun 
or its parental control, non-transgenic Solanum tuberosun, for 90 days. The results revealed that 
ingestion of transgenic Solanum tuberosun does not have any effect on parameters like food intake, 
growth rate, food efficiency, and general health outlook of the Wistar rats (Rahnama et al., 2017). 
Consequently, Rahnama and colleagues also reported that there was no observed significance in the 
level of immunoglobulin -A, -G, -M (IgA, IgG and IgM), IFN-c and interleukin 6 (IL-6) among 
the transgenic and non-transgenic fed rats. The authors therefore summaries that consumption of 
transgenic Solanum tuberosun had no antagonistic effect on Wistar rat immune system 

22.12 ANTIOXIDANT PROPERTIES 

Lee et al (2019) reported on the beneficial effect of polyphenol and anthocyanin from sweet potato 
cultivars on mopping up oxidative stress markers and its cytoprotection. It was observed that 
the polyphenolic contents of the purple-fleshed cultivar were high in the different extract of dis­
tilled water, fermented ethanol, and ethanol extracts, respectively (39, 68, and 71 μg gallic acid 
equivalent/g). The purple-fleshed potato cultivar revealed that it had 29 mg/100 g of anthocyanin a 
key player in increasing the concentrations of polyphenols. It was also reported that the purple cul­
tivar had an increased antioxidant activity than the other cultivars. Meanwhile, the purple cultivar 
extract was able to improve cellular oxidative stress marker levels in HepG2 cells stimulated by 
tert-butyl hydroperoxide to a normal level. The authors conclude that anthocyanin-enriched purple 
cultivar potato had robust antioxidant activities which can be used to suppress oxidative damage for 
health improvement. 

22.13 CONCLUSION AND FUTURE RECOMMENDATION 

This chapter has provided a detailed report about the benefits of genetically modified potatoes 
which includes their health and nutritional usefulness. Furthermore, more emphasis was a lad 
on the application of genetically modified potatoes as a typical examples of nutraceutical foods 
endowed with several pharmacological components and diverse biologically active compounds. 
This chapter also affirms that the consumption of transgenic potatoes has the potential to be effec­
tively used to suppress and prevent diabetes mellitus in animal models such as non-obese diabetic 
mice. However, the lack of human trials in testing the efficiency of the use of transgenic plants 
as modes to deliver anti-diabetic agents in humans limits the applications in humans. Therefore, 
the utilization of genetically modified potatoes in in-vivo animal studies suggested their applica­
tion as a source of medicine in humans to treat various diseases especially diabetes, ulcer, cancer, 
and other foodborne diseases (Adetunji et al., 2020a,b; Adetunji and Anani 2020; Adetunji and 
Varma, 2020; Olaniyan and Adetunji, 2021; Inobeme et al., 2021a, b; Anani et al., 2021; Adetunji 
et al., 2021a,b,c,d,e,f,g,h; Jeevanandam et al., 2021; Adetunji et al., 2022a,b). Therefore, there is an 
urgent need to establish the level of toxicity of these genetically modified potatoes so as to estab­
lish their softy level. 
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23.1 � INTRODUCTION

Metagenomics serves as a molecular technique that could be applied in the investigation of microor-
ganism through the evaluation of their DNA obtained from environmental samples without a need to 
obtain a more purified form of the organism. This technology permits the evaluation of the DNA of the 
total population of the microorganisms available in that environment. It gives a golden opportunity to 
identify the type of a particular microorganism present and provide a better understanding of the type 
of metabolites and functional activities of the microorganisms in a particular population (Langille et al., 
2013). It has been discovered that the usage of high-throughput sequencing technologies has increased 
the capability to evaluate and quantify the amount of genomic material available in particular material 
(Aarestrup et al., 2012). The usage of techniques requires a lot of improvement in the nearest future.

Moreover, the application of metagenomic evaluation using untargeted sequencing has been 
given considerable attention that might be linked to the high throughput of current sequencing 
technologies which permit the assessment of complex samples (Smits et al., 2015). The application 
of metagenomics together with multiplex real-time polymerase chain reaction (RT-PCR) protocols 
could help in the detection of several pathogenic diseases and detection of several pathogens that 
could serve as a threat to human and environment (Binnicker, 2015).

Recent studies have reported that food security is a big challenge, particularly among developing 
and developed countries. Chronic hunger and malnutrition have been shown to be a major health 
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and social challenge in these countries resulting in persistent and severe undernourishment. Several 
projections have been made predicting that Africa’s population in increase geometrically to about 2.4 
billion by the year 2050. The resultant effect of this population explosion on food security have been 
predicted to be negative thereby making the global food security challenge to be worrisome (Abubakar 
et al., 2019; Adetunji et al., 2018a, b, c; Adetunji et al., 2017; Adetunji et al., 2011c; Adetunji et al., 2019; 
Adetunji et al., 2014, Adetunji et al., 2013a, b; Adetunji et al., 2011a, b; Adetunji and Olaleye, 2011). 

23.2	 RECENT ADVANCES IN THE APPLICATION OF 
METAGENOMIC IN PROMOTING FOOD SECURITY 

Wu et al. (2015) revealed that homology-dependent and independent algorithms and next-generation 
sequencing are the recent advances in technology that can be utilized in the identification of viroids 
and viruses. These technologies enable fast and easy management of diseases in tissues through 
viral metagenomics. Plant metagenomics and plant virus metagenomics are sophisticated technolo­
gies that utilize next-generational sequencing for advances in plant biodiversity and ecological stud­
ies generating a very large data set for deeper evolutionary and ecological analyses. 

Humblot et al. (2014) reported that metagenomics can be applied to the production of fermented 
food, thus facilitating increased nutrition, shelf life and overall transformation of food substances. 
Through metagenomics, commercialization and optimization can be achieved by increased char­
acterization of the microbial community, thus providing a faster and more efficient approach. The 
authors described the metagenomics approach as the massive application of bioinformatics tools 
and sequencing techniques targeting nucleic acids like (RNA/DNA). Also, other techniques that 
target the genes have also been established such as fingerprinting, enzyme restriction, PCR ampli­
fication and electrophoretic techniques for microbial community profiling. These techniques have 
been utilized to target the genetic content of many microbes. Humblot et al. (2014) reported metage­
nomics approaches to provide the ability to study complex fermentative ecosystems in many fer­
mented food products by targeting the genetic contents, thus providing adequate information on 
the biological activity, physiochemical properties, gene expression study, toxinogens, survival of 
pathogenic organisms, safety, concentration and diversity. The authors suggested that many several 
technical challenges should be considered to avoid bias during data generation. 

Coughlan et al. (2015) reported that microorganisms are very useful as a biotechnological tool 
for the functional metagenomic analysis and functional-based screening of pharmaceutical and 
food products. The authors revealed that genomic data provides valuable information about the 
functionality of these microbes. The functional-based screening like gene expression and cloning of 
novel proteins, DNA metagenomic for industrial applications. Coughlan et al. (2015) reported many 
novel enzymes and bioactives derived from beneficial microbes that are currently being utilized in 
pharmaceutical and food processing. Some of them serve as biocatalysts for large-scale food pro­
duction, brewing, fermentation and degradation, baking, and flavoring. 

Prayogo et  al. (2020) revealed that novel enzymes for diverse industrial applications can be 
produced from natural habitat utilizing metagenomic applications. The authors reported that 
many microbes are known to generate several metabolites, enzymes like cellulases, lipases, 
AHL-lactonase. BRPD, oxoflavin-degrading enzyme, chitinases, transaminases and proteases sand 
other essential compounds but unfortunately many of these microbes are yet to be discovered. 
They reported that the application of functional metagenomic techniques can help to uncover these 
microbes, metabolic pathways, and their genes. 

23.3	 RECENT ADVANCES IN THE APPLICATION OF 
METAGENOMIC IN PROMOTING HUMAN HEALTH 

Gu et  al. (2019) reported that virtually all infectious pathogenic agents have RNA and DNA 
genomes that can be utilized for genomic sequencing through the utilization of high-throughput or 
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metagenomic next-generation sequencing for diverse technological and algorithm platform. These 
platforms allow fast detection, characterization, analysis of microorganisms from patient samples. 
Recently conventional diagnostics have been reported to have several limitations, particularly in 
efficient tracking of several infectious diseases. Sustainable improvement and enhancement in 
health care system involve the production and utilization of metagenomics to improve breeding and 
production techniques in plants and animals (Arthikala et al., 2014). 

Metagenomics techniques have been shown to facilitate diagnostics, biomedical engineering, 
gene therapy, and pharmacogenomics (McCullum et al., 2003). Donovan et al. (2012) have utilized 
metagenomic approaches to study the functional relation between food microbiota and human gut 
system. Their results demonstrated that many of metabolic diseases like obesity are linked to a 
particular microbiome. 

Lobiuc et al. (2019) reported that gut microbiome in type II diabetes can be analyzed utilizing 
the metagenomic techniques. In their study, it was revealed that physiological conditions in disease 
and health of the gut can be modulated by gut microbiota which may be characterized with high 
throughput metagenomic sequencing techniques. From their results it was discovered that probiotics 
modulated change in the composition and microbiota physiology and metabolism. Several reports 
have suggested that whole-genome shotgun sequencing (WGS) provides higher yield and sensitivity 
in variant detection, disease type and diagnostic role in microbial diversity study. Also it was rec­
ommended that routine utilization of multiomics platforms, genomics techniques, single-cell tech­
nologies, and integration of systems biology in medical research will contribute significantly to the 
design of several precision interventions with specific consideration of the species, disease-specific 
factors, and host (Kiousi et al., 2021). 

Ninian et  al. (2021) reported that metagenomics techniques are useful in novel enzyme bio­
prospecting such as endoglucanases in second-generation biofuel production. The authors suggested 
that the identification of novel cellulolytic gene mining and lignocellulosic biomass-degrading 
enzymes can be done through the utilization of metagenomics. 

23.4	 RECENT ADVANCES IN THE APPLICATION OF METAGENOMIC 
IN PROMOTING ENVIRONMENTAL SUSTAINABILITY 

Ghosh et al. (2018) reported that metagenomics techniques are useful in the detection and analysis 
diverse microbial species in the environment. The authors disclosed that several uncharacterized 
microbes that can be studied using metagenomics from different samples. The metabolic, dynamic, 
functional activities, diversity and complex characteristics of the microbiota can be understudy 
using functional metagenomics. 

Omics approaches particularly metagenomics have been utilized to detect and analyzed microbes 
like L. monocytogenes, Staphylococcus aureus, E. coli O157:H7, Campylobacter jejuni, Shigella 
species and Salmonella species that are responsible for various food spoilage, contaminations, 
and foodborne pathogenesis. The authors reported that foodomics techniques like genomics, pro­
teomics, metagenomics, and transcriptomics are currently being utilized for food safety, analysis, 
and quality. 

Barooah et al. (2021) highlighted the role of freshwater ecosystem in regulating the level of 
global carbon cycle, thereby maintaining the global climate. The authors revealed that through 
high-throughput state-of-the-art technologies like functional metagenomics, Shotgun metage­
nomic sequencing, metaproteomics, next-generation sequencing and metatranscriptomics micro­
bial diversities can be studied in the environment without isolation and culturing. Also, many of 
these high throughput technologies give adequate insight into the poorly understood biological 
system and taxonomic profiling. The field of metagenomics is a novel area in which investiga­
tion are directed to understand the genes of environmental microorganisms within the microbial 
community. Some of the functional metagenomic investigations carried out recently in the field of 
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environmental physiology include niche-specialized low complexity communities, labeling tech­
nologies and reactor enrichments. The newest areas in the field of metagenomics are metapro­
teomics and metatranscriptomics which are being utilized for medical biotechnology (Brulc et al., 
2009). Many authors have reported diverse applications of metagenomics such as food safety, 
industrial waste management, bioremediation processes in a polluted environment, forensic sci­
ence and diagnostic physiology. Effendi et al. (2019) utilized high throughput sequencing of 16S 
rRNA gene to analyze soil bacteria, richness, composition and conditions utilizing Illumina plat­
form. From their results, it was discovered that Cyanobacteria and Proteobacteria were found 
lower abundance in the soil. 

23.5 CONCLUSION AND FUTURE RECOMMENDATION TO KNOWLEDGE 

This chapter has provided detailed information on the metagenomic in promoting food security, 
promoting human health and environmental sustainability. Therefore, there is a need to create more 
awareness on the application of other biotechnological techniques, synthetic biology, nanotechnol­
ogy, proteomics and genomics and metabolomics most especially to diverse people from different 
fields. This will go a long way in mitigating against several challenges facing mankind in diverse 
fields of their endeavor. 
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