
Soybean 
Recent Advances in Research  

and Applications

Edited by Takuji Ohyama,  
Yoshihiko Takahashi, Norikuni Ohtake,  

Takashi Sato and Sayuri Tanabata

Edited by Takuji Ohyama,  
Yoshihiko Takahashi, Norikuni Ohtake,  

Takashi Sato and Sayuri Tanabata

Increasing population and the expected decrease in crop production due to climate 
changes and land damage in near future may be rescued by changing from animal 

meat to plant protein, especially soybean protein. Recently, meat substitutes 
produced from soybean have become popular This book discusses recent advances 
in research and applications of soybean. Soybean seeds contain an extraordinarily 

high concentration of protein and oil, and the demand for soybean is increasing due 
to their nutritional value for both humans and livestock. Also, soybean has been 

used as biofuel in the replacement of petroleum oil. This book gives a comprehensive 
overview of soybean in five sections: “Role of Soybean for Food Security”, “Physiology 

and Biochemistry of Soybean Plants”, “Cultivation and Productivity of Soybean”, 
“Breeding and Biotechnology of Soybean”, and “Food and Biodiesel Industry”.

Published in London, UK 

©  2022 IntechOpen 
©  popovaphoto / iStock

ISBN 978-1-80355-699-4

Soybean - Recent A
dvances in Research and A

pplications





Soybean - Recent 
Advances in Research and 

Applications
Edited by Takuji Ohyama,  

Yoshihiko Takahashi, Norikuni Ohtake, 
Takashi Sato and Sayuri Tanabata

Published in London, United Kingdom



Soybean - Recent Advances in Research and Applications
http://dx.doi.org/10.5772/intechopen.98162
Edited by Takuji Ohyama, Yoshihiko Takahashi, Norikuni Ohtake, Takashi Sato and Sayuri Tanabata

Contributors
Sinan Meriç, Alp Ayan, Tamer Gümüş, Çimen Atak, Bhagwan Asewar, Megha Jagtap, Gopal Shinde, Shivaji 
Mehtre, Madan Pendke, Takuji Ohyama, Sayuri Tanabata, Norikuni Ohtake, Takashi Sato, Kuni Sueyoshi, 
Yoshihiko Takahashi, Shinji Ishikawa, Yuki Ono, Natsumi Yamashita, Akinori Saito, Sokichi Shiro, Yuichi 
Saeki, Summra Siddique, Azhar Mat Easa, Moses Ojukwu, Mohammad Sohidul Islam, Imam Muhyidiyn, Md. 
Rafiqul Islam, Md. Kamrul Hasan, Golam Hafeez, Moaz Hosen, Hirofumi Saneoka, Akihiro Ueda, Liyun 
Liu, Misbah Naz, Celaleddin Barutçular, Javeed Lone, Muhammad Ammar Raza, Murat Erman, M. Kaium 
Chowdhury, Ayman EL Sabagh, Canon E.N. Engoke Norris Savala, Stephen Kyei-Boahen, David Chikoye, 
Lilian Hasegawa Florentino, Rayane Nunes Lima, Mayla D.C. Molinari, Carlos Gilberto Raetano, 
Matheus Mereb Negrisoli, Flávio Nunes da Silva, Danilo Morilha Rodrigues, Evandro Pereira Prado, Md. 
A. Mannan, Ismot Rima, Abdul Karim, António André Chivanga Barros, Ana Kiesse Zeleme, Fernando 
Luiz Pellegrini Pessoa, Ewerton Emmanuel da Silva Calixto, Bruna Aparecida Souza Machado, Ana Lucia 
Barbosa de Souza, Hugo Gomes D’amatto Villardi, Fumiaki Takakai, Takemi Kikuchi, Tomomi Sato, 
Masato Takeda, Saki Kanamaru, Yasuhiro Aono, Shinpei Nakagawa, Kentaro Yasuda, Yoshihiro Kaneta

© The Editor(s) and the Author(s) 2022
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2022 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Soybean - Recent Advances in Research and Applications
Edited by Takuji Ohyama, Yoshihiko Takahashi, Norikuni Ohtake, Takashi Sato and Sayuri Tanabata
p. cm.
Print ISBN 978-1-80355-699-4
Online ISBN 978-1-80355-700-7
eBook (PDF) ISBN 978-1-80355-701-4



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

6,000+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

146,000+
International  authors and editors

185M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editors

Takuji Ohyama is the chairman of the Fertilization Research 
Foundation. He obtained a Ph.D. in Agriculture from the Uni-
versity of Tokyo in 1980. His previous positions include profes-
sor in the Faculty of Agriculture, Dean of the Graduate School 
of Science and Technology, and dean of the Faculty of Agricul-
ture, all at Niigata University, Japan. He was also a Professor in 
the Faculty of Applied Biosciences, Department of Agricultural 

Chemistry, Tokyo University of Agriculture (2017 -2022). He was president of the 
Japanese Society of Soil Science and Plant Nutrition from 2007–2009. His research 
interests are nitrogen fixation and metabolism in soybean plants, new technology 
of deep placement of slow-release nitrogen fertilizers for soybean cultivation, and 
nitrogen and carbon metabolism in rice, tulip, curcuma, and cucumber. He is also 
interested in the use of stable isotopes and positron-emitting radioisotopes.

Yoshihiko Takahashi obtained a Ph.D. degree in agriculture 
from the Tokyo University of Agriculture in 1995. He was a 
professor in the Faculty of Agriculture, Niigata University, 
Japan from 2006 to 2020. He was also a researcher at the Ni-
igata Prefectural Agricultural Research Institute from 1998 to 
2003. He studies the high-quality cultivation of paddy rice and 
soybean by improving fertilizer management on a field scale. 

He developed a new fertilization technology, a deep placement of slow-release 
nitrogen fertilizers for soybean cultivation, which did not repress nitrogen fixation 
activity by root nodules. 

Norikuni Ohtake is a professor in the Faculty of Agriculture, 
Niigata University, Japan. He obtained a Ph.D. degree in agri-
culture from the Niigata University of graduate school the same 
university in 1998. He was a senior researcher at the Cabinet 
Office, Government of Japan in 2007–2008. He studies metab-
olism and accumulation regulation analysis in developing soy-
bean seeds, with a focus on seed storage protein accumulation. 

Takashi Sato is a professor in the Faculty of Bioresource Scienc-
es, Department of Environmental Science, Akita Prefectural 
University, Japan. He obtained a Ph.D. degree in agriculture 
from Niigata University, Japan in 1999. His research interests 
are soybean yield increase technology in a paddy-upland rota-
tion system and soil amendment by legume green manure. 



Sayuri Tanabata is an associate professor at the Center for Inter-
national Field Agriculture Research and Education, College of 
Agriculture, Ibaraki University, Japan. She obtained a Ph.D. degree 
in agriculture from Niigata University, Japan in 2008. Her re-
search interests are autoregulation of nodulation in legume plants, 
nitrogen and carbon metabolism in soybean, and the development 
of the use of organic fertilizers. She is also interested in the use of 

stable isotopes and radioisotopes. 



Preface XIII

Section 1
Role of Soybean for Food Security 1

Chapter 1 3
Soybean and Sustainable Agriculture for Food Security
by Mohammad Sohidul Islam, Imam Muhyidiyn, Md. Rafiqul Islam, 
Md. Kamrul Hasan, ASM Golam Hafeez, Md. Moaz Hosen,  
Hirofumi Saneoka, Akihiro Ueda, Liyun Liu, Misbah Naz,  
Celaleddin Barutçular, Javeed Lone, Muhammad Ammar Raza,  
M. Kaium Chowdhury, Ayman El Sabagh and Murat Erman

Section 2
Physiology and Biochemistry of Soybean Plants 19

Chapter 2 21
Effects of Application of Various forms of Nitrogen on the Growth  
of Soybean Nodules and Roots Related to the Carbon and Nitrogen  
Metabolism
by Takuji Ohyama, Sayuri Tanabata, Norikuni Ohtake, Takashi Sato, 
Kuni Sueyoshi, Yoshihiko Takahashi, Shinji Ishikawa, Yuki Ono,  
Natsumi Yamashita and Akinori Saito

Chapter 3 43
Physiological and Biochemical Basis of Stress Tolerance in Soybean
by Md. Mannan, Ismot Rima and Abdul Karim

Section 3
Cultivation and Productivity of Soybean 55

Chapter 4 57
Nitrogen Budget in a Paddy-Upland Rotation Field with Soybean  
Cultivation
by Fumiaki Takakai, Takemi Kikuchi, Tomomi Sato, Masato Takeda,  
Saki Kanamaru, Yasuhiro Aono, Shinpei Nakagawa, Kentaro Yasuda, 
Takashi Sato and Yoshihiro Kaneta

Contents



II

Chapter 5 73
Inoculant Formulation and Application Determine Nitrogen Availability  
and Water Use Efficiency in Soybean Production
by Canon E.N. Savala, David Chikoye and Stephen Kyei-Boahen

Chapter 6 97
Optimization of Application Technology for Plant Protection Products  
in Soybean Crops in Brazil
by Carlos Gilberto Raetano, Matheus Mereb Negrisoli, Flávio Nunes da Silva,  
Danilo Morilha Rodrigues and Evandro Pereira Prado

Chapter 7 117
Climate-Resilient Technologies for Enhancing Productivity of Soybean  
in India
by Bhagwan Asewar, Megha Jagtap, Gopal Shinde, Shivaji Mehetre  
and Madan Pendke

Section 4
Breeding and Biotechnology of Soybean 135

Chapter 8 137
Current Strategies and Future of Mutation Breeding in Soybean  
Improvement
by Alp Ayan, Sinan Meriç, Tamer Gümüş and Çimen Atak

Chapter 9 159
Breeding of Rj Gene-Accumulated Soybean Genotypes and Their  
Availability for Improving Soybean Productivity
by Sokichi Shiro and Yuichi Saeki

Chapter 10 179
Role of CRISPR/Cas9 in Soybean (Glycine max L.) Quality Improvement
by Summra Siddique

Section 5
Food and Biodiesel Industry 201

Chapter 11 203
Soybean Functional Proteins and the Synthetic Biology
by Lilian Hasegawa Florentino, Rayane Nunes Lima and Mayla D.C. Molinari

Chapter 12 233
Innovative Application of Soy Protein Isolate and Combined Crosslinking 
Technologies to Enhance the Structure of Gluten-Free Rice Noodles
by Moses Ojukwu and Azhar Mat Easa

Chapter 13 245
Biodiesel Production Using Reactive Distillation Column Based  
on Intensification Processes
by Ana Kiesse Zeleme and António André Chivanga Barros
X



III

Chapter 14 259
Routes to Aggregate Value to Soybean Products
by Fernando Luiz Pellegrini Pessoa, Ewerton Emmanuel da Silva Calixto,  
Hugo Gomes D’amatto Villardi, Ana Lucia Barbosa de Souza  
and Bruna Aparecida Souza Machado

XI





Preface

This book covers all the areas of scientific research and development of soybean, 
especially physiology and metabolism, seed production, breeding and genetics, food 
from soybean seeds, and new soy foods. The demand for soybean seeds has been 
increasing due to their unique nutritional values. Annual soybean production increased 
to 350 Mt in 2017, which was followed by that of corn (1100 Mt), wheat (800 Mt), and 
rice (800 Mt). Soybean seeds contain a large amount of protein (about 40%) and oil 
(about 20%) and the matured seeds do not contain starch, which is the major nutrient 
in corn, wheat, and rice seeds. This book includes fourteen chapters in five sections.

Section 1: “Role of Soybean for Food Security”

Section 2: “Physiology and Biochemistry of Soybean Plants”

Section 3: “Cultivation and Productivity of Soybean”

Section 4: “Breeding and Biotechnology of Soybean”

Section 5: “Food and Biodiesel Industry”

Section 1 includes Chapter 1, in which Dr. Mohammad Sohidul Islam et al. summarize 
the important role of soybean for sustainable agriculture and global food security. 
Human beings and animals need an adequate amount of nutrients, such as carbohy-
drates, protein, lipids, minerals, vitamins, and so on. The increasing population and 
the expected decrease in crop production due to climate changes and land damage 
may be mitigated by changing from animal meat to plant protein, especially soybean 
protein.

Section 2 includes Chapter 2, in which Takuji Ohyama et al. review the effects of 
the application of various forms of nitrogen on the growth of nodules and roots 
related to carbon and nitrogen metabolism. Soybean plants obtain nitrogen from the 
fixed N2 by the root nodules and the absorbed inorganic nitrogen by the roots from 
soil or fertilizers. To obtain a high yield of soybean, good modulation and high and 
long-lasting nitrogen fixation activity are important because the availability of soil 
N is limited in many regions. However, it is well known that a high concentration 
of mineral N represses nodule formation and nitrogen fixation activity, especially 
nitrate, the most abundant inorganic nitrogen in upland fields, which severely inhibits 
nodulation and nitrogen fixation activity of soybean plants. The authors find that 
nitrate represses nodule growth rapidly and reversibly by the addition of nitrate 
in the culture solution. Also, ammonium, urea, and glutamine repress the nodule 
growth as well as nitrate. In Chapter 3, Dr. Md. Mannan reviews the physiological 
and biochemical basis of stress tolerance in soybean, especially responses to drought 
stress. Plants can adapt in response to water scarcity situations by altering cell 
metabolism and activating various defense mechanisms. Higher salt tolerance in 



VI

resistant soybean genotypes was associated with better water relation, salt dilution by 
juiciness, and better osmotic adaptation with an accumulation of more amino acids, 
sugars, and proline. In addition, less damaging chlorophylls, higher photosynthetic 
efficiency and cell membrane stability, and higher calcium content contributed to the 
higher salt tolerance of soybean genotypes.

Section 3 begins with Chapter 4, in which Dr. Fumiaki Takakai et al. report the 
nitrogen budget in a paddy-upland rotation field with soybean cultivation by lysimeter 
experiments and reveal that considerable loss of N occurred in both the upland soybean 
and paddy rice cultivation periods. They concluded that to mitigate the N loss in the 
rotation system, N supply from organic matter applications such as leguminous green 
manure or livestock manure compost is required. In Chapter 5, Dr. Savala Canon reports 
that the inoculation formulation and applications determined nitrogen availability 
and water use efficiency in soybean production in Mozambique. The author concludes 
that the inoculants applied to soil or seed increase the amount of biologically fixed 
nitrogen and have the potential of improving soybean productivity in Mozambique. 
In Chapter 6, Dr. Raetano Carlos reviews the optimization of application technology 
for plant protection from diseases and insects in Brazil. The chapter describes the main 
application techniques of chemical or biological products in the control of agents by 
technological innovations involving remote sensing, unmanned aerial vehicles, and 
other techniques. In Chapter 7, Dr. Asewar Bhagwan et al. discusses climate-resilient 
technologies for enhancing the productivity of soybean in India. Recent research reveals 
that climate-resilient technologies such as selecting suitable varieties, sowing within 
the proper sowing period, dry spell management practices to reduce moisture stress, 
rainwater harvesting, soil conservation through broad bed furrow method of planting, 
and reuse of harvested and stored rainwater during moisture stress conditions can 
mitigate the effects of climate change and enhance the productivity of soybean in a 
sustainable manner.

Section 4 beings with Chapter 8, in which Dr. Sinan Meriç et al. discuss current 
strategies and the future of mutation breeding in soybean improvement. Currently, 
there are numerous alternative breeding approaches, including conventional breeding 
as well as biotechnological approaches. Among these, mutation breeding is still a 
major method to produce new alleles and desired traits within the crop genomes. The 
chapter highlights common bacterial, fungal, and viral pathogens and the role that 
biotechnology can play in controlling the disease. In Chapter 9, Dr. Sokichi Shiro and 
Dr. Yuichi Saeki examine the breeding of Rj gene-accumulated soybean genotypes 
and their availability for improving soybean productivity. Some soybean varieties 
harbor Rj genes, which regulate nodulation by preventing infection and nodulation by 
specific rhizobial strains. Soybean genotypes carrying several Rj genes may enhance 
the occupancy of useful bradyrhizobia, which exhibits potent nitrogen fixation ability 
and exhibit nodulation compatible with the Rj genotype of soybean. In Chapter 10, 
Dr. Summra Siddique reviews soybean quality improvement through CRISPR/Cas9. 
The fields of functional genomics and crop improvement have been transformed 
by advances in genome editing tools. CRISPR/Cas9 (clustered regularly interspaced 
short palindromic repeat)-Cas9 is a versatile genetic engineering tool.

Section 5 begins with Chapter 11, in which Dr. Lilian Hasegawa Florentino et al. review 
soybean functional proteins and synthetic biology. Despite soybean-producing high 
and elevated nutritive and functional proteins, it also produces allergenic proteins, 
XIV



VII

harmful secondary metabolites, and carcinogenic elements. Therefore, synthetic 
biology is a powerful and promising science field for the development of new devices 
and systems. It represents a new disruptive frontier that will allow better use of soybean 
functional proteins, both for animal and human food and for the pharmaceutical 
and chemistry industry. In Chapter 12, Dr. Moses Ojukwu and Dr. Azhar Mat Easa 
discuss the innovative application of soy protein isolate and combined crosslinking 
technologies to enhance the structure of gluten-free rice noodles. Soy protein isolate 
may serve as a health-enhancing functional ingredient in many food products. The 
authors combined crosslinking and cold gelation of soy protein isolate to improve the 
structure, texture, and cooking properties of rice flour noodles. In Chapter 13, Dr. Ana 
Kiesse Zelema Geremias and Dr. António André Chivanga Barros discuss biodiesel 
production using a reactive distillation column based on intensification processes. For 
the preparation of biofuels that have the same characteristics as petroleum derivatives, 
a reactive distillation column was designed, constructed, installed, and operated 
using process intensification principles. It was applied in the production of biodiesel, 
using residual frying oil as the raw material, by the transesterification reaction in a 
continuous regime. In Chapter 14, Dr. Fernando Luiz Pellegrini Pessoa et al. discuss the 
routes to the aggregate value of soybean biofuel. The traditional production routes, such 
as pyrolysis, allow for the generation of bio-oils with high burning power by mixing 
oils and plastics. One example of an alternative route is single-step interesterification, 
where the methyl acetate reacts with the triglycerides in the oil, forming fatty acid 
methyl esters and triacetin as a byproduct.

This book is a useful resource for researchers, students, persons in the agriculture and 
food industries, and policymakers.

We greatly appreciate all the contributors and editors. We also thank Author Service 
Manager Ms. Jelena Vrdoljak at IntechOpen for her kind support.

Takuji Ohyama
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Chapter 1

Soybean and Sustainable 
Agriculture for Food Security
Mohammad Sohidul Islam, Imam Muhyidiyn,  
Md. Rafiqul Islam, Md. Kamrul Hasan, ASM Golam Hafeez, 
Md. Moaz Hosen, Hirofumi Saneoka, Akihiro Ueda, Liyun Liu, 
Misbah Naz, Celaleddin Barutçular, Javeed Lone,  
Muhammad Ammar Raza, M. Kaium Chowdhury,  
Ayman El Sabagh and Murat Erman

Abstract

Global food security is under-challenged due to over increasing human population, 
limited cropland, and risk of climate change. Therefore, an appropriate agricultural 
policy framework needs to be developed for food security that should be sustain-
able economically and ecologically. Nitrogen (N) is a crucial element that controls 
the growth productivity of crop plants. N accounts for around 78 volume per cent of 
the atmosphere but all crop plants cannot use it directly. Agricultural land is mostly 
dominated by cereals (e.g. rice, wheat, maize) which have specifically high N demand 
as compared to food legumes. Soybean exemplifies the most significant and cultivated 
food legume, presently cultivated worldwide under varying climatic conditions. It 
plays a significant role in global food security as well as agricultural sustainability 
due to a high seed protein and oil concentration, and low reliance on N fertilization. 
Soybean enriches soil health by fixing atmospheric N through biological nitrogen 
fixation (BNF), the most productive and economical system for N fixation and crop 
production, associated with more intensive production systems. However, the effi-
ciency of BNF depends on several factors. This study is focused to develop more reli-
able guidelines for managing BNF by using the potential of natural agro-ecosystems.

Keywords: soybean, food security, biological nitrogen fixation, climate change, 
agro-ecosystems

1. Introduction

The global population is predicted to reach 8.6 billion in 2030, 9.8 billion in 2050, 
and 11.2 billion in 2100 [1]. This expanding population and their subsequent consump-
tion will lead to an increase in the global food demand, and it will be great challenge 
for food security under climate change and land-use scenarios. Exclusively, abiotic and 
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biotic stresses caused by the global climate change progressively affected the cropping 
systems which will pose serious intimidations for global food production [2]. Most 
developed countries have had to embrace modern-day agricultural technologies to 
achieve food security for increasing populations, as well as to support agri-business and 
income generation. Currently, scientists have been propagating to explore crop diversi-
fication as an alternative strategy for developing countries. The ecological consequences 
of technologically focused agricultural systems that have been adopted and appreci-
ated for many decades without the consideration of the environment, and the impact 
on the ecosystem is now coming into focus and scrutiny with the vivid and negative 
environmental impact of modern-day agriculture, and how it has greatly contributed 
to climate change. The current agricultural practices are not sustainable due to their 
misuse of valuable resources and environmental degradation. Hence, the philosophy of 
basic plant science research, and the direction of demand-based plant breeding should 
be changed to allow the plants for growing well in normal and limited resources in a 
sustainable way. In these reflections, it is suggested to grow soybean due to its higher 
adaptation and mitigation approaches in changing climates and multiplicity effects.

In history, soybean (Glycine max L. Merr.) was domesticated in China and afterward 
introduced into the USA and Brazil [3]. Currently, Argentina, Brazil, and the USA are 
the top soybean-producing countries at the global scale comprising 16, 32, and 33%, 
respectively [4]. Globally soybean production is projected to increase 311.1 and 371.3 
million metric tons in 2020 and 2030, respectively. The annual growth rates of soybean 
from 2005 to 2007 to 2010, and 2010 to 2020 were 2.9 and 2.5%, respectively, and the 
rate is projected to increase 1.8% from 2020 to 2030 [5]. All the same, it is estimated 
that the demand in 2030 will be increased approximately 1.7 times greater than that of 
2005–2007 [5]. Climate change has the potential to allow a significant increase in soy-
bean production in Africa, irrespective of which production scenario becomes reality in 
the future [6]. Despite biotic and abiotic stresses, soybean production is continuing to 
increase over time [7, 8]. Soybean is known as the ‘Africa’s Cinderella crop’ owing to the 
increasing demand for soybean production in recent years in Africa [9]. This chapter 
will focus on the potential role of soybean in agriculture for food security.

2. Soybean for sustainable development

2.1 Potential source of food and health benefits

Soybean is one of the most valuable crops in the world due to its multiple uses as a 
least expensive source of protein, healthy unsaturated fats and carbohydrate for the 
human diet, livestock and aquaculture feed, and biofuel. It is predominantly grown 
worldwide for high-quality, inexpensive proteins, and oil. It is highly nutritious food 
commodity as a source of vegetable protein and low cholesterol at an affordable price 
and is considered as a good substitute for animal protein due to containing essential 
amino acids required for human nutrition. The approximate composition of soybean 
is 36% protein, 19% oil, 35% carbohydrate including 17% dietary fiber, 5% minerals, 
and several other components including vitamins [10]. Soybean oil contains 16% 
saturated fatty acids, 23% monounsaturated fatty acids, and 58% polyunsaturated 
fatty acids [11]. In addition to edible oil, soybean is used as many processed foodstuffs 
such as soybean sprouts, toasted soy protein flours, soy milk, tofu, tempeh, miso, 
natto, soybean paste, and soy sauce [12], and also, bean curd, oncom, tauco, soybean 
cake, ice cream, soy flour, etc. [13]. Soybeans are also an important food commodity 
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after rice and maize. Soybean is by far the cheapest source of protein for the poor 
smallholders as compared to other quality foods that are rich in proteins such as ani-
mal meat, fish, eggs, and milk. Based on the protein quality (protein digestibility cor-
rected amino acid score), the value of soybean protein is equivalent (whole soybeans 
96, soybean milk 91) to eggs (97) [14]. Several bioactive compounds like isoflavones, 
peptides, flavonoids, phytic acid, soy lipids, soy phytoalexins, soyasaponins, lectins, 
hemagglutinin, soy toxins, and vitamins are isolated from soybean and soy food prod-
ucts [15]. It has been reported earlier in many studies that consumption of soybean 
in different forms provides bioactive compounds as well which significantly lowered 
the risks for several cancers including breast [16], prostate [17], lung [18], colon [19], 
liver [20], and bladder [21], hypercholesterolemia and cardiovascular diseases [22], 
osteoporosis [23], hypertension [24], and blood pressure [25]. The consumption of 
protein from soybean sources by human beings is currently low worldwide, although 
there is increasing public and commercial interest since the crop could be a major 
source of dietary protein for the future. Malnutrition is a major global health prob-
lem, especially for developing countries, and food insecurity is the prime factor for 
malnutrition [26]. However, soybean-based foods are cheaper and readily available 
which can solve the problems.

2.2 Imperative source of animal feed

Soybean is not only a good source of high-quality edible oil and proteins for 
human beings but also a high-quality forage protein in animal feed worldwide. Feed 
is a key pillar in the journey of improving the productivity of livestock. Quality feed 
is the fundamental factor to increase the productivity of livestock. Soybean is also 
widely used as high quality and protein-rich animal feed [13] due to its auspicious 
attributes such as relatively high protein content, suitable amino acid profile except 
for methionine, and minimal variation in nutrient content. Soybean byproducts (raw 
materials and soybean meal) are used as a source of protein feedstuff for domestic 
animals including pig, chicken, cattle, horse, sheep, and fish feed and many prepack-
aged meals [10]. Soybean meal (SBM) contributes about 30% to poultry feeds [27]. It 
represents two-thirds of the total world output of protein feedstuffs [28]. Its feeding 
value is unparalleled by any other plant protein source [29]. SBM usually contains 
47–49% crude protein (CP) and 3% crude fiber (CF) [30]. SBM is considered supe-
rior to other vegetable protein sources in terms of CP content and exceeds them in 
both total and digestible amino acid content [31]. The protein digestibility of SBM 
in poultry is approximately 85% [32]. Among the vegetable protein sources, SBM is 
used to meet the feed requirement of animals for limiting amino acids in cereal-based 
diets due to being the most cost-effective source of amino acids [33]. Therefore, the 
production of soybean, which is used extensively as animal feed, must be increased 
beyond the current production level due to meet the animal protein demand of 
overgrowing population in the world.

2.3 Contribution in biological nitrogen fixation

Nitrogen is a critical limiting element for growth and development by increasing 
chlorophyll as well as photosynthesis in crop plants. It is also the most abundant 
element in the atmosphere and exists in the diatomic form (N2) but the plant cannot 
uptake and use N2 directly. Only a group of plants known as legumes under the 
family of Fabaceae are well-known for being able to harvest N2 from the atmosphere 
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and incorporated it into the soil which is termed biological nitrogen fixation (BNF). 
BNF is firstly discovered by Beijerinck in 1901 [34]. The conversion of atmospheric 
dinitrogen (N2) to ammonia (NH3) under the combined action of biological and 
chemical activities is known as BNF [35]. It is a chemical process by which molecular 
N2, with a strong triple covalent bond, in the air is converted into ammonia (NH3) 
or related nitrogenous compounds, typically in soil or aquatic systems [36]. It is an 
important microbially mediated process that converts N2 gas to NH3 using the nitro-
genase protein complex [37]. Some bacteria contain enzymes that can reduce N2 and 
turn it into ammonia. Consequently, the NH3 is used to produce essential elements, 
and it is a process known as BNF [38, 39]. The BNF can be symbiotic (mutualistic 
associations between plant species and fixing microorganisms, mainly rhizobia), or 
asymbiotic (when transmitted by free-living fixing microorganisms, like the species 
of the genera Azotobacter and Beijerinckia) [40].

Soybean also improves soil fertility, another benefit of soybean cultivation, 
by fixing atmospheric nitrogen through BNF [41, 42]. Soybean plants can freely 
assimilate NH3 to produce nitrogenous biomolecules. These prokaryotes include 
aquatic organisms (cyanobacteria), free-living soil bacteria (Azotobacter), bacte-
ria (Azospirillum) which make associative relationships with plants, and bacteria 
(Rhizobium and Bradyrhizobium) to build up highly significant symbiotic relation-
ships with legumes and other plants [43]. The productivity of soybean largely 
depends on the BNF, the most important source to supply N in the soil. It has been 
reported earlier [44] that soybean seed yield is strongly linked to the N fixation 
process and N uptake of seed. It has been estimated that the contribution of N 
fixation to plant N demand ranges from 40 to 70% depending on the plant growth 
conditions (environments) and the association with the host-bacteria symbiosis 
[45–47]. In soybean, N derived from the atmosphere (NDFA) via BNF is recorded 
by 0–98% of the total N uptake, equivalent to 0–337 kg N ha−1 [48], and the 
total N uptake greatly depends on the activity of rhizobia. The yield of soybean 
increased over time in the last decades [49] by maintaining a high seed protein 
and N fixation process. Therefore, the N fixation process has become a growing 
concern on a global scale [44]. This BNF would be a major benefit to smallholder 
farming systems in developing countries where soil degradation and nutrient 
depletion have gradually increased because of high cropping intensity, and now 
pose serious threats to sustainable food production. Soybean farming is consid-
ered as one of the most cost-effective ways for sustaining soil fertility, especially 
for smallholder farmers which helps them to promote improved living standards 
and food security. Hence, soybean production and commercialization would be a 
milestone for improving food and nutritional security as well as to meet sustain-
able agriculture.

The fixation of atmospheric nitrogen is a complex process that requires a large 
input of energy to carry on [43]. For fixing nitrogen microorganisms require 16 
moles of adenosine triphosphate (ATP) to reduce each mole of nitrogen [50]. 
Microorganisms obtain this energy by oxidizing organic molecules, such as non-
photosynthetic free-living microorganisms obtain from other organisms, photosyn-
thetic microorganisms (Cyanobacteria) obtain from sugars (photosynthetic product), 
and associative and symbiotic nitrogen-fixing microorganisms obtain from their 
host plants’ rhizospheres [50, 51]. The BNF process is affected by several factors [52] 
like abiotic stresses water deficit or excess water, salinity, temperature, heavy  metals, 
and biocides [53], mineral elements such as high soil nitrate concentration [54], 
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phosphorous [55] and sulfur [56, 57], acidity [58] and alkalinity [59], and biotic fac-
tors like ineffective rhizobia [60], plant diseases [61], and weeds [62]. At pH 7.0, we 
observed that there was low nitrogenase activity.

2.4 Contribution as rotational crop

Crop rotation is an important agronomic management practice that is followed 
to sustain soil fertility and reduce pests and diseases. It also enhances to form some 
beneficial soil microbes with the following crops when the rotational crops are 
legumes specially soybean, which pointedly increased the growth and productivity 
of the crops. It has been well established that cultivation of soybean in 2- and 3-year 
rotations with corn and wheat in agriculture is highly profitable and advantageous 
for soil [63]. It has also been reported that soybean as a rotational crop is significantly 
cost-effective and beneficial to soil health [64, 65]. It has been established earlier 
that crop rotation recovers soil health and resilience by increasing soil organic carbon 
(SOC) [66–68], improving soil structure [69], enhancing nutrient availability [70], 
decreasing pests and pathogens in crops, increasing the population disease-defeating 
soil microbes [71, 72], and consequently increases yield of crops [73]. It is well docu-
mented that crop rotation as corn-soybean-wheat increased soybean yield in 1-year 
out of 3-year rotations as compared to growing every other year in corn-soybean 
rotations [74]. The high frequency of soybean in a crop rotation has decreased the 
SOC storage, and reduced macro aggregation owing to low residue inputs of soybean 
[75–77]. Soybean provided N through BNF as well as exploiting soil N from chemi-
cal sources [78, 79]. The soybean yield is meaningfully increased under rotations of 
corn-soybean in 2 years as compared to growing continuously [80–82]. Soybean in 
a 2-year rotations with corn increased grain yield by 9.2 and 12% over continuous 
soybean growing under no-tillage and conventional tillage conditions, respectively 
[80]. Rotation of soybean with traditional crops such as maize increases soil fertility 
by fixing nitrogen in the soil consequently increasing yield by 10–20% [83].

As compared to cereal crops, the residues of soybean contain a low C to N ratio, 
which promotes the decomposition of residues rapidly [76, 84]. However, accumula-
tion and sequestration of C in a stable soil aggregate from soybean residues is lower 
over the corn and cereal residues, indicating a lower C to N ratio, and lower phenolic 
acid content of soybean residues [85, 86].

Corn-soybean rotation including winter wheat increased soybean yield over 
mono-cropping soybean due to higher infestation of pest predation and/or soil-
borne plant pathogens as well as reduced SOC levels owing to lower aboveground 
and belowground biomass from continuous soybean cropping [64, 87]. The soybean 
yield is significantly increased with rotation as compared to continuous soybean due 
to increasing soil organic matter plus improving soil properties [88, 89], increasing 
the resource available for heterotrophic soil microbial communities, and increasing 
C and N cycling [89, 90]. Moreover, the strong rotational benefits were observed by 
Giller et al. [91] for maize-soybean rotation as the crop broke the cycle of continuous 
maize cultivation and fixed nitrogen to the soil, and support to build up sustainable 
soil fertility systems and profitability. As well, soybean-maize rotation deducted N 
fertilizer which helps to reduce carbon emissions that ensure sustainable agricultural 
production. It has been reported earlier [92] that soybean contains the climatic 
resilience and native Bradyrhizobium strains which are well apposite to the current 
crop rotation system.
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2.5 Impact on soil fertility

Soil is a nonrenewable resource that may be degraded due to inappropriate 
management practices. Intercropping systems allow to enhance resource-use 
efficiency and crop productivity which promote multiple ecosystem services [93]. 
Integration of legume crops is fundamental in many intercropping systems [94], 
and legume-based cropping systems improve soil fertility in many ways, such as 
increasing SOC and humus content, N and P availability, etc. [95]. It has been 
documented earlier that grain legumes are weak suppressors of weeds, but the 
mixing of crop species in the same cropping system improves the ability of the 
crop to suppress weeds [96, 97]. Soybean is characterized as a major economic crop 
in smallholder farming systems due to sustaining soil fertility [42], providing feed 
for livestock, and improving rural household nutrition and income. Inoculation 
of Bradyrhizobium japonicum strain 61-A-101 and mycorrhizal fungi with soybean 
potentially augmented the N and P uptake by the host plant through efficient colo-
nization of Glomus mosseae [98]. It has significant agronomic benefits to refresh the 
soils such as the crop canopies protecting the soil from recurrent erosion, decaying 
root residues improving soil fertility, and fixing atmospheric nitrogen into the soil 
which leads to higher levels of sustainable agriculture with minimal input require-
ments. Soybean is primarily grown as an intercrop with maize, sorghum, finger 
millet, sugarcane, which may be a suitable approach for sustainable agriculture.

2.6 Impact on greenhouse gas emission

There are a number of the impact that grain legumes have on the environment and 
the soil in regards to quality. Meanwhile, the role of legumes like soybean to alleviate 
the negative effects caused by climate change has been rarely addressed. The emission 
of greenhouse gases (GHG) such as carbon dioxide (CO2) and nitrous oxide (N2O), 
methane (CH4), etc. are the causes of global warming. Legumes reduce the emission 
of GHG in agricultural systems by reducing mineral N fertilization, sequestration of 
carbon in soils, and the overall fossil energy inputs in the system [99].

N2O is much more active than CO2 which represents nearly 5–6% of the total 
atmospheric gases [100]. Around 60% N2O emission is occurred by agricultural 
practices which exemplify as the main source of emission [101], and the production 
of crops and animals are the main source of emission [102]. In crop production, the 
application of nitrogenous fertilizers is the birthplace of the majority of these emis-
sions [101]. It has been estimated that about 1.0 kg of N is emitted as N2O from every 
100 kg of N fertilizer [95]. The amount of N2O emission largely depends on several 
factors including N application rate, soil organic C content, soil pH, and texture 
[103, 104]. In most of cropping and pasture systems, de-nitrification is the leading 
source of N2O emission [104–106]. Several studies in recent years have been signi-
fied the role of legumes in the reduction of GHG emissions. For example, it has been 
reported that legumes discharge around 5–7 times less GHG per unit area compared 
with other crops [107]. Generally, the losses N2O from soils under legume crops are 
undoubtedly lower than those from both N2O fertilized in grasslands and non-legume 
crops [95]. Among legumes, soybean most efficiently produced and provided the 
maximum protein (g) per GHG emission out of 22 plant and animal protein sources 
[108]. Adoption of sustainable agricultural systems mitigate the emission of GHG 
such as conservation agriculture systems, which is suitable for the cultivation of both 
grain, and green-manure legumes lessen the emission of GHG.
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2.7 Socio-economic aspects

Food and water security will be a major global issue focus in the coming decades 
due to climate change and population pressure. Malnutrition, predominantly protein 
deficiency, is prevalent in many parts of the world. Therefore, appropriate technology 
should be addressed by lawmakers and scientists for food security, and the cultivation 
of legumes majorly soybean is a first step to address the food security issues world-
wide. Soybeans produce the highest amount of protein per hectare [109] and are well 
positioned to meet the need of future global protein. Conventional protein sources are 
highly expensive as well as a vulnerable population is unable to purchase from these 
sources. Hence, soybean-based protein foods are an important strategy to relieve mal-
nutrition and hunger problems. Since it has been evidenced that smallholder farmers 
have limited capability to overcome crop production challenges due to changing 
climate [110]. They produce soybean for gaining higher yields, family demand, and 
net profits with minimum N fertilizer input which eventually improved their living 
standards as well as food security [111].

3. Conclusion

A sustainable agricultural system is the only way to sustainably intensify food crop 
production without causing damage to human and environmental health. Soybean 
and other nitrogen-fixing legumes should be a viable crop included in all forms of 
cropping systems as they can efficiently utilize atmospheric nitrogen through the 
process of BNF. The most important thing is the integration of soybean and another 
legume across different cropping systems which would effectively reduce the usage of 
chemical nitrogenous fertilizers, and conserve soil fertility. It is important to focus on 
the cultivation of crops that provides higher yield, economic return by maintaining 
soil health as well as environmental balances. Some priority areas seem to emerge, 
and these areas require deeper investigation to fully understand how the BNF dynam-
ics, and how to utilize BNF in best way for sustainable agriculture. Thus, soybean 
crops should be grown to reduce hunger, malnutrition, and poverty as well as to bring 
food security by sustaining agriculture in light of climate and population challenges.
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Chapter 2

Effects of Application of Various 
forms of Nitrogen on the Growth 
of Soybean Nodules and Roots 
Related to the Carbon and Nitrogen 
Metabolism
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Takashi Sato, Kuni Sueyoshi, Yoshihiko Takahashi, 
Shinji Ishikawa, Yuki Ono, Natsumi Yamashita and Akinori Saito

Abstract

Soybean plants require a large amount of nitrogen either from nitrogen fixation in 
nodules or nitrogen absorption from roots. It is known that nitrate, a major inorganic 
nitrogen compound in upland soils, represses nodule growth and nitrogen fixation. 
Rapid and reversible inhibition of nodule growth and nitrogen fixation activity was 
found in the hydroponically cultivated soybeans after changing the nutrient solution 
with or without nitrate. Isotope tracer analysis revealed that the major cause of this inhi-
bition depended on the changes in the partitioning of photo-assimilate between nodules 
and roots and was not directly related to the transported N compounds. Transcriptome 
and metabolome analyses supported that nitrate strongly promotes nitrogen and carbon 
metabolism in the roots but represses them in the nodules. The application of ammo-
nium, glutamine, or urea also inhibited the nodule growth and nitrogen fixation like 
nitrate, although the inhibition was lower than that of nitrate. The degree of inhibition 
was related to the decrease in carbon isotope partitioning into the nodules, rather than 
the import of nitrogen isotope to nodules. Urea was detected in xylem sap and all parts of 
soybean, and some urea might be originated from ureide degradation.

Keywords: soybean, nitrogen fixation, nodules, roots, nitrate, ammonium, urea, 
ureides

1. Introduction

1.1 Characteristics of nitrogen assimilation in soybean

Currently, soybean seed production is increasing worldwide, and the annual 
production in 2019 was 334 million tons [1]. The percentage composition of soybean 
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seeds is proteins (35%), lipids (19%), carbohydrates (28%), minerals (5%), and water 
(13%) [2]. Soybean plants originate from East Asia, and Asian people including the 
Japanese eat various kinds of traditional soy foods such as Tofu, Miso, Shoyu, Natto, 
etc. [3]. Traditional Eastern soy foods are now gradually accepted by Western people 
for promoting their health, as well as meat substitutes made from soybean. In addi-
tion, soybean seeds are very important for feeding livestock.

Because soybean seeds contain a higher amount of protein than cereals and 
other legume seeds, soybean requires a large amount of nitrogen for high seed yield 
[4]. One of soybean seeds production requires 70–90 kgN assimilation, therefore, 
the world average yield of 2.77 t ha−1 in 2019 requires as high as 200–250 kgN ha−1. 
Soybean plants depend on nitrogen fixation by root nodules (Ndfa), and the nitrogen 
is absorbed from soil (Ndfs) or fertilizer (Ndff) when applied. The N availability 
from soil mineralization during the soybean cultivation period varies widely depend-
ing on the soil fertility, but it is about 50 kgN ha−1 in Japan. Therefore, nitrogen 
fixation is the main source, and about 60–75% of N was derived from N derived from 
Ndfa in Niigata, Japan [5]. The root nodule is a symbiotic organ with soil bacteria, 
rhizobia. Figure 1A shows the photograph of nodulated roots of hydroponically  
cultivated soybean. Soybean nodules can be visible from 8 days after planting and 
grow and start to fix N2 around 15–20 DAP, when rhizobia were inoculated to seeds 
[6]. The cross-section of a soybean nodule is shown in Figure 1B. Infected rhizobia 
live in the red central zone of the nodule due to a high concentration of leghemoglobin, 
which bind to O2 supporting respiration and nitrogen fixation by rhizobia [6].

Another characteristic of N assimilation in soybean is that soybean needs about 
80% of N after the beginning of flowering, which is quite different from the paddy 
rice which assimilates only 20% of N is assimilated after heading [5]. Therefore, a 
long-lasting high nitrogen fixation activity after flowering is essential for high soy-
bean seed yield. However, nitrogen fixation activity tends to decrease during the pod 
filling stage, due to competition of nutrients mainly photo-assimilate between seeds 
and nodules. Therefore, supplemental application of N fertilizers may be beneficial 
to support vigorous shoot growth and photosynthetic activity during the pod filling 
stage. However, a basal application of chemical N fertilizers often inhibits the nodule 
growth and nitrogen fixation activity, and they will be lost by nitrate leaching and 

Figure 1. 
Photographs of root nodules of hydroponically cultivated soybean. (A) Root nodules attached to the roots of 
soybean. (B) Cross-section of a soybean nodule.
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denitrification. So, it is necessary to harmonize the N fertilization and N fixation to 
obtain a constant and high seed yield of soybean [7, 8].

1.2  Nitrogen inhibition on the growth and nitrogen fixation activity  
of soybean nodules

The inhibitory effects of combined nitrogen, especially nitrate, on nodule formation 
and nitrogen fixation of legumes have been studied for over 100 years [9]. According 
to Streeter’s review, the responses can be divided into three classes, the number of 
nodules per root, nitrogenase activity per unit mass of the nodules, and the nodule 
mass per plant [10]. The effects of nitrate concentration on the magnitude of the three 
responses are different. A relatively high nitrate concentration is required for the 
inhibition of nodule number per plant, followed by nitrogenase activity per nodule 
mass. The concentration effect on nodule mass is more sensitive than nodule number 
and nitrogen fixation activity, while low levels of nitrate stimulate nodule growth 
through the promotion of shoot growth.

Concerning the effects of nitrate on nodule growth, there are two different situ-
ations, the first is a direct effect or local effect in which nodules are in direct contact 
with the solution containing nitrate, and the second is an indirect or systemic effect in 
which nodules are not directly contacted with nitrate and nitrate is absorbed from the 
distant part of the roots [11]. In the direct effect, when soybean plants were hydro-
ponically cultivated, the addition of 5 mM nitrate in culture solution rapidly stopped 
the individual nodule growth within one day as well as decreased N2 fixation activity 
measured by C2H2 reduction activity [12, 13].

Figure 2 shows the effect of 5 mM nitrate supply to the culture solution on the 
nodule growth of soybean plants. Soybean seeds were inoculated with Bradyrhizobium 
diazoefficiens (strain USDA110), germinated in a vermiculite bed, and the seedlings 
were cultivated in an N-free culture solution. The inoculated plants which had been 
cultivated with N-free culture solution were grown with 0 mM or 5 mM nitrate 
from 11 DAP (days after planting). The nodule growth with 0 mM nitrate grew from 
1.23 mm diameter on 11 DAP to 3.00 mm on 19 DAP. On the other hand, the nodule 
with 5 mM nitrate grew from 1.03 mm on 11 DAP to 1.33 mm on 13 DAP, but the 
growth was almost completely stopped from 13DAP to 19 DAP. When 5 mM nitrate 
was removed from the culture solution back to N-free condition, the nodule growth 
and nitrogen fixation activity were quickly recovered in a day (Figure 3). The rapid 
and reversible inhibition of nodule growth by nitrate was similarly observed in the 
large size nodules and small nodules [12]. The quick and reversible nitrate inhibition 
on soybean nodules by nitrate supply was due to the decrease in the photo-assimilate 
supply from the shoot to nodules and it was conversely increased to the roots by 
isotope tracer experiments [13]. Imsande earlier reported the short-term exposure 
of 4 mM NO3

− in hydroponic solution reversibly inhibited nitrogenase activity and 
nodule dry weight [14].

As for the indirect or systemic effect of nitrate, Tanaka et al. [15] reported that 
nitrate supplied to one side of the split root system of soybean did not inhibit the  
nodule growth and nitrogen fixation activity of the other side of the roots supplied 
N-free medium. The upper and lower root systems were separated vertically by a 
two-layered pot system, the concentration and period of nitrate supply from lower 
roots gave a different effect on the nodule growth in the upper roots [16]. The long-
term supply of a high concentration (5 mM) of nitrate from the lower roots inhibited 
the nodule growth (DW) of the upper roots, but the continuous supply of a low 
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concentration (1 mM) of nitrate in the lower roots promoted the nodule growth in the 
upper roots through the increased in shoot growth and photosynthetic activity.

Concerning the chemical forms of N, the inhibitory responses were more  
sensitive to nitrate than to ammonium, and urea was only slightly inhibitory [17, 18]. 
The physiological meaning of the different responses to nitrogen compounds is 
not well understood. In this review, we would like to introduce recent advances 
in nitrate inhibition to nodule growth and nitrogen fixation activity first, and the 
effect of nitrate, ammonium, urea, and glutamine on the inhibition of nodule 
growth was compared.

Figure 2. 
Effect of 0 mM (A) or 5 mM (B) nitrate on the growth of nodules of hydroponically cultivated soybean from 
11 days to 19 days after planting. (A) Root nodules attached to the roots of soybean cultivated with 0 mM NO3

−. 
(B) Root nodules attached to the roots of soybean cultivated with 5 mM NO3

−. (A) 0 mM NO3
−, (B) 0 mM NO3

−.
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2.  Short-term effect of nitrate supply on nodule and root growth of 
soybean

Saito et al. [19] investigated the short-term responses of nodule growth to the 
5 mM nitrate supply at one-hour intervals for 16 h under light and dark conditions 
(Figure 4A). Inoculated soybean plants were cultivated in a photo chamber under 
16 h light at 28°C and 8 h dark at 18°C conditions. The nodule size is indicated by 
the nodule area (mm2) measured by a time-lapse camera and the nodule area mea-
suring software NODAME [20, 21]. Under light conditions, the nodule growth of 13 
DAP plants was constant from the start of light period to the end of the 16 h light. 
When 5 mM NO3

− was applied under light conditions, the increase in the nodule 
area was the same until the initial 2 h and became significantly repressed after 7 h. 
The increase in the nodule area with 5 mM NO3

− during the 16 h was about 60% 
of that with 0 mM NO3

− under light conditions. This result indicated that nitrate 
inhibition on nodule growth begins very rapid at a few h after the addition of 
nitrate to the culture solution. Under dark conditions with 0 mM NO3

− the nodule 
growth was more severely depressed (42% of 0 mM NO3

− under light conditions at 
16 h) than that treated with 5 mM NO3

− under light conditions. The nodule growth 
was most severely repressed under dark conditions with 5 mM NO3

− (25% of 0 mM 
NO3

− under light conditions at 16 h) among treatments. These results support the 
former hypothesis that the addition of NO3

− on the nodulated roots is repressed 

Figure 3. 
Growth response of soybean nodules to 0 mM or 5 mM nitrate application in the culture solution. (A) 
Photographs of nodulated roots after nitrate treatments to 0 mM (blue arrows) or 5 mM nitrate (red arrows) 
from 10 DAP to 24 DAP. (B) Graphs of the changes in nodule diameter after nitrate treatments from 10 DAP 
to 24 DAP. (a) 0 mM NO3

−, (b) 5 mM NO3
−, and (c) 0,5,0 mM NO3

−, white background: 0 mM NO3
−, gray 

background: 5 mM NO3
−. From Fujikake et al. [13].
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mainly through the decrease in photo-assimilate supply to the nodules because dark 
conditions repressed the nodule growth, and dark plus nitrate additively repressed 
the nodule growth.

Similar responses are observed in the increase in primary root growth with 0 mM or 
5 mM NO3

− under light or dark conditions (Figure 4B). The primary root growth was 
the fastest with 0 mM NO3

− under light conditions, and that with 5 mM NO3
− repressed 

Figure 4. 
(A) Increase in nodule area with 0 mM or 5 mM NO3

− under light or dark conditions, (B) Increase in primary 
root length with 0 mM or 5 mM NO3

− under light or dark conditions, and (C) Increase in lateral root length with 
0 mM or 5 mM NO3

− under light or dark conditions. From Saito et al. [19].
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(73% at 16 h), 0 mM NO3
− under dark conditions (40% at 16 h), and 5 mM NO3

− under 
dark conditions (29% at 16 h).

Interestingly, the opposite responses to nitrate were observed for the growth of 
lateral roots (Figure 4C). Under light conditions, the increase in the lateral roots with 
5 mM NO3

− was promoted to 121% of the 0 mM under light conditions. The increase 
in the lateral roots was repressed in 0 mM NO3

− under dark conditions (51% at 16 h), 
but 5 mM NO3

− still increased the lateral root growth under dark conditions compared 
with 0 mM NO3

−.
Initial transport of photo-assimilate labeled with 11CO2 exposed to the matured 

leaf showed that 11C was leached to the roots and nodules within 1 h, and the dis-
tribution of photo-assimilate was higher in the root parts in contact with 5 mM 
NO3

− solution compared with 0 mM NO3
− solution [13]. Quantitative analysis of 

photo-assimilate transport was conducted using 14CO2 as a tracer, which was supplied 
to the whole shoot for 2 h, then the distribution of 14C was investigated among the 
organs of soybean plants supplied with 0 mM or 5 mM NO3

−. The percentage distribu-
tion of 14C in roots and nodules was 5.2 and 9.1% of total fixed 14C in the plants with 
0 mM NO3

−, while those in the roots and nodules changed to 9.1 and 4.3%, respec-
tively [13]. The increase in 14C was mainly in the lateral roots after supplying 5 mM 
NO3

−, while 14C distribution in the primary roots was not changed between 0 mM and 
5 mM NO3

− [13].
The inhibitory effect of nitrate on nodule growth was shown to be reversible, 

and when 5 mM NO3
− was changed to 0 mM NO3

−, the nodule growth recovered 
in a day, when 5 mM NO3

− treatment continued for 14 days [12]. This means the 
physiological function of nodules may be maintained under 5 mM NO3

−, while the 
nodule growth was almost completely stopped. Figure 5 shows the 2D-PAGE of 
soybean nodule extract cultivated with 0 mM (A), and 5 mM NO3

− (B) treatment 
from 10 DAP to 34 DAP. The patterns and intensities of the protein spots were 
similar between the 0 mM and 5 mM NO3

− treatments after 24 days of treatment. 
Therefore, the functions of nodule were maintained under 5 mM NO3

− conditions, 
although nodule growth and nitrogen fixation activity were strongly repressed. 
This might suggest that nodule function is not disintegrated in the nodule in 
direct contact with NO3

−, whereas carbohydrate deficiency temporarily retard the 

Figure 5. 
2D-Page of nodule soluble proteins with 0 mM (A) or 5 mM (B) nitrate. From Saito et al. [19].
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nodule growth and nitrogen fixation activity. Therefore, after removal of NO3
− 

from the culture solution quickly recovers the nodule growth and nitrogen fixation 
activity [12, 13].

3. Transcriptome and metabolome analyses of nitrate inhibition

The effect of nitrate supply on the gene expression and metabolite changes in nod-
ules and roots were investigated by transcriptome and metabolome analysis [22]. After 
supplying 5 mM NO3

− for 24 h to the nodulated soybean plants at 19 DAP, mRNA was 
extracted from the nodules and roots, and the cDNAs were hybridized with soybean 
oligo DNA microarray [22]. The results were compared with control plants supplied 
with 0 mM NO3

−. Figure 6 shows the numbers of probe sets in the roots and nodules, 
which were up-regulated (4-fold, 2-fold) or down-regulated (4-fold, 2-fold) following 
5 mM NO3

− supply for 24 h compared with the control plants with 0 mM NO3
−. The 

number in the 4-fold up-regulated probe sets in roots was 142 and higher than that in 
the nodules (78). The number of common probe sets 4-fold up-regulated both in roots 
and nodules was 9. On the other hand, the number of 4-fold down-regulated probe 
sets in the roots was 92 and lower than that in nodules (116). Similar trends were 
observed for the 2-fold up-regulation (C), and 2-fold down-regulation (D).

The results showed that the 5 mM NO3
− supply highly enhanced the gene expres-

sion in the roots related to nitrate transporter and metabolisms such as nitrate 

Figure 6. 
Numbers of probe sets in the roots and nodules up-regulated or down-regulated by more than 4-fold or 2-fold 
following the addition of 5 mM nitrate to medium at the level of p < 0.05. From Ishikawa et al. [22].
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reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), glutamate 
synthase (GOGAT), and Asparagine synthetase (AS) (Figure 7). The genes for 
ureide synthesis through purine synthesis and degradation in the roots were slightly 
increased. The gene expression related to nitrate transport and metabolism in nodules 
was also slightly promoted after NO3

− supply, but not so high as in the roots. Figure 8 
shows the ratios of gene expression related to C metabolism, glycolysis, and TCA 
cycle in roots (left) and nodules (right). The gene expression of the enzymes in gly-
colysis and TCA cycle in the roots were promoted by NO3

−, while those in the nodules 
were mostly depressed.

Metabolome analysis was conducted using the same plants for the transcriptome 
analysis as above. The ratios of the concentrations of nitrogen compounds, phospho-
rus compounds, and organic acids concentrations in roots and nodules after 5 mM 
NO3

− treatment were compared with 0 mM NO3
− treatment as shown in Figure 9. 

Most of the nitrogen compounds in the roots were increased by NO3
− treatment, espe-

cially allantoic acid (3.1-fold), glutamine (2.4-fold), and asparagine (2.1-fold). On the 
other hand, asparagine and N-acetylglucosamine in nodules were increased, but some 
amino acids were decreased such as alanine. For the phosphorous compounds, 5 mM 
NO3

− treatment increased ATP concentration in the roots (3.9-fold) but decreased 
in nodules (0.7-fold). Similarly, most of the ratios of phosphorous compounds show 
over 1-fold in the roots, but less than 1-fold in nodules. The same was true in organic 
acids in roots and nodules.

Both transcriptome and metabolome analysis indicated that NO3
− treatment 

caused the promotion of C and N metabolism in the roots, while depressed C metabo-
lism in the nodules. This agrees with the changes in the photo-assimilate supply from 
nodules to the roots [13].

Figure 7. 
Comparison of the ratios of gene expression related to N metabolism in roots or root nodules with 5 mM or 0 mM 
nitrate (+N/−N). From Ishikawa et al. [22].
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Figure 8. 
Ratios of gene expression related to C metabolism (Glycolysis and TCA cycle in roots and nodules with 5 mM or 
0 mM nitrate (+N/−N). From Ishikawa et al. [22].

Figure 9. 
Ratios of N and P metabolite concentrations in roots and nodules with 5 mM or 0 mM nitrate (+N/−N). From 
Ishikawa et al. [22].
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4.  Effects of nitrate, ammonium, urea, and glutamine on nodule growth 
and nitrogen fixation activity

In addition to the inhibitory effect of nitrate on nodule growth and nitrogenase 
activity, the repressive effect of ammonium is also reported [14], whereas urea did 
not reduce nodule dry weight and nitrogen fixation activity in hydroponically grown 
soybean [17, 18]. The difference in inhibitory effects by the forms of N compounds is 
not fully understood yet. Yamashita et al. [23] investigated the effect of various forms 
of nitrogen; nitrate, ammonium, urea, and glutamine on the quick and reversible 
inhibition of nodule growth and nitrogen fixation activity of soybean plants.

Soybean plants were cultivated in a nitrogen-free nutrient solution in a glass 
bottle, and nitrate, ammonium, glutamine, or urea (1 mM-N) were supplied from 
12 days after planting (DAP) to 17 DAP. The increase in individual nodule growth 
expressed by nodule volume (mm3) was shown in Figure 10. The inhibitory effects 
on the nodule growth were severe in nitrate and ammonium treatments, and those 
by urea and glutamine were smaller than in nitrate and ammonium. On 17 DAP, the 
increase in nodule dry volume was low in nitrate and ammonium medium in urea and 
glutamine compared with the control with N-free solution. After N-based solutions 
were replaced by N-free solutions from 17 DAP to 24 DAP, the nodule growth in all 
treatments showed the recoveries. These results indicated that the rapid and revers-
ible inhibition is not only by nitrate but also by ammonium, urea, and glutamine. 
Figure 11A shows the dry weight of nodules per plant on 17 DAP. The application of 

Figure 10. 
Changes in nodule volume from 12 to 24 DAP for treatments with control (N-free), nitrate, ammonium, urea, 
or glutamine from 12 to 17 DAP, thereafter cultivated with a N-free culture solution (Experiment 2). Shaded 
background indicates N treatment period, and white background indicates cultivation with N-free medium. 
Average and standard error are shown (n = 5). From Yamashita et al. [23].
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1 mM-N of nitrate, ammonium, urea, and glutamine for 5 days depressed the nodule 
weight to 45, 75, 76, and 65% of the control nodules on 17 DAP. After N-free solution 
was supplied for 6 days following 5-day N treatment, the nodule dry weight on 24 DAP  
increased in all N treatments similar to the control plants (Figure 11B). Figure 11C 
 shows the ARA per a single plant, and the activities were depressed in nitrate, 
ammonium, urea, and glutamine treatment like the decrease in the nodule dry weight 
(Figure 11A). The specific ARA per g DW of nodules on 17DAP were almost the same 
(Figure 11D), so the decrease in ARA per plant is due to lower nodule dry weight and 
not by a decline in the specific ARA. In this experiment, the DW and N concentra-
tions of roots, stems, and leaves increased after 5 days of N application on 24 DAP 
compared with the control plants supplied with N-free solution.

15N-labeled 1 mM-N nitrate, ammonium, urea, or glutamine was supplied for 3 days 
from 21 to 24 DAP, in which the solutions were renewed every day. The whole shoot was 
enclosed in a plastic bag on 23 DAP, and 13CO2 was exposed to the plants for 1 h. Then 
the plants supplied with 15N and 13C were harvested on 24 DAP, 26 h after 13CO2 expo-
sure. The labeling of 15N and 13C in each organ was determined by Mass spectrometry. 
The amount of 15N in nodules (Figure 12A) was 0.14 mg from nitrate-15N, 0.26 mg from 
ammonium-15N, 0.14 mg from urea-15N, and 0.29 mg from glutamine-15N. It is interest-
ing to note that the amount of 15N in nodules is not related to the decrease in nodule DW 
(Figure 11A) and ARA (Figure 11C). Figure 12B shows the amount of 13C in nodules, 
and it was 85 mg in control, 27 mg in nitrate, 34 mg in ammonium, 54 mg in urea, and 
34 mg in glutamine treatment. The decrease in the amount of 13C in nodules was similar 

Figure 11. 
Comparison of the dry weight of nodules at 17 DAP (A) and at 24 DAP (B), and acetylene reduction activity 
per plant (C), and specific acetylene reduction activity per nodule g dry weight (D) on 17 DAP of soybean plants 
supplied with control (N-free), nitrate, ammonium, urea, or glutamine from 12 to 17 DAP, followed by supplying 
N-free solution from 17 DAP to 24 DAP. Averages and standard errors are shown (n = 4). Different letters above 
the column indicate significant differences at <0.05 by Tukey’s test. From Yamashita et al. [23].
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to the nodule DW (Figure 11A) and ARA (Figure 11C) among treatments. This result 
supports the hypothesis that the depression of nodule growth and nitrogen fixation 
activity is related to the decline in photoassimilates partitioning but not N supply.

Changes in the free amino acid concentrations in nodules, roots, stems, and 
leaves were shown in Figure 13. The nitrate treatment significantly increased the 
concentration of the amino acids, especially Asp, Asn, and Glu in the nodules. 

Figure 12. 
(A) Amounts of N derived from 15N-labeled source in each tissue of soybean plants on 15 DAP supplied for 3 days 
from 21 to 24 DAP. (B) amounts of C derived from 13C-labeled CO2 in each tissue of soybean plants on 24 DAP 
supplied for 1 hour at 23 DAP. From Yamashita et al. [23].

Figure 13. 
Free amino acid concentrations in each tissue of soybean plants on 24 DAP supplied with various N compounds 
from 21 to 24 DAP. From Yamashita et al. [23].
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The application of ammonia, urea, or glutamine also increased the concentrations 
of Asp and Asn in nodules compared with control plants although the increases were 
not higher than nitrate treatment. On the other hand, the amino acid concentrations 
in the roots show that ammonium treatment remarkably increased the Asn and Asp 
concentrations, the urea and glutamine treatments also increased the Asn concen-
tration in the roots, but the increase in Asn in the roots treated with nitrate was 
relatively low. The increase in the Asn and Asp concentrations was the highest in the 
stems of plants supplied with urea, followed by glutamine, ammonium, and nitrate 
treatments. The increase in Asn and Asp was observed from nitrate, ammonium, 
urea, and glutamine treatments.

Figure 14A shows the effects of nitrogen compounds on total root length on 
34 DAP after long-term nitrogen treatment for 2 weeks. The application of nitrate 
promoted the total root length by over 2-fold compared with the control plants. 
On the other hand, the application of ammonium inhibited the root length by only 
a half of the control. The application of urea and glutamine slightly increased the 
total root length. Similar trends were observed for the root dry weight (Figure 14B). 
Figure 14C and D show the increase in primary root and lateral roots for the first 
week of N application from 20 to 27 DAP, and the second week from 27 to 34 DAP. By 
NO3

− application, the growth of the lateral roots was promoted, but the primary root 
was not. On the other hand, the inhibitory effects of NH4

+ were evident both for the 

Figure 14. 
Total root length (A) and the dry weight of roots (B) on 34 DAP after two weeks of the treatments with various 
forms of N compounds, and the increase in the primary root length (C), and lateral root length (D) for the first 
week (blue bar) and the second week (red bar). (A) Total root length, (B) Root dry weight, (C) Increase in 
primary root length, and (D) Increase in lateral root length. From Yamashita et al. [23].
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primary root and the lateral roots. The promotive effects on the length of the primary 
root and not on the lateral root length were observed by urea and glutamine applica-
tions like nitrate.

5.  The N composition transported in xylem sap of soybean plants 
cultivated with nitrate, ammonium, urea

Soybean seeds were inoculated with Bradyrhizobium diazoefficiens (strain 
USDA110), and the seedlings were cultivated in an N-free culture solution until 
20 DAP were treated with 5 mM-N of nitrate, ammonium, urea for 3 days until 23 
DAP [24]. Control plants were cultivated continuously with N-free solution from 
20 to 23 DAP. Another group of soybean plants was not inoculated, and seedlings 
were cultivated with 5 mM NO3

− from 5 to 23 DAP. The xylem sap was collected for 
1 h from the cut basal part of the stem on 23 DAP. Figure 15 shows the concentra-
tion of N compounds in xylem sap of soybean plants treated with 3 days of nitrate, 
ammonium, or urea. Non-nodulated plants were cultivated with NO3

− due to the 
lack of nodules.

The concentration of ureides (sum of allantoin and allantoic acid) was the highest 
in control plants depending on nitrogen fixation, followed by ammonium, and urea 
treatments. The concentration of ureides was very low in nodulated plants treated 
with nitrate. A small amount of ureides was present in non-nodulated plants. This 
result is in accordance with the effect of nitrogen compounds on nitrogen fixation 
activity because most of the ureides in xylem sap originated from fixed nitrogen 

Figure 15. 
Nitrogen concentrations of N compounds in xylem sap of nodulated soybean plants treated with control (N-free), 
nitrate, ammonium, urea, and non-nodulated plants with nitrate. From Ono et al. [24].
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in nodules, although a small amount is produced in the roots. Nitrate was detected 
only in the xylem sap of soybean treated with nitrate, and the concentration of 
nitrate accounted for about 50% of total N in xylem sap either in nodulated or non-
nodulated plants supplied with NO3

−. The asparagine concentration was the lowest in 
control plants totally depended on nitrogen fixation, and it was higher in ammonium 
and urea treatments. The concentration of glutamine was also higher in ammonium 
and urea treatments, but very low in nitrate treatment. It is interesting that urea 
is always present in xylem sap and it was higher in control, ammonium, and urea 
treatments.

The concentrations of ureides and urea or arginine and urea in xylem sap were 
plotted in Figure 16. The concentration of urea was positively correlated with ureides 
concentration (Figure 16A), but the correlation was not observed between urea and 
arginine in xylem sap (Figure 16B) which is the alternative precursor of urea produc-
tion [25]. Appreciable amounts of urea were present in all the organs for all treat-
ments, and the positive correlations between urea and ureides were observed in the 
nodules, roots, stems, and leaves. This may indicate that some urea originated from 
ureides in soybean plants, especially in the roots [24].

The ureides, allantoin, and allantoate, are universal metabolites in all organisms 
including plants, animals, and microorganisms generated by the degradation of 
futile purines. Soybean plants transport the fixed nitrogen in the nodules mainly in 
the form of ureides (ca. 80–90% of total N) supplemented with amides and amino 
acids [26, 27]. On the other hand, nitrate and asparagine are the principal forms 
of N transport in the xylem sap of the non-nodulated soybean plants [26]. A small 
percentage of N about 10% was transported in the form of ureides from the non-
nodulated roots, which means some ureides can be synthesized in the roots as well 
as nodules. The concentrations of ureides, nitrate, and amide N transported through 
xylem sap could be used to evaluate the percentage dependence of N derived from 
nitrogen fixation [27].

Figure 17 shows a model of ureide synthesis in the nodules and ureide degrada-
tion in soybean. The fixed ammonia from N2 in the bacteroid, a symbiotic state of 

Figure 16. 
Correlations between the concentrations of ureides and urea (A), and arginine and urea (B) in the soybean xylem 
sap. (A) Ureide vs. Urea (B) Arginine vs. Urea. From Ono et al. [24].
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rhizobia, is rapidly excreted to the cytosol of the infected cells, then the ammonium 
is assimilated by glutamine synthetase (GS)/glutamate synthase (GOGAT) pathway 
to glutamine [28–31]. De novo synthesis of purine occurs in the infected cells, and 
urate is transported to the adjacent uninfected cells and hydrolyzed to allantoin. 
Some allantoin is further decomposed to allantoate in nodules, then allantoate and 
allantoin are transported through the xylem. There are two purine degradation 
pathways in microorganisms, allanotate amidinohydrolase (Pathway A in Figure 17) 
and allantoate amidohydrolase (Pathway B in Figure 17). In pathway A, allantoate 
is hydrolyzed and produces two molecules of urea and one molecule of glyoxyl-
ate. On the other hand, in pathway B-left no urea is released but 4 ammonium are 
sequentially released with one molecule of glyoxylate. Studies of ureide degradation 
in soybean have been done in the leaves, the sink organ of ureides. Shelp and Ireland 
[32] reported that allantoate degradation is via pathway A, however, Winkler et al. 
[33, 34] reported that both the leaf extracts and intact leaves of soybean directly 
liberate ammonium without releasing urea (Pathway B-left). Werner et al. suggested 
that allantoate degradation intermediates, ureidoglycine and uredoglycolate are 
non-enzymatically decayed and release urea and glyoxylate (Pathway B-right). In 
our results relatively high concentrations of urea were presented in xylem sap and all 
the parts of soybean, and the concentration was correlated with ureide concentra-
tion, suggesting that some part of urea may be derived from ureide degradation, 
especially in the roots [24].

Figure 17. 
A model of ureide synthesis in the nodules and ureide degradation in soybean. GS: glutamine synthetase; GOGAT: 
glutamate synthase; XDH: xanthine dehydrogenase; Xan: xanthine; HIU: hydroxyisourate; OHCU: 2-oxo-4-
hydroxy-4-carboxy-5-ureidoimidazoline; UGlyAH: ureidoglycine aminohydrolase. From Ono et al. [24].
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6. Conclusion

Rapid and reversible repression of nodule growth and nitrogen fixation activity 
of nodulated soybean were observed when nitrate was supplied in the culture solu-
tion. This may be caused by the decrease in the photo-assimilate partitioning to the 
nodules and not by the transport of N compounds from applied N in the solution. 
Transcriptome and metabolome analysis supported the above hypothesis. Conversely, 
the C and N metabolism in the roots was promoted by the application of nitrate. A 
similar rapid and reversible repression of nodule growth and nitrogen fixation activ-
ity was also observed when ammonium, urea, or glutamine was supplied as same as 
nitrate, however, the inhibitory effect was stronger in nitrate compared with ammo-
nium, urea, or glutamine. Urea was detected in xylem sap and all parts of soybean, 
and some of the urea originated from ureide degradation.

The plant shoots and roots exchange C and N through the xylem and phloem 
transport systems [35]. The C and N metabolism is regulated by complex mecha-
nisms to optimize plant organ development and growth. So, understanding the CN 
metabolism can be related to the agricultural crop production, and maintenance of 
the agroecosystem.
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Chapter 3

Physiological and Biochemical 
Basis of Stress Tolerance in Soybean
Md. Mannan, Ismot Rima and Abdul Karim

Abstract

Soybean is considered as a species sensitive to several abiotic stresses, such as 
drought, salinity, and waterlogging, when compared with other legumes, and these 
abiotic stresses have a negative effect on soybean plants’ growth and crop produc-
tivity. Clearing the conception on the physiological and biochemical responses to 
drought is essential for an overall understanding of the mechanism of plant resistance 
to water-restricted conditions and for developing drought resistance screening 
techniques that can be used for plant breeding. Plants can adapt in response to 
water scarcity situations by altering cell metabolism and activating various defense 
mechanisms. Higher salt tolerance in resistant soybean genotypes was associated 
with better water relation, salt dilution by juiciness, and better osmotic adaptation 
with an accumulation of more amino acids, sugars, and proline. In addition, less 
damaging chlorophylls, higher photosynthetic efficiency and cell membrane stabil-
ity, and higher calcium content contributed to the higher salt tolerance of soybean 
genotypes. Plants adapted to flooded conditions have mechanisms to cope with 
this stress. Aerenchyma formation increased availability of soluble carbohydrates, 
greater activity of glycolytic pathways and fermenting enzymes, and involvement of 
antioxidant defense mechanisms to cope with post-hypoxic/post-anoxic oxidative 
stress. Ethylene, a gaseous plant hormone, plays an important role in altering a plant’s 
response to oxygen deficiency.

Keywords: physiology, biochemical, mechanism, drought, salinity, waterlogged, 
tolerance, soybean

1. Introduction

Soybean (Glycine max L.) belongs to the family Leguminosae, was domesticated 
in China, which has the first records of soybean [1]. It is known as “golden bean” 
and “miracle crop” of the 20th century for its versatile and fascinating crop charac-
teristics. It is an important grain legume because of its high protein (40–42%), oil 
content (18–22%) as well as Fe, Cu, Mn, Ca, Mg, Zn, Co, P, K, Vitamin B1 and B2 [2]. 
Besides oil, soybean is used as soy milk, soy flour, etc., and as ingredients of animal 
and poultry feed. In addition to being a source of macronutrients and minerals, 
soybeans contain secondary metabolites, such as isoflavones [3], saponins, phytic 
acid, oligosaccharides, goitrogens [4], and phytoestrogens [5]. Soybean is also viewed 
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as an attractive crop for the production of biodiesel [6]. It also has the ability to fix 
atmospheric nitrogen (17–127 kg N ha−1 year−1) [7] and therefore requires minimal 
input of nitrogen fertilizer that often accounts for the single largest energy input in 
agriculture.

Soybean is inherently more stress tolerant [8] than other legume crops, but it still 
suffers considerable damage due to different abiotic stress. Drought effects negatively 
on soybean growth, physiology, and yield and yield reduction was observed 40% 
or even more due to drought. Drought-tolerant soybeans maintain higher proline 
and other osmoticums as well as higher chlorophyll content and water status in 
their leaves. Osmotic adjustment in plants subjected to salt stress can occur with the 
accumulation of high concentrations of either inorganic ions or low-molecular-weight 
organic solutes. Compatible solute accumulation in the cytoplasm is considered a 
mechanism to impart salt tolerance [9, 10]. The osmolytes generally found in higher 
plants are of low-molecular-weight sugars, organic acids, amino acids, proteins, and 
quaternary ammonium compounds. According to Cram [11], among the various 
organic osmotica, sugars contribute up to 50% of the total osmotic potential in gly-
cophytes subjected to exposure to salt stress. Higher content of soluble proteins was 
observed in salt-tolerant than in salt-sensitive cultivars of barley, sunflower [12], and 
rice [13, 14]. It has also been reported that amino acids (alanine, arginine, glycine, 
serine, leucine, valine, etc.) and amides (glutamine, asparagine, etc.) accumulate 
in plants exposed to salt stress [15]. Total free amino acids in the leaves have been 
reported to be higher in salt-tolerant than in salt-sensitive lines of sunflower [12], saf-
flower [16], Eruca sativa [17], and Lens culinaris [18]. Salt tolerance of plants related 
to ion transport through cation channel and governed by membrane protein plays a 
significant role in the redistribution of Na+ and K+ ions. Proline is widely distributed 
in higher plants, accumulates more than other amino acids [19], and regulates the 
accumulation of available N. Proline accumulation usually occurs in the cytosol and 
contributes significantly to cytoplasmic osmoregulation [20]. It is osmotically very 
active, contributes to membrane stability, and reduces the effect of NaCl on cell 
membrane destruction [21].

Waterlogging occurs whenever the soil is so wet that there is insufficient oxygen 
in the pore space for plant roots to be able to adequately respire. Lack of oxygen in the 
rhizosphere of plants causes their root tissues to rot. This usually happens from the root 
tips, making the roots look like they have been trimmed. As a result, plant growth and 
development are blocked. If the anaerobic condition persists, the plant will eventually 
die. Floods and inundation are abiotic and hierarchical stresses that, together with 
water scarcity, salinity, and extreme temperatures, are among the major determinants 
of the worldwide distribution of plant species. During waterlogging or submersion, 
plants are exposed to a reduced oxygen supply due to the low rate of oxygen diffusion 
in water and its limited solubility [22]. Turbid floodwaters can become anaerobic, espe-
cially overnight. Growth is greatly inhibited in the deficiency (hypoxia) or complete 
absence (anoxia) of oxygen. The mechanisms for different stress tolerance are complex 
and depend upon anatomical, biochemical, and physiological changes occurring in the 
whole plant rather than in a single cell. This chapter mostly discusses physiological and 
biochemical parameters that are related to stress tolerance in soybean.

1.1 Physiological and biochemical basis of drought tolerance in soybean

Water deficit or drought is one of the major abiotic stresses that negatively affect 
crop production worldwide. Intensification of the global water cycle [23] will be 
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extreme events of drought and humidity increasing its frequency of occurrence in 
different areas of the globe, including the tropical and subtropical areas [24]. Soybean 
is a legume of great economic importance, but its production is highly dependent on 
optimal rainfall or abundant irrigation. In addition, during dry periods, additional 
irrigation may be required for drought-sensitive soybean varieties. Effects of water 
stress on soybeans, including osmotic regulation, reduce leaf surface area, plant 
height, decrease branching, reduce chlorophylls, low stomatal conductance and 
transpiration; fresh and dry matter reduction and finally yield loss have been well 
documented. Water stress, as a key abiotic limiting factor for soybean production, can 
cause soybean yield reduction up to 40% or even more [25]. The mechanisms of water 
stress tolerance, especially at low water stress levels, involve processes at the cellular 
level, most importantly osmotic regulation and protection of the membrane system. 
Osmotic regulation is a decrease in osmotic potential due to the active accumulation 
of organic and inorganic solutes in the cell. High concentrations of inorganic ions 
become detrimental to cell metabolism and must be sequestered in the vacuole. To 
maintain osmotic balance, specific types of organic molecules (such as soluble sugars, 
betaines, and proline) accumulate in the cytoplasm. Those compounds protect plants 
against stresses by cellular adjustment through the protection of membranes integrity 
and enzymes stability [26] are termed as compatible solutes, because they can be 
accumulated in high concentrations without impairing normal physiological function. 
Water-deficit stress adversely affects many physiological processes related to water use 
efficiency in soybean, thus leading to a decrease in plant productivity [27]. Relative 
water content (RWC) is used extensively to determine the water status of plants 
related to their fully turgid condition. According to Beltrano et al. [28] plants that are 
able to maintain high levels of RWC under water-deficit conditions are less affected 
by stress and are able to maintain normal growth and yield. Leaf water potential is 
considered to be a reliable parameter for quantifying plant water stress response. The 
effects of water stress on photosynthetic rates of soybean leaves are readily detectable 
at leaf water potentials about −1.0 to −1.2 MPa [29]. Siddique et al. [30] reported that 
changes in plant water potential might be attributed to a change in osmotic pressure—
the osmotic component of water potential. Water stress significantly reduced the leaf 
water potential of soybean plants and the potentials fell from −0.88 MPa in unstressed 
leaves to −1.18 MPa in drought-stressed leaves [31]. Such observation was also 
reported by Ohashi et al. [32] in soybean. Leaf water potential in all the genotypes was 
higher under control conditions than that in stress conditions. Raper et al. [29] also 
reported that the effect of drought stress on photosynthetic rates of soybean declined 
rapidly with further reductions in leaf water potential to about −1.8 MPa, and then 
continue to decline gradually with decreasing water potential.

Drought-tolerant soybean cultivars have been investigated for revealing the mech-
anisms of tolerance and survival. Drought-tolerant soybeans try to adapt in water-
deficit conditions through an increase in total sugar, proline, betains, sugar alcohols, 
and organic acids in their cell. The proline accumulation is a metabolic response char-
acteristic of plants under abiotic stresses, it being showed the increase in the drought-
tolerant soybean genotypes [33] because the free proline work as an osmotic adjustor 
that reduces the negative effects provoked in the plants under adverse conditions 
[34], besides promoting higher resistance in cells under these circumstances [35]. The 
proline is synthesized from glutamate and ornitine, in which the production of this 
organic solute, under conditions of the water shortage, occurs at the major part from 
glutamate [36]. The relative melondialdehyde (MDA) content was significantly higher 
(111%) in water stress conditions than control in drought-tolerant soybean variety 
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Bina soybean1 [33], the lower relative values of MDA in Bina soybean1 indicate that at 
the cellular level this genotype is better equipped with efficient free-radical quench-
ing system that offers protection against oxidative stress. The soybean variety Bina1 
showed relatively higher tolerance to water stress in terms of yield compared with 
other genotypes. Higher water content, leaf proline and sugar accumulation, and 
lower MDA accumulation contributed to the higher drought tolerance of Bina soy-
bean1 compared with other genotypes [33]. Rima et al. [37] found that higher water-
deficit stress tolerance in soybean genotype G00081 was associated with higher water 
content in leaf, higher accumulation of proline, and less reduction of leaf chlorophyll.

1.2 Physiological and biochemical basis of salinity tolerance in soybean

Soil salt is one of the major problems of crop production in the arid and semi-arid 
regions of the world. Salt affects plant growth and development by causing a lack of 
water, reduced uptake and accumulation of essential nutrients, and increased accumu-
lation of toxic ions, such as Na+ and Cl− in plant cells. All of these factors cause changes 
in various physiological and biochemical processes, such as photosynthesis, protein 
synthesis, and nucleic acid metabolism [38, 39]. Even in well-hydrated soil, salt causes 
water scarcity by reducing the osmotic potential of dissolved soil material, making it 
more difficult for roots to extract water from the surrounding medium [10]. Excess 
sodium inhibits the growth of many salt-sensitive plants, which includes most of the 
crop plants. The osmotic adjustment is considered as one of the important mechanisms 
of water-deficit tolerance of plants [40], which promotes the protection of the plant 
cell structures including membranes and chloroplasts [41].

Ashraf and Harris [42] reported a considerable variation in the accumulation of 
soluble sugars in response to salt stress between tolerant and susceptible plants of 
both inter-specific and/or intra-specific genotypes. Regulation of ion transport is 
one of the important factors responsible for the salt tolerance of plants. Membrane 
proteins play a significant role in the selective distribution of ions within the 
plant or cell. According to DuPont [43], membrane proteins are involved in cation 
selectivity and redistribution of Na+ and K+. It is well established that Na+ moves 
passively through a general cation channel from the saline growth medium into the 
cytoplasm of plant cells [44, 45], and the active transport of Na+ is also occurred 
through Na+/H+ antiports in plant cells [46]. Salt tolerance in the plant is generally 
associated with low uptake and accumulation of Na+, which is mediated through the 
control of influx and/or by active efflux from the cytoplasm to the vacuoles and also 
back to the growth medium [44].

Some basic structural components of the membrane are affected by salinity. 
Vascularization of the plasma membrane is reported to be associated with salt toler-
ance in halophytes [47]. There can also be a significant increase in the endoplasmic 
reticulum. The increase in vesicles and endoplasmic reticulum may be a mechanism 
of compartmentalizing or exporting Na+ ions [48]. Under saline conditions, plasma 
membrane leakage increase in glycophytes, and there is a linear relationship between 
external salinity and membrane leakage [49].

The mechanisms for salt tolerance are complex and depend upon anatomical, 
biochemical, and physiological changes occurring in the whole plant rather than in 
a single cell. Mannan et al. [50] opined that the relatively high salt tolerance of AGS 
313 was associated with the limited accumulation of sodium and high accumula-
tion of different mineral ions in different plant parts, as well as the maintenance of 
better water relations under salinity than in the case of susceptible variety Shohag. 
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Such variation in the response of both genotypes to salt-induced water deficit was 
attributed to the genetic ability of the resistant trait to undergo certain modifications 
in their metabolic pathway, thus declining their osmotic and water potentials with a 
concomitant preliminary decrease in their RWC. White and Izquierdo [51] reported 
that under severe stress conditions plant cells accumulate metabolites and make the 
osmotic potential of the cell more negative to maintain turgor pressure. The osmotic 
potential may be regulated through shifts in concentration of some osmoprotectants, 
such as proline and sugar. This mechanism is considered to be an important adapta-
tion of plants to stress conditions. Relative protein content was higher in tolerant 
genotype AGS 313 than that of the susceptible genotype Shohag [52]. The decreased 
soluble protein due to salinity as found in their study is in agreement with the results 
of Subbarao et al. [53]. The enhanced protease activity with increasing concentration 
of NaCl supports the results of Sheoran et al. [54]. Ashraf and Tufail [12] observed 
a higher content of soluble protein in salt-tolerant cultivars than in salt-sensitive 
ones of barley and sunflower. Mansour [15] advocated that under salt stress condi-
tions proteins might play a role in osmotic adjustment and thus it is accumulated in 
response to heat, cold, drought, waterlogging, and high and low mineral nutrient 
stress. Proteins that are accumulated in plants grown under saline conditions might 
provide a storage form of nitrogen that would be neutralized when stress is over [55]. 
In the salinity stress period, proline accumulation was twice in tolerant genotype AGS 
313 than that of susceptible one Shohag [52]. Accumulation of proline in response to 
salinity was also observed by Weimberg et al. and Reddy and Vora [56, 57]. Enhanced 
proline accumulation with increased salinity levels was also observed by Khawale  
et al. [58] in different grape cultivars. Accumulation of proline content in plants 
grown in saline conditions might be due to hydrolysis of storage proteins needed for 
osmoregulation [59] and determining resistant capacity.

1.3 Physiological and biochemical basis of waterlogging tolerance in soybean

Waterlogging is defined as ponding of water over an area of crop land [60]. 
Waterlogging occurs whenever the soil is so wet that there is insufficient oxygen 
in the pore space for plant roots to be able to adequately respire. A lack of oxygen 
in the root area of a plant causes the root tissue to decompose. This usually comes 
from the tip of the root, so it looks like the root has been cut. The result of this is to 
stop the growth and development of the plant. In most cases, submersion does not 
last long enough for the plant to die. After a period of submersion, the plant begins 
to respire again. As long as the soil is moist, old roots close to the surface allow the 
plant to survive. However, additional root cuttings due to submersion and/or dry 
conditions can weaken plants to the point where they can become very unproductive 
and eventually die. Waterlogging is a widespread phenomenon drastically reducing 
the growth and production of soybean in many regions of the world [61], mostly 
due to the occurrence of flat topography [62], high water tables, and poor drainage 
of clay-like soils [63]. Effect of waterlogging in soybean plants may include leaf 
yellowing, reduced root growth, reduced nodulation, stunted growth, defoliation, 
reduced yields, and plant death [64]. Waterlogging treatment caused a reduction in 
plant growth in terms of leaf area and growth rate in all the genotypes, and the level 
of reduction was more pronounced in sensitive genotypes. Solaiman et al. [65–67] 
stated that waterlogging induced several physiological disturbances, including a 
reduction in growth, dry matter, photosynthesis, and pod formation that resulted 
in a low yield of soybean similar to that in other beans. Submersion causes energy 
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starvation in plants as a result of root respiration difficulties due to O2 deficiency 
[68]. Flooding and ultimately anaerobic metabolic energy limitation, accumulation 
of toxic products (e.g., lactic acid), and carbon loss (due to ethanol loss from the 
roots) can result in severe stunting and death in most crops [69]. Soybeans accumu-
late alanine [70], an amino acid produced by the enzyme alanine aminotransferase 
(AlaAT) under hypoxic conditions. Alanine synthesis plays an important role in the 
regulation of glycolysis, preventing excessive accumulation of pyruvic acid while 
maintaining intracellular carbon and nitrogen resources [71]. The production of 
lactic acid and ethanol, the accumulation of alanine has no harmful side effects on 
the cells.

2. Conclusions

Water-deficit stress exerted inhibitory consequences on plant morphology, 
physiological and biochemical parameters that sooner or later decreased the yield 
of soybean. Drought additionally decreased water content and chlorophyll. On the 
alternative hand, water-deficit stress improved proline and malondialdehyde content 
material in soybean leaves. Drought tolerance of soybean became located related to 
better water content, higher proline and much less malondialdehyde content material, 
and much less degradation of chlorophyll in the leaf. Salt tolerance in soybean became 
related to higher water relations, higher osmotic adjustment maintained with the aid 
of using collecting extra amino acid, sugar, and proline, much less chlorophylls degra-
dation and better photosynthetic efficiency. Waterlogging tolerant soybean plant life 
capin a position to build up the better quantity of soluble sugars, boom fermentation 
enzymes and antioxidant protection mechanism under oxygen deficiency.
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Abstract

To reduce the over-production of rice, the paddy-upland rotation system, which 
alternates every few years between paddy rice cultivation and upland crop cultivation 
in drained (converted) paddy fields, is now commonly practiced in Japan. Recently, 
depletion of available soil nitrogen (N) and a subsequent decline in soybean yield in 
converted upland fields with repeated rotation have been reported in northern Japan. 
To evaluate the N budget in the paddy-upland rotation field with soybean and rice, 
a 6-year lysimeter experiment was conducted. In the rotation system, a considerable 
loss of N occurred in both the upland soybean and paddy rice cultivation periods 
(−11.9 and − 2.3 g N m−2 y−1, respectively). To mitigate the N loss in the rotation 
system, N supply from organic matter application is required. The effects of apply-
ing different types of organic matter (leguminous green manure, hairy vetch, and 
livestock manure compost) on the N budget in soybean cultivated fields were investi-
gated. Compared to the N loss in the control plot without organic matter application, 
the N loss was mitigated in the hairy vetch plot, and N accumulation occurred in the 
livestock manure compost plot (−13.7, −3.5, and +11.8 g N m−2 y−1, respectively).

Keywords: flooded paddy rice, hairy vetch, livestock manure compost, nitrogen 
budget, organic matter application, paddy-upland rotation, upland soybean

1. Introduction

In Japan, rice production has been restricted for more than 40 years due to 
 declining rice consumption. The area planted to paddy rice during summer, which 
was more than 3 million ha in the 1960s, has continued to decline since 1970, reaching 
1.58 million ha in 2019 (Figure 1) [1, 2]. As a countermeasure, crop rotation in shift-
ing the cultivation of paddy fields to crops other than staple food rice (crop rotation) 
has been implemented in earnest since 1970. As of 2019, 18% of the total paddy area 
was planted with crops other than paddy rice in the summer (Figure 1).
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One of the systems of crop rotation is “paddy-upland rotation,” in which paddy 
fields are planted with rice and upland crops alternately for one to several years. 
Although there are no statistics on how much of the total area is under the paddy-
upland rotation, the rotations have become a major cultivation system for crop 
rotation. In Japan, a three-crop in two-year rotation system: paddy rice in summer, 
followed by wheat or barley from autumn to next early summer, and then soybean 
cultivation in summer has been conducted. On the other hand, in northern Japan, 
where it is relatively cold, a rotation system with annual cropping of paddy rice and 
upland crops such as soybean has also been conducted.

As mentioned above, soybean is an important rotational crop cultivated in paddy 
fields in Japan. Of the total area under soybean cultivation in Japan, about 80% is 
planted in paddy fields, and 90% in the Tohoku region of northern Japan, a major 
paddy field area (Table 1) [2]. The area of soybean cultivated in paddy fields is 
115,900 ha, or 29% of the total area of cultivation with crops other than paddy rice 
shown in Figure 1 (403,000 ha).

While the average yield of the world’s major soybean-producing countries is 
approaching 3 Mg ha−1, the yield in Japan has remained low at 1.55–1.65 Mg ha−1 
[3, 4]. Shimada [4] pointed out that there are many factors contributing to the low 
soybean yield in Japan, but one of the main factors is the inhibition of N2 fixation due 
to wet damage and drought stress in paddy-upland rotation fields.

Soybean assimilates N from atmospheric N2 by symbiotic N2 fixation in root 
nodules [3]. The contribution of atmospheric N2 to the N accumulation of soybean is 
highly variable and depends largely on the surrounding environment such as oxygen 
and moisture. Yoneyama et al. [5] reported that the average percentage of soybean 
N accumulation derived from N2 fixation in Japan was 50%. Ohyama et al. [3] 
reported that the percentages of soybean N accumulation derived from N2 fixation in 
rotated paddy fields in Niigata, Japan ranged from 59 to 75%, whereas soybean plants 
require a large amount of N compared to other crops because of the large protein 

Figure 1. 
Trends in crop cultivation in paddy fields during the summer season in Japan. Source: [2].
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accumulation in their seeds (about 35–40%). In order to meet this high N require-
ment, N derived from N2 fixation in root nodules alone is not sufficient; soybean 
should also absorb significant amounts of N from the soil. Then, most of the accu-
mulated N in soybean could be removed from the field as harvested grain. Therefore, 
there is a possibility that N output from the soybean cultivated field exceeds the 
N input to the field, and thus the N loss could occur. Therefore, the N budget of a 
converted paddy field with soybean cultivation could be negative, indicating N loss 
from the field.

Recently, depletion of available soil N followed by a decline in soybean yield in 
a repeated paddy-upland rotation field has been reported in northern Japan [6]. 
Nishida et al. [7, 8] reported a decrease in available soil N with an increase in upland 
frequency (i.e., the number of years in soybean cultivation per total cultivation 
years) in fields with paddy-upland rotation in Akita, Tohoku region, northern Japan 
(Figure 2). This indicates that soybean cultivation reduces the soil N fertility of 
paddy-upland rotation fields. They also reported that when the upland frequency 
exceeded 60%, the amount of available soil N was less than the minimum value 
of suitable concentrations of available soil N in the paddy field (80 mg kg−1) [9]. 
And that the concentration of available soil N could be increased by repeated cattle 
manure compost application at the rate of 2–3 kg m−2. A similar trend of declining 
available soil N has been reported in various parts of Japan in recent years [10–13].

Takahashi et al. [14] reported that soil N fertility of a converted paddy field could 
be a major controlling factor for soybean yield when moisture injury is not severe. In 
maintaining soil N fertility in paddy-upland rotation fields with soybean cultivation, 
it is necessary to manage N during soybean cultivation based on the N budget. In 
general, the N budget in a rice paddy field is considered to be neutral [15] or slightly 
positive (accumulation) [16], suggesting that the N loss from the rotated paddy field 
occurs mainly during soybean cultivation. However, the N budget in rice paddy fields 
could vary widely depending on field management practices [17]. Therefore, in the 
paddy-upland rotation fields, the N budget including that during paddy rice cultiva-
tion should be evaluated and measures to improve the budget should be considered.

Region Soybean cultivation area (×103 ha) Percentage of paddy field (%)

Paddy Upland Total

Hokkaido 18.4 20.7 39.1 47

Tohoku 32.7 2.4 35.1 93

Hokuriku 11.7 0.7 12.4 94

Kanto-Tozan 7.7 2.2 9.9 78

Tokai 11.4 0.5 11.9 96

Kinki 9.3 0.2 9.4 98

Chugoku 4.0 0.4 4.3 92

Shikoku 0.5 0.0 0.5 94

Kyushu-Okinawa 20.3 0.7 21.0 97

Total 115.9 27.6 143.5 81

Table 1. 
Soybean cultivation area by agricultural region in Japan (2019). Source [2].
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2.  Detailed nitrogen budget measurement in a paddy-upland rotation  
field with soybean cultivation

Detailed N budget in a paddy-upland rotation field was evaluated for 6 years 
(3 years for upland soybean, then 3 years for flooded paddy rice) in a lysimeter plot at 
the Akita Prefecture Agricultural Experiment Station, located in the Tohoku region, 
northern Japan [18, 19]. The lysimeter was filled with soil collected from a rice paddy 
field on gray lowland soil, which is a major paddy soil in this region (soil texture: 
clay loam). No organic matter other than soybean and paddy rice residues was 
applied, and the crop was grown according to the guidelines for soybean and paddy 
rice cultivation in Akita Prefecture [20, 21]. Soybean (cv. Ryuho) was cultivated 
from early June to early October. Paddy rice (cv. Yumeobako or Akitakomachi) was 
cultivated from late May to mid-September. The major N flows of inputs (fertilizer, 
bulk N deposition, irrigation, and symbiotic N2 fixation in soybean) and outputs 
(harvested grain, leaching, surface drainage, and N2O emission) were measured 
(Figure 3). Symbiotic N2 fixation in soybean was measured using the relative ureide 
method [22, 23]. Other N flows were estimated from literature values. The N budget 
was calculated by the difference between the total input N flow and the total output 
N flow. Positive and negative values indicate net N accumulation and loss in the field, 
respectively. Nitrogen budgets were measured for 3 years in soybean and rice cultiva-
tion, respectively, and averaged to give annual values.

The average yields of soybean and rice were 341 and 519 g m−2, respectively. 
The yield of soybean was much higher than the average of Akita Prefecture (about 
140 g m−2) [20], whereas the yield of paddy rice was lower than the target value of 
Akita Prefecture (570 g m−2) [21]. It could be due to severe damage by insects in the 
third year (422 g m−2) [19].

Among the N inputs during soybean cultivation, symbiotic N2 fixation by nodule 
accounted for the majority of the inputs, about over 80% (Figure 4). The percent-
ages of N accumulation derived from N2 fixation for 3 years ranged from 60 to 
69% [19]. On the other hand, the N input from fertilizer was about 6% of the total. 

Figure 2. 
Relationship between upland frequency and available soil nitrogen (N). ***P < 0.001, **P < 0.01. CMC, cattle 
manure compost. Broken lines indicate the minimum (80 mg kg−1) and maximum (200 mg kg−1) values of the 
suitable range of available soil N in paddy fields [9]. Modified from [8].
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This is due to the fact that in soybean cultivation in converted paddy fields, the 
amount of N fertilizer applied is set as low as 0–2 g N m−2 to prevent over-luxuriant 
growth [20]. The major components of N output were harvested grain and leaching 
(74 and 25%, respectively). During the soybean cultivation under upland conditions, 
the annual N budget was negative (−11.9 g N m−2 y−1), indicating net N loss from 
the field.

Figure 3. 
Outline of major nitrogen (N) flows in soybean upland field and rice paddy field. NH3, ammonia volatilization; 
N2, dinitrogen; N2O, nitrous oxide. N2 emission via denitrification in upland was not considered in this study. 
Modified from [19].

Figure 4. 
Comparison of the nitrogen (N) flows and budgets in soybean and rice cultivated fields. Positive and negative 
values indicated N input and output, respectively. The N budget was calculated by subtracting N output from 
input. NH3, ammonia; N2, dinitrogen; N2O, nitrous oxide. Modified from [19].
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A review of N balance in soybean cultivation reported that the mean value of 
partial N balance, which is calculated from the difference between the input due to 
N2 fixation and the output due to harvest, is close to neutral (−0.4 g N m−2 growing 
season−1) [24]. However, the value is likely to be negative if a detailed N balance is 
obtained, taking into account N losses such as leaching, as in this study. Similar to the 
present study, the N budget including N flow due to water movement such as leaching 
in a converted paddy field with soybean cultivation in Shiga, central Japan, was nega-
tive (−5.4 to −4.0 g N m−2 growing season−1) [25].

During the paddy rice cultivation, the major input N flow was fertilizer applica-
tion (63%), whereas the major output N flows were harvested grain and leaching 
(49 and 29%, respectively; Figure 4). Although less than soybean cultivation, the N 
budget during paddy rice cultivation was also negative (−2.3 g N m−2 y−1), indicating 
N loss from the field. The N loss during the paddy rice cultivation could be due to the 
limitation of N fertilization to paddy fields converted from upland fields. In Akita 
Prefecture, to avoid over-luxuriant growth and lodging due to the increased N uptake, 
it is recommended that basal N fertilization decreases by 100% and by 50–70% in the 
first and second years after conversion, respectively [21].

In paddy-upland rotation fields including soybean cultivation, the field N budget 
in both upland soybean and paddy rice is negative, and soil N fertility is likely to 
decrease due to repeated rotation [6]. It will be essential to take measures to improve 
the N budget in paddy-upland rotation fields to maintain soil N fertility and crop 
productivity.

3.  Cultivation managements for the mitigation of N loss from  
paddy-upland rotation fields with soybean cultivation

As mentioned above, soybean productivity in Japan is low and needs to be 
improved in the future. As soybean yields increase, a corresponding increase in N loss 
from the field is expected [24]. Hence, measures to improve the N budget to maintain 
the soil N fertility become more important. To improve the N budget in the field, 
N inputs need to be increased.

To increase N2 fixation, which is a major N input in soybean cultivation fields, 
control of groundwater level in converted paddy fields has been reported to be 
 effective [26, 27]. Deep placement application of slow-release fertilizers [3, 28–35] has 
been proposed as a fertilization method that does not inhibit N2 fixation in soybean. 
Nitrogen supply by application of organic matter is also effective in improving the N 
budget. Organic matter not only supplies nutrients but also affects the physical, chem-
ical, and biological properties of the soil to promote soybean growth. The application 
of livestock manure compost (LMC) has been reported to increase soybean produc-
tion by improving N availability and N2 fixation in soybean nodules [11, 36–39]. Green 
manure cultivation of N-fixing legumes is also effective in improving the N budget. In 
a converted paddy field, cultivation of the leguminous green manure hairy vetch (HV) 
before soybean cultivation has been shown to promote soybean growth by increasing 
N supply to the crop and improving soil physical properties [11, 40–42]. A standard 
application rate of 2 kg m−2 of LMC [20] is expected to supply about 20 g N m−2 of 
N to the field. Nitrogen supply by HV cultivated before soybean cultivation ranges 
from 10 to 20 g N m−2 [43, 44]. These N supplies are sufficient to compensate for 
the N losses during soybean cultivation described above (−11.9 g N m−2 y−1, [19]). 
However, increased N supply to the field may alter other N flows, such as inhibition 
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of N2 fixation in nodules and increased leaching and N2O emission. Therefore, there 
is a need to quantitatively evaluate the effect of organic matter application on the  
N budget in soybean cultivation in converted paddy fields.

The preliminary results of an experiment for different types of organic matter 
(HV and LMC; Figure 5) application conducted in lysimeter plots at the Center of 
Field Education and Research, Faculty of Bioresource Sciences, Akita Prefectural 
University are reported. The results of this study are for a single year, the first year 
of conversion from paddy. Three lysimeter plots were filled with soil collected from 
a rice paddy field on gley lowland soil (Fluvic Gleysols in WRB), one of the major 
paddy soils in this region (soil texture: heavy clay). The three plots were designated 
as a control plot with no organic matter application except for crop residue, HV, and 
LMC plots. In the HV plot, HV was sown and cultivated after paddy rice cultivation in 
the autumn of the previous year, cultivated until before soybean sowing in early June, 
and then plowed into the soil. In the LMC plot, 2 kg m−2 of cow dung-based LMC was 
applied and incorporated into the soil before soybean sowing. Soybean (cv. Ryuho) 
was cultivated from early June to early October. No chemical N fertilizer was applied 
to all plots. Soybean cultivation and N budget measurements were conducted basi-
cally as in Section 2 [18, 19].

The effect of organic matter application on the N flows and budgets in a converted 
soybean field is shown in Figure 6. The soybean yields in the HV and LMC plots 
(358 and 343 g m−2, respectively) were higher than that in the control plot (314 g m−2) 
(data not shown). Although soybean in the HV plots grew more vigorously than in the 
other two plots, damage to harvested grain by insects was significant, and the differ-
ence in grain yield excluding damaged grains among the plots was small. The total 
grain yield including damaged grains, which was used in the calculation of N budget, 
in the control, HV, and LMC plots was 414, 550, and 443 g m−2, respectively.

The N inputs from HV and LMC application were 18.0 and 25.1 g N m−2, which 
were higher than the respective N input from soybean N2 fixation. Symbiotic N2 
fixation by soybean nodules was lower in the HV plot (7.9 g N m−2) and higher in the 
LMC plot (12.1 g N m−2) compared to the control plot (10.2 g N m−2). The percentages 
of N accumulation derived from N2 fixation for the control, HV, and LMC plots were 
30, 19, and 34%, respectively. Hairy vetch has a low C/N ratio of around 10 [43, 44], 
indicating rapid mineralization of its N after incorporating into the soil. Therefore, 
inorganic N could inhibit soybean nodule growth and N2 fixation activity [45]. On 
the other hand, LMC may not inhibit N2 fixation because of its slow decomposition 

Figure 5. 
Hairy vetch (left) and livestock manure compost (right).
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(mineralization). The lower amount and percentages of N accumulation derived from 
N2 fixation than the values shown in Section 2 (Figure 4, [19]) may be due to the fact 
that the study site was located in a reclaimed land and soil N fertility was high [46]. 
Therefore, soil N uptake via soybean roots could be high and dependence on symbi-
otic N2 fixation could be low.

The major components of N output were harvested grain and leaching 
(83–87% and 12–13%, respectively). The N output by harvested grain in the HV 
plot (29.7 g N m−2) was higher than that of the control and LMC plots (23.0 and 
24.1 g N m−2, respectively) because of the higher total grain yield. The increase in 
leached N by organic matter application (1.5 and 0.2 g N m−2 y−1 for the HV and LMC 
plots, respectively) was much smaller than that of the amount of applied N. The 
leaching may have been low because the texture of studied soil is heavy clay and its 
drainage is poor.

The N budget in the control plot without organic matter application was nega-
tive (−13.7 g N m−2 y−1; Figure 6), and was similar to the value reported previously 
(−11.9 g N m−2 y−1; Figure 4) [19]. The N loss during soybean cultivation was miti-
gated by HV application, and N accumulation occurred by LMC application (−3.5 
and +11.8 g N m−2 y−1, respectively). The application of HV increased N inputs, but 
only mitigated the N loss because it suppressed symbiotic N2 fixation and increased 
N output by harvested grain and leaching. The application of LMC did not suppress 
symbiotic N2 fixation, but rather promoted it. It was shown that different types of 
applied organic matter had different effects on the N budgets in converted paddy 
fields.

Application of organic matter during soybean cultivation in paddy-upland rota-
tion fields can improve the N budgets. For effective use of hairy vetch, it may be 
necessary to consider management practice to avoid inhibition of N2 fixation and to 
reduce the environmental load such as leaching and N2O emission. Unlike chemical 
fertilizers, the N supplied to plants by organic matter such as LMC continues for 

Figure 6. 
Effect of organic matter application on the nitrogen (N) flows and budgets in a converted soybean field. Positive 
and negative values indicated N input and output, respectively. The N budget was calculated by subtracting N 
output from input. HV, hairy vetch; LMC, livestock manure compost; N2, dinitrogen; N2O, nitrous oxide.
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several years [47]. Nitrogen derived from organic matter applied during upland crop 
(soybean) cultivation is expected to affect the N budget during subsequent paddy rice 
cultivation. In the future, it will be necessary to evaluate the effect of organic matter 
application on the N budget in the entire paddy-upland rotation system, includ-
ing paddy rice cultivation. Furthermore, accumulation of soil N due to continuous 
application of organic matter [6, 48–50] is considered to affect the field N budget. 
Therefore, it is necessary to evaluate the effects of organic matter application on the 
N dynamics and budget in the field and on crops on a long-term basis.

4. Conclusions

In paddy-upland rotation fields including soybean cultivation, the field N bud-
get in both upland soybean and paddy rice is negative, and soil N fertility is likely 
to decrease due to repeated rotation. Application of organic matter is an effective 
measure to improve the N budget in paddy-upland rotation fields to maintain soil 
N fertility and crop productivity. The effect of organic matter application on the N 
budget depends on the type of organic matter. Further evaluation of organic matter 
management practices and their impact on the N budget is needed.
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Chapter 5

Inoculant Formulation and
Application Determine Nitrogen
Availability and Water Use
Efficiency in Soybean Production
Canon E.N. Savala, David Chikoye and Stephen Kyei-Boahen

Abstract

Inoculation of suitable rhizobia enhances biological nitrogen fixation in soybean
production and are economically viable for use among smallholder farmers due to its low
price over inorganic commercial fertilizer blends. In Mozambique, inoculants are
available in liquid or solid form (powder/peat or granular). Field studies were conducted
in 2017 and 2018 seasons in three agroecologies (Angonia, Nampula and Ruace) in
Mozambique to evaluate the performance of inoculants when applied directly to soil and
on seed before planting. Data on nodulation, plant growth, nitrogen fixed, 13C isotope
discrimination related water use efficiency, yield and yield components were analyzed in
Statistical Analysis System® 9.4. Nodulation, yield, and yield components were signifi-
cant for the different application methods, and solid form tended to be better than liquid
form. The nitrogen derived from atmosphere (%Ndfa) were 45.3%, 44.2% and 43.6%
with a yield of 2672, 1752 and 2246 kg ha�1 for Angonia, Nampula and Ruace, respec-
tively. Overall, inoculants applied on soil or seed increase the amount of biologically fixed
nitrogen and has the potential of improving soybean productivity in Mozambique.

Keywords: carbon isotope, nodulation, promiscuous, soybean, rhizobia, water use
efficiency, yield

1. Introduction

1.1 Inoculation history in Africa (Mozambique)

Soybean production in Mozambique is gaining pace through land area expansion at
the expense of other crops mainly driven by lucrative prices and the unsatisfied
market demand particularly the poultry industry [1]. However, climate change
effects, low soil fertility and poor crop management keep yield below the world
average. Some farmers are seeking solutions to these challenges by adopting region
adapted improved varieties, use of soil amendments such as organic manures and
inoculant application to improve nitrogen availability. Nitrogen is the most limiting
nutrient in soybean production due to its high uptake by plants, vulnerability to
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leaching, denitrification and removal through crop harvest [2]. Inoculation of rhizobia
enhances biological nitrogen fixation (BNF) in soybean production and is economi-
cally viable for use among smallholder farmers due to its low price over inorganic
commercial fertilizer blends [3, 4]. Likewise, soybean producers have the quest to
improve yield which necessitates inoculation with effective rhizobial strains [5–7].
Inoculation improves soybean yield and increases crop resilience to climatic changes
effects across Africa such as drought incidences experienced in Mozambique through
better water use efficiency (WUE) [8]. Although many African countries currently
produce inoculant that is effective for both promiscuous and non-promiscuous
soybean varieties and other legumes like beans, cowpea, and groundnuts [9],
Mozambique as a country lacks the capacity and facilities for local production.
However, production volumes of these inoculants seldom satisfy in-country or
regional demand warranting importation of supplementary stocks from as far as south
America [10]. Unfortunately, produced inoculants fail to reach smallholder farmers in
Africa on time due to logistic constrains linking production and distribution. Devel-
opment of promiscuous soybean varieties, capable of fixing nitrogen with indigenous
rhizobia [11] offer a promising solution to improving BNF. In addition, advancement
in research has led to isolation of promising indigenous rhizobia that establish symbi-
otic association with soybean [12, 13]. The research was based on the notion that
African soils have indigenous rhizobia strains capable of colonizing soybean root.
Unfortunately, isolated indigenous rhizobia strains are yet to be commercialized
despite performing better than or like the well-known USDA 110 strain. Commercial
production in solid or liquid form of identified indigenous rhizobia strains is necessary
to improve their efficiency since naturally they occur in low populations in the soil
coupled with low efficacy as effective nitrogen fixers.

Inoculants can be packaged in liquid, peat, or granular forms. Only the liquid or
peat/powder forms of inoculants are found in Mozambique with the latter being more
abundant and easier to handle among producers. Both forms of inoculants can be
applied on seed or directly on soil before planting. Although both forms of inoculants
improve yield, variations in the amount tend to occur due to other factors such as
viability, storage and environment especially soil moisture in a specific site [14]. In
many cases, seed yield inoculated with liquid formula seldom gives better than the peat
inoculants. Liquid inoculants offer limited protection to the rhizobia hence survivability
can be a challenge in sub-optimal conditions [15–17] while peat carriers provide more
protection to the live cells to a limited extend as it is still important to plant the seed or
cover the soil soon after application. Bacterial cells survival on the seed or soil in
Mozambique could mainly be affected by desiccation and high temperatures [18].
The most common inoculant application method in Mozambique is on seed although
there exists a potential for soil application especially among the large-scale commercial
soybean producers who have the capacity to mechanize farm operations.

1.2 Plant nitrogen uptake

Soybeans acquire N from either BNF or soil and sometimes inorganic N fertilizer if
applied. Maximum N demand in soybean occurs between the R3 and R5 stages of
development [19]. Proportions of N absorbed from these sources differ with the
cropping system and management. Since BNF is an energy consuming process, soy-
bean will not invest in it where either the soil or fertilizer N is adequate. On the other
hand, unavailability of N from any of the sources during plant growth will result in N
translocation from other parts of the plant such as leaves to the grain, which
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diminishes the photosynthesis thus reducing yield potential [20]. Soybean plant N
derived from BNF leads to improved productivity. Nitrogen availability in soybean
production can be enhanced through inoculation. Inoculating soybean with liquid or
peat based effective rhizobia strains promotes nodulation and plant growth that con-
tribute to increased yield. Through BNF, soybean can satisfy between 50% and 60% of
its nitrogen requirement [21]. Farmers in Mozambique rarely apply external inorganic
fertilizer on soybean. Therefore, the N sources of soybean production is either soil or
BNF where inoculants are applied, or effective indigenous rhizobia strains exist in the
soil. More so, where inoculants are applied, there exists no means to quantify the
amount of N fixed in the fields other than the yield obtained. Benefits of BNF are
higher when phosphorus fertilizer is applied in addition to rhizobia inoculation on
soybean [5] or cowpea [3] in Mozambique.

1.3 Carbon isotope discrimination, water use efficiency and yield

Carbon is released from the plant through the leaves as CO2 during transpiration.
Likewise, water is lost from the plant by the same process through the stomata.
Transpiration is important in plants as it facilitates mass-flow movement of nutrients
from the roots to the above ground parts. This process is inversely correlated to
availability of soil moisture content hence affecting plant WUE [22]. WUE is the ratio
of plant dry matter production against the water used over a period. It can also be
defined at a point in time as the ratio between the rate of carbon fixation and the rate
of transpiration. 13C isotope discrimination is used to determine a fraction of carbon
isotope during CO2 uptake and fixation and related to WUE that is an important
physiological character as an indicator of plant adaptability to drought conditions
through the functioning of the stomata [23]. It is strongly linked to the ratio of the
intercellular and atmospheric concentration of CO2 (Ci/Ca) associated with stomatal
conductance and chloroplast affinity for CO2 [24]. Therefore, the intercellular and
atmospheric CO2 ratio theoretically links WUE to 13C isotope discrimination. These
relationship is useful in breeding for selection of high transpiration efficiency, and
increased and grain yield in soybean as demonstrated with wheat [25]. Kumar et al.
[26] demonstrated a positive relationship between grain yield and 13C isotope dis-
crimination and a negative one to transpiration efficiency. Since transpiration is
inverse to WUE the increase in 13C isotope discrimination and WUE lead to increase
in grain yield. In essence, 13C isotope discrimination offer a promise to selection of
criterion for high yielding drought adapted varieties. Therefore, in our study, we sort
to understand how liquid or solid inoculant affect soybean WUE and yield. Earlier
studies have reported that inoculation improves yield as it leads to more available N
from the BNF process. However, the yield increase varies with soybean varieties and
type of inoculant especially nitrogen availability even if similar strains are used [8].
The objective of this study was to evaluate soybean WUE and yield response to liquid
or solid inoculants applied to soil and on seed before planting.

2. Materials and methods

2.1 Site selection and description

Field studies using soybean variety ‘Safari’ (SeedCo. material) were conducted in
2017 and 2018 growing seasons at three locations, Nampula 15.2741° S, 39.3150° E,
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365 m above sea level (m a.s.l.), Angonia 14.5473° S, 34.1873° E, 1224 m a.s.l. and
Ruace 15.2345° S, 36.6887° E, 772 m a.s.l. in Mozambique. New fields previously under
maize for two growing periods were used for each season. According to the Soils Atlas
of Africa, the predominant soil type at the sites in Nampula is Haplic Lixisols while in
Angonia and Ruace are Chromic Luvisols [27]. Ten soil samples were taken from 0 to
30 cm soil layer using a soil auger in a W pattern across the field for the trial before
plowing or harrowing. Soils from each site were combined into a composite sample
and four subsamples drawn for chemical and particle-size analysis (Table 1). The pH
was determined using a high impedance voltmeter on 1:2 soil–water suspension. Total
N was determined using The Kjeldahl method, P by Olsen’s method, and K plus other
bases by ICP-OES after extraction with Mehlich 3.

2.2 Inoculant sources and preparation

Two inoculants were sourced from Novozymes BioAg (Cell-Tech® liquid and Cell-
Tech® peat) in Saskatoon, SK Canada and Soygro (Soyflo-liquid and Soycap-powder) in
Potchefstroom South Africa. According to the manufacturers’ specifications, the inocu-
lants contained 2 � 109 cells/ml or cells/g of Bradyrhizobium diazoefficiens formerly
known as Bradyrhizobium japonicum [28] USDA110 strain for Cell-Tech® and USDA122
strain for Soygro. The Cell-Tech® liquid inoculant was applied at the rate of 1900 ml/ha
(3.8 ml/20 m2 plot) while the Cell-Tech® peat was 2.32 kg/681 kg seed (170.5 g/50 kg
seed/ha). On the other hand, the Soyflo-liquid and Soycap-powder were applied at
2000 ml/ha (4.0 ml/20 m2 plot) and (250 g/50 kg seed/ha) respectively.

2.2.1 Seed application

Liquid inoculants required for 2 kg soybean seed were weighed and diluted with
100 ml of distilled water before applying on seed in a plastic bag. The seeds were then
mixed well for the surfaces to be fully coated with the inoculant. For the solid-based

Location Angonia Gurue Nampula

pH 6.4 6.2 6.6

P (ppm) 25.0 44.8 0.3

K (ppm) 122.8 421.0 90.4

Ca (ppm) 772.8 1755.0 800.5

Mg (ppm) 165.5 301.8 113.0

Na (ppm) 29.4 17.9 29.3

EC (dS/cm) 0.059 0.057 0.050

CEC (cmolc/kg) 6.6 15.0 6.0

N (%) 0.09 0.15 0.13

Sand (%) 64.0 56.8 63.2

Silt (%) 6.6 12.1 2.0

Clay (%) 29.4 31.1 34.8

Table 1.
Soil characteristics at the experimental sites’ soils.
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inoculants, the seeds were weighed into a plastic bag then moist with water for
Cell-Tech® peat or Mollyflo for the Soycap-powder. Seeds were then mixed well in the
plastic bag until all the surfaces were coated with a film of water or Mollyflo. Then
respective quantities of solid-based inoculants added and mixed well to cover the
surfaces of all the seeds. All the preparations were done under shade and the seeds
planted within 2 h of mixing with the inoculant.

2.2.2 Soil application

Volumes of inoculants to be applied on soil per plot were measured using a syringe
into 2 l hand sprayers before adding 1 l of distilled water. The mixture was then agitated
gently to equally distribute the inoculant cells in the water. Later the mixture was
sprayed into open seed furrows followed immediately with seed placement and covering
with soil. To apply the solid-based inoculants onto soil, quantities of respective plot
inoculants were weight and mixed with 100 g moist fine sieved (1 mm sieve) soil in a
wide mouth plastic container with a lid. Then soil and inoculant were mixed thoroughly
by shaking. The lid was then perforated using a hot nail to open many holes like a
saltshaker. This mixture was then applied in open furrow followed by immediate plant-
ing of seeds and covering with soil. To avoid scorching of the rhizobia strains to death in
the sun, immediately planting the seeds and covering with soil is recommended.

2.3 Experimental layout

A disc plow was used for land preparation followed by two passes of harrowing.
Both seasons’ experiments were planted between 16 and 24 December depending on
the onset of rains in each site. Experimental treatments were formulated by
combining the two inoculants, their formula (liquid or solid) and place of application
(seed or soil) plus a control (no amendment). These resulted in nine treatments
that were layered out in a Randomized Complete Block Design (RCBD). A non-
promiscuous soybean variety Safari was planted in plots of 20 m2 in four replications.
Plots consisted of seven rows of 8 m in length, 0.50 m row-spacing and 0.1 m between
plants within rows. During establishment of the trials, similar treatments were planted
by one person for all the four replicates to avoid contamination. Planting and weeding
(twice) were done by hand at site-specific scheduling. The experiment was conducted
under rainfed conditions for both seasons with no external water supply through
irrigation. Pests were controlled once at beginning of flowering using 100 ml
of Cypermethrin (200 g active ingredient/l) and 50 ml of Lambda Cyhalothrin
(50 g active ingredient/l) applied using 15 l knapsack sprayer.

2.4 Data collection

Data on nodulation, plant growth, nitrogen fixed, 13C related WUE, yield and yield
components were collected. At R3 (flowering to podding) growth stage when pods
had reached 10�12 mm long at one of the four uppermost nodes on main stem, five
randomly selected soybean plants were excavated using a hoe and spade from each
plot ensuring that all the roots were recovered. All the soil was washed out of the roots
and all nodules plucked out carefully by hand. The nodules were counted and later
placed in envelopes before drying in an oven at 60°C for 48 h to determine nodule dry
weight. Plant biomass were also dried in an oven at 60°C until constant dry weight
was achieved. Later the biomass was ground to pass through a 2-mm mesh sieve for
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plant tissue N analysis stable light isotope ratio mass spectrometer. At maturity, 10
plants were randomly selected and harvested for determination of pod density and
seed weight. Pods from each plot were threshed manually and grain yield was deter-
mined. The moisture content of grain samples from each plot was measured using
Farmex MT-16 grain moisture Tester (AgraTronix LLC, Streetsboro, Ohio, USA) and
grain yield in kg ha�1 was adjusted to 13% moisture content. Above-ground plant
biomass from whole plots were sun-dried to 10% moisture content for 10 days to
determined harvest biomass weight.

2.4.1 Measurement of shoot N and C isotopes

The isotopic analyses of 15N and 13C were performed at the Mammal Research
Institute, University of Pretoria, Pretoria, South Africa using a Stable Light Isotope
Laboratory on a Flash EA 1112 Series coupled to a Delta V Plus stable light isotope ratio
mass spectrometer via a ConFlo IV system (Thermo Fischer, Bremen, Germany).
Aliquots of 1.2 mg were weighed into toluene pre-cleaned tin capsules. During the
analysis, a standard (Merck Gel: δ13C = �20.57‰, δ15N = 6.8‰, C% = 43.83,
N% = 14.64) and a blank sample were run after every 12 samples. The air nitrogen was
used as the reference isotope values for nitrogen. The 15N natural abundance
expressed as the δ (delta) notation is the‰ deviation of the 15N natural abundance of
the sample from atmospheric N2 (0.36637 atom % 15N) was calculated [29] with the
analytical precision values used being <0.2‰ for δ13C and < 0.2‰ for δ15N.

δ15N ¼ 15N=14N
� �

plant–
15N=14N
� �

atm

� �
= 15N=14N
� �

atm

h i
� 1000 (1)

The percentage N derived from the legume (%Ndfa) was determined using [30]:

%Ndfa ¼ δ15Nref–δ15Nplant
� �

= δ15Nref–Bvalue
� �� �� 100 (2)

Where, δ15Nref is the mean 15N natural abundance of the collected reference plants
(maize), 15Nleg is the

15N natural abundance of soybean, and the B value is the 15N natural
abundance of the test legume wholly dependent on N2 fixation for its N nutrition. The
Bvalue replaces atmospheric N2 as it incorporates the isotopic fractionation associated with
N2 fixation. The B value used for estimating %Ndfa in this study was �0.72‰ [29, 31,
32]. The amount of N-fixed was calculated based on the method established by [33].

N � fixed ¼ %Ndfa=100ð Þ � legume biomass N (3)

Where legume biomass N refers to the N content of plants shoots.

2.4.2 Carbon assimilation and water use efficiency

To perform the 13C/12C isotopic analysis, the plants shoots were weighed (sub-
sampled) into tin capsules and analyzed on a mass spectrometer as described for the
15N/14N isotopic analysis. Shoot C content was calculated by relating plant %C to the
biomass of the plant.

Shoot C content ¼ %C� shoot biomass per plant (4)

Reference carbon isotope values were the Vienna Pee-Dee Belemnite (PDB).
Change in 13C (Δ13C) was calculated as follows
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Δ13C ¼ δ13Catm � δ13Cplant
� �

= 1þ δ13Cplant
� �

: (5)

Where δ13Catm is 13C change in atmospheric CO2 (�8) and δ13Cplant in plant material.
The relationship between carbon fixation and stomatal conductance in soybean at

R3 stage was determined based on the model linking the isotope discrimination (Δ13C)
to plant and atmospheric 13C [34]. A linear relationship was used to relate the isotope
discrimination to plant physiological properties.

Δ13C ¼ aþ b–að Þ= Ci=Cað Þ: (6)

Where a is the discrimination against 13CO2 during CO2 diffusion through the
stomata (a = 4�4‰), b is the discrimination associated with carboxylation (b = 27‰),
and Ci and Ca are the intercellular and atmospheric ambient CO2 concentrations
respectively. According to Fick’s law (1855) that states ‘the rate of diffusion of a
substance across unit area (such as a surface or membrane) is proportional to the
concentration gradient’. Then Movement of CO2 can be expressed as;

A ¼ gCO2 Ci=Cað Þ (7)

Since the ratio of leaf conductance to water vapor is 1.6 g CO2, and therefor change
in 13C can be related to the A/gH2O ratio as follows:

Δ13C ¼ aþ b–að Þ 1� 1:6 A=Ca g gH2O
� ��

(8)

WUE defined as the ratio of the fluxes of net photosynthesis and conductance for
water vapor (A/E) which indicates carbon assimilated per unit of water umol mol�1)
[35]. Therefore, water-use efficiency at growth level (WUEg) � biomass accumulated
over water transpired (g C kgH2O

�1) was calculated as:

WUEg ¼ Ca b� Δ13C
� �

=1:6 b–að Þ� �
(9)

2.5 Data analysis

Analyses of variance (ANOVAs) were performed using PROC GLM in Statistical
Analysis System (SAS)® 9.4 [36]. First a combined analysis across locations and
cropping seasons was performed. Since location and season effects were dominant,
the two variables were combined to form environment. Secondly, a factorial ANOVA
was performed, to evaluate the effects of environment, treatment, and their interac-
tions. Environments effects were considered random and were significant for all the
variables [37] while the treatments factors were fixed effects for each environment.
Means were determined for treatments, and comparisons done using Tukey adjust-
ment at p ≤ 0.05 significance level based on the standard error of means (SEM) [36].

3. Results

3.1 Nodulation

Formation of nodules is an indicator of BNF through the symbiotic relationship of
soybean plant and the inoculant strains. Data on nodule count and dry weight per
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plant were collected for both crown and lateral nodules. There were no significant
differences (p ≤ 0.05) in the nodule count and dry weight between treatments, sites
and their interactions for both crown and lateral nodules. It was however evident that
crown nodules of inoculated soybean averaging at 20.4 nodules plant�1 were more
than lateral nodules at 18.6 nodules plant�1 against the check of 3.4 nodules plant�1

and 3.2 nodules plant�1 respectively. Total nodule counts, and weight combined both
crown and lateral nodules were significant between treatments at Angonia in 2017,
Ruace in 2017 and Ruace in 2018 (Tables 2 and 3). Angonia and Ruace sites are in well
suited high potential soybean production agroecologies while Nampula site is in a low
to marginal production region.

In Angonia and Ruace in 2017, nodule counts were lowest for the uninoculated
soybean and the nodule count per plant was observed to be the highest from seed
inoculated soybean with Soycap-powder (Table 2). Comparable nodules were formed
for inoculated soybean at Ruace in 2018 except for Soycap-powder soil application. A
common trend was observed between manufacturers/source liquid and solid inocu-
lants regardless of the application on soil or seed. The liquid inoculants had numeri-
cally lower nodules formed than the solid (peat or powder) based. Generally, liquid
based inoculants averaged at 36.5, 37.5 and 41.2 versus 56.3, 56.2 and 45.8 nodules
plant�1 for Angonia 2017, Ruace 2017 and Ruace 2018 respectively. Except for Ruace
2018 with 50.2 and 36.8 nodules plant�1 for seed and soil inoculant application, mean
number of nodules formed between the two inoculation methods were not different
for the other environments. The total number of nodules formed per plant were
significantly higher (p ≤ 0.05) for the inoculated soybean in all the sites at 46.4, 46.9
and 43.5 than the uninoculated plants at 9.0, 8.5 and 11.1 nodules plant�1 (Table 2).

Similar trends of nodules plant�1 were also observed for the nodule dry weight
(mg plant�1). Inoculated soybean had heavier nodules than the uninoculated ones
averaging at 206.9, 218.8 and 249.7 mg plant�1 versus 33.5, 36.6 and 69.9 mg plant�1

for Angonia 2017, Ruace 2017 and Ruace 2018 respectively (Table 3). It was also
noted that the dry weight per nodule at Ruace in 2018 was higher than at Angonia and

Treatment (inoculant application) Angonia 2017 Ruace 2017 Ruace 2018

Control 9.0d 8.5b 11.1c

Seed Cell-Tech liquid 36.6bc 42.6a 48.1ab

Seed Cell-Tech peat 52.6abc 57.5a 60.5a

Seed Soyflo-liquid 38.8bc 38.3a 36.0ab

Seed Soycap-powder 63.9a 58.6a 56.1ab

Soil Cell-Tech liquid 37.9bc 34.9a 42.9ab

Soil Cell-Tech peat 53.4abc 54.4a 37.8ab

Soil Soyflo-liquid 32.8c 34.2a 37.6ab

Soil Soycap-powder 55.4ab 54.4a 28.7bc

%CV 10.3 13.2 14.7

p-Value <0.0001 <0.0001 0.0001

The subscripts signify statistical differences at p<0.05. Same letters indicate no differences while different letters show
significance in the treatments within the season.

Table 2.
Nodule count per plant of inoculated soybean.
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Ruace 2017 for all the treatments. The average weight per nodule was Angonia 2017
(4.3 mg nodule�1), Ruace 2017 (4.6 mg nodule�1) and Ruace 2018 (6.0 mg nodule�1).
The heaviest weight per nodule was from soybean that were inoculated with Soycap
powder applied on the soil at 7.7 mg nodule�1 in Ruace 2018. As observed for the
nodule counts, significantly heavier nodules (p ≤ 0.05) were obtained when Soycap-
powder inoculant was applied on seed which gave 294.3, 295.7 and 310.7 mg plant�1 of
dry nodule weight at Angonia 2017, Ruace 2017 and Ruace 2018 respectively
(Table 3). Application of the inoculants in liquid form had lighter nodules for all the
sites at 151.5, 174.0 and 240.9 mg plant�1 against using inoculants in solid form with
262.3, 263.7, and 258.6 correspondingly. From the contrast analysis, nodule dry weight
had a likelihood of increasing over the uninoculated by 173.4 mg plant�1 in Angonia
2017, 181.9 mg plant�1 in Ruace 2017 and 180.4 mg plant�1 in Ruace 2018 when using
inoculant either as liquid or in solid form. There was a strong correlation between
number of nodules and dry weight in all the environments with the coefficients
ranging between 0.92 and 0.96 (Table 4). This suggests that variation in the nodule
dry weight attributed to nodule count was between 85.1% at Angonia 2018 to 91.6% at
Ruace 2017.

Treatment (inoculant application) Angonia 2017 Ruace 2017 Ruace 2018

Control 33.5d 36.6b 69.0b

Seed Cell-Tech liquid 134.3cd 174.1a 247.0ab

Seed Cell-Tech peat 259.4ab 247.3a 275.1ab

Seed Soyflo-liquid 155.4bc 176.6a 228.0ab

Seed Soycap-powder 294.3a 295.7a 310.7a

Soil Cell-Tech liquid 147.0bc 165.1a 249.5a

Soil Cell-Tech peat 238.9abc 255.3a 228.3ab

Soil Soyflo-liquid 169.6bc 180.1a 239.0a

Soil Soycap-powder 256.7ab 256.7a 220.5ab

%CV 28.8 26.9 35.6

p-Value <0.0001 <0.0001 0.0127

The subscripts signify statistical differences at p<0.05. Same letters indicate no differences while different letters show
significance in the treatments within the season.

Table 3.
Nodule weight (mg) per plant of inoculated soybean.

Environment Correlation coefficient Significance level

Angonia 2017 0.926 <0.0001

Nampula 2017 0.935 <0.0001

Ruace 2017 0.957 <0.0001

Angonia 2018 0.922 <0.0001

Ruace 2018 0.938 <0.0001

Table 4.
The correlation between nodule count and nodule dry weight of soybean.
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3.2 Nitrogen uptake in non-promiscuous soybean safari

Nitrogen is important in soybean production. Soybean has the ability of obtaining
nitrogen from the atmosphere through BNF. The proportion of nitrogen derived from
the atmosphere denoted as %Ndfa by soybean used as an indicator of nitrogen fixed
through BNF. The %Ndfa was as low as 3.8% for control treatment in Angonia 2017 to
as high as 69.8% for soybean that were inoculated with Cell-Tech liquid inoculant at
Ruace 2018 (Figure 1). Our study showed that inoculating soybean seed with Soycap-
powder could derive as high as 50.8% of the nitrogen from the atmosphere across the
environments compared to 14.1% for the uninoculated soybean. The proportion of N
derived from the atmosphere significantly varied with treatment for each environ-
ment. Therefore, the highest %Ndfa was 44.0% for soil Cell-Tech peat in Nampula
2017, 46.9% for seed Soycap-powder in Angonia 2017, 66.4% for seed Soyflo-liquid
and 69.8% for soil Cell-Tech liquid inoculant at Ruace 2018. In each environment, %
Ndfa due to inoculation was significant (p ≤ 0.05) between the treatments resulting in
average %Ndfa of 27.5% for Nampula 2017, 36.4% for Angonia 2017, 59.1% for
Angonia 2018 and 47.1% for Ruace 2018 (Figure 1). Consequently, the proportion of
N derived from the atmosphere was higher at Angonia in 2018.

Nitrogen uptake associated to BNF by the Safari variety per hectare was also
calculated across the seasons for each site. Inoculating soybean increased the
amount of plant N uptake at all the three sites. Plant N uptake was highest at Angonia
with 235 kg N ha�1, followed by Ruace with 150 kg N ha�1 and at Nampula with
137 kg N ha�1 for the inoculated soybean against the uninoculated counterparts at
113 kg N ha�1, 46 kg N ha�1 and 98 kg N ha�1 correspondingly for all the sites
(Table 5). Different treatments had significantly high amount of plant N uptake at

Figure 1.
Proportion of nitrogen derived from the atmosphere (%Ndfa).
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each site. The highest plant N uptake was 158 kg N ha�1 at Nampula, 307 kg N ha�1 at
Angonia for soil Soycap-powder and 194 kg N ha�1 for soil Cell-Tech liquid at Ruace
when averaged across the seasons. Like the nodulation data, the amount of plant N
uptake per ha for liquid based inoculant was numerically lower than the solid form at
every application method (seed or soil) at Nampula. Since the form of inoculant also
affected the amount of plant N uptake per ha at each site, solid-based inoculants
resulted in more N absorbed by the plant than liquid-based at 146 vs. 126, 253 vs. 216
and 158 vs. 143 kg N ha�1 for Nampula, Angonia and Ruace respectively (Table 5).

3.3 13C isotope discrimination and water use efficiency

Water-use efficiency at growth level (WUEg), an indicator of biomass accumula-
tion over water transpired was calculated based on the assimilation of carbon at R3
growth stage. Before the calculations, the C:N ratio of plant biomass was also deter-
mined. Our data indicate that no significant differences existed for the C:N ratio
values across the treatments with an average of 13.6 (data not presented). Similarly,
13C isotope discrimination (a fraction of carbon isotope of soybean leaves during CO2

uptake and fixation) was not significant with an average of 20.1‰ across treatments
within environments except for Ruace 2018 where seed Cell-Tech peat inoculant had
the lowest significant (p ≤ 0.05) value of 19.7‰ than the other treatment (Figure 2).
The highest numerical 13C isotope discrimination at Ruace 2018 was soil Soyflo-liquid
application with 20.93‰. Like the 13C isotope discrimination, WUEg was not signifi-
cant among the treatments within each environment averaging at 11.8 g C kgH2O

�1

except at Ruace in 2018 where seed Cell-Tech peat inoculant had the highest signifi-
cant (p ≤ 0.05) value of 12.0 g C kgH2O

�1 (Figure 2). TheWUEg average ranged from
11.6 g C kgH2O

�1 at Nampula 2017 to 13.3 g C kgH2O
�1 at Angonia 2018. There were

also no significant differences in applying either of the inoculants on seed or soil with
a mean of 11.0 g C kgH2O

�1. However, application of the inoculant in a solid form

Treatment (inoculant application) Nampula Angonia Ruace

Control 98b 113c 46d

Seed Cell-Tech liquid 110ab 181abc 112c

Seed Cell-Tech peat 137ab 313a 129bc

Seed Soyflo-liquid 110ab 261ab 144ab

Seed Soycap-powder 136ab 213abc 144ab

Soil Cell-Tech liquid 149ab 221abc 194a

Soil Cell-Tech peat 154ab 178bc 171ab

Soil Soyflo-liquid 134ab 202abc 120bc

Soil Soycap-powder 158a 307ab 188ab

%CV 24.1 32.1 18.8

p-Value 0.0257 0.0519 <0.0001

The subscripts signify statistical differences at p<0.05. Same letters indicate no differences while different letters show
significance in the treatments within the season.

Table 5.
Amount of plant nitrogen derived from BNF (kg ha�1) by soybean in 2018 growing season following inoculant
application.
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resulted in a numerically higher WUEg of 11.1 g C kgH2O
�1 against the liquid coun-

terpart with 10.6 g C kgH2O
�1. There is an inverse relationship between the 13C

isotope discrimination and WUEg (Figure 2). A treatment with higher isotope dis-
crimination had a corresponding lower WUEg value. For instance, soybean inoculated
with seed Cell-Tech peat inoculant has an isotope discrimination value of 20.89‰
which corresponded to WUEg of 12.0 g C kgH2O

�1.

3.4 Soybean yield

Inoculation treatment yield was determined within each environment. Significant
differences (p ≤ 0.05) were observed between treatments in all environments except
for Ruace 2017 (p-value = 0.9851) with a mean yield of 2186 kg ha�1 and Angonia 2018
(p-value = 0.0883) averaging at 2572 kg ha�1 (Figure 3). However, in these two
environments, mean yield of the inoculated soybean 2248 kg ha�1 at Ruace 2018 and
2413 kg ha�1 at Angonia 2018 were significantly higher than the uninoculated with
1685 and 1756 kg ha�1 respectively. In Nampula 2017, seed Soycap powder gave the
highest significant yield of 2194 kg ha�1 over the uninoculated production of
978 kg ha�1 representing over 2.3-fold increase in yield due to inoculation (Figure 3).
Soybean production increased in the second season at the Nampula site. In Nampula
2018, the highest yield at 2059 kg ha�1 was 81%more than the uninoculated treatment
with 1140 kg ha�1. Soybean yielded better in Angonia and Ruace sites that are in high
soybean production potential agroecologies. For instance, in Angonia 2017 environ-
ment, the highest statistical yield was from soil Soycap powder at 3439 kg ha�1 against
a check of 1646 kg ha�1 while in Ruace 2018 was from Cell-tech liquid inoculant
applied on the seed before planting with 2684 kg ha�1 compared to the uninoculated
fields with 1439 kg ha�1 (Figure 3). From the data, we deduce that applying inoculant
in solid form either on seed or soil was better than using the liquid formulation. Mean
yield of solid over the liquid inoculants in the different environments were Nampula

Figure 2.
Relationship between 13C isotope discrimination and WUE in Ruace 2018 growing season.
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2017 (1907 > 1580 kg ha�1), Angonia 2017 (3103 > 2437 kg ha�1), Nampula 2018
(1838 > 1683 kg ha�1) and Ruace 2018 (2445 > 2380 kg ha�1).

Contrast analysis of yield on whether to apply inoculant or not and using which
placement (seed or soil) were conducted at p ≤ 0.05 (Table 6). Inoculation increased
yield in all the environments except Angonia 2018. Yield increase in 2017 due to
inoculation was 82% in Nampula, 68% in Angonia and 35% in Ruace (Table 6).
During the second season of 2018 inoculation increased yield from 1140 to
1760 kg ha�1 in Nampula and 1439 to 2413 kg ha�1 in Ruace. Generally, across all the
environments, it was advantageous to apply inoculant on seed than the soil (Table 6).
The differences in yield due to the inoculant form (liquid or solid), source (Cell-Tech
or Soygro) and placement were also determined through contrast analysis (Table 7).
Soygro inoculants performed statistically better than Cell-Tech counterparts in
Nampula and Angonia 2017. In the same locations, solid-based inoculants enhanced
yield more than the liquid-based application. Results also show that it is more benefi-
cial to apply inoculants on the seed that the soil directly. For instance, 1868 and
2817 kg ha�1 yield obtained from applying inoculant on seed was more than soil
placements with 1620 and 2725 kg ha�1 in Nampula 2017 and Angonia 2017 respec-
tively (Table 7).

Figure 3.
Yield of inoculated soybean at three experimental sites of Nampula, Angonia and Ruace in 2017 and 2018
growing seasons.
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4. Discussions

4.1 Nodulation and plant nitrogen uptake

Inoculation increased the number of nodules and dry weight. Inoculants have been
shown to increase the number of nodules per plant in soybean production regardless
of the source and stage of plant growth at application ranging from planting time to
V6 [38]. Use of the inoculants with compatible rhizobia strain for non-promiscuous
varieties [39, 40] and availability of right strain resident rhizobia for promiscuous
genotypes [41] leads to formation of more nodules in soybean. In our study, on
average, the number of nodules increased by 5.1 times in Angonia 2017, 5.5 times in
Ruace 2017 and 3.9 times in Ruace 2018 due to inoculation with liquid and solid
inoculants either in seed or direct soil application. Solid based inoculants had high
number of nodules and dry weight than the liquid inoculants. Our results corroborate
with the findings from a study conducted in the Eastern Region of the south of
Vietnam where nodulation of the liquid inoculants was less than the peat-based
inoculants for similar rhizobia strains [15, 42]. Solid based inoculants better protect

Contrasts Nampula p-Value Angonia p-Value

Cell-Tech 1584 2662

Cell-Tech vs. Soygro 1904 <0.0001 2878 0.0501

Liquid 1580 2437

Liquid vs. peat 1907 <0.0001 3103 <0.0001

Seed 1868 2817

Seed vs. soil 1620 0.0002 2725 0.3894

Table 7.
Yield of soybean due to source, grade, and placement of inoculant in 2017 season.

Contrasts Nampula p-Value Angonia p-Value Ruace p-Value

2017

Control 978 1646 1685

Control vs. inoculant 1779 <0.0001 2770 <0.0001 2270 0.0251

Control vs. seed 1903 <0.0001 2817 <0.0001 2285 0.0268

Control vs. soil 1655 0.0004 2724 <0.0001 2254 0.0350

Contrasts Nampula p-Value Ruace p-Value

2018

Control 1139 1439

Control vs. inoculant 1753 0.0047 2413 0.0005

Control vs. seed 1821 0.0029 2469 0.0005

Control vs. soil 1684 0.0137 2357 0.0014

Table 6.
Yield gains of inoculation and inoculant application place (seed or soil).
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the rhizobia strains from harsh environmental conditions hence leading to increased
viability than the liquid inoculants. In addition, solid carrier inoculants attach better
onto the seed during inoculation. Also, our data indicated that although crown nodules
were fewer in number than the lateral nodules, individual nodules of the former were
heavier than the later. It has been reported that crown nodules can account for up to
82% and above of the total nodule count or dry weight in soybean [43]. Crown
nodules from our study accounted for 41.7–64.0% of the total nodule dry weight.
More crown nodules are formed early in the season following inoculation than the
lateral nodules that are formed later after development of lateral roots.

Sources of nitrogen for soybean in our study were either BNF or absorption from
soil. The BNF process was enhanced by introduction of compatible rhizobia strain
through inoculation. More nitrogen was fixed from the atmosphere for inoculated
soybean in Angonia and Ruace relative to Nampula. Nampula lies in a semi-arid region
of Mozambique with frequent incidences of drought leading to low soil moisture. High
temperatures, drought and low soil moisture has been shown to reduce the effective-
ness of rhizobia in BNF process leading to low nodulation hence reduced %Ndfa [44].
In Angonia and Ruace the large share of plant N was from the atmosphere
representing as high as 69.8%. Other studies have reported high percentages of plant
N in soybean to be associated with atmospheric nitrogen though BNF [45, 46]. As
earlier indicated, plant N uptake associated with BNF varies with the biotic factors
such as soybean and rhizobia characteristics as well as abiotic factors largely con-
trolled by the environment and management. Due to the differences in the interaction
levels of these factors, variations were observed in the amount of N uptake by soybean
[47]. For instance, soybean in Angonia a more humid environment, absorbed more N
from the atmosphere than Nampula site that is in a drier ecology. A similar trend of N
fixed in wet versus drier environment was reported on farmer’s fields in humid Dowa
(88.9 kg N ha�1) and drier Salima location (47.1 kg N ha�1) in Malawi [48]. Soil
moisture that depends on the rainfall amount has been reported to greatly affect
amount of N fixed. The amount of N uptake was determined at R3 growth stage in
soybean. This growth stage falls within the peak N demand period of flowering to
podding in soybean production. Like the amount of N derived from the atmosphere,
plant tissue N was enhanced by inoculation [14]. Soybean had accumulated as high as
307 kg N ha�1 in Angonia. These findings are like those reported for inoculated TGx
1660-19F soybean with 306 kg N ha�1 at Mokwa in the southern Guinea savanna of
Nigeria [49]. Although we did not monitor plant N over the growing season, the
amount of N in plant tissue varies with the growth stage due to the translocations that
occur between plant parts.

4.2 13C isotope discrimination and water use efficiency

Both 13C isotope discrimination and WUEg were not significant among the treat-
ments within each environment except at Ruace in 2018. This suggests that these two
parameters measured at the R3 stage were not dependent on the application of the
inoculant. Like our findings at R3 growth stage in soybean, Zhao et al. [50] also reported
that no significant difference existed in C isotope discrimination and corresponding
WUEg at wheat harvest time. Also, Yang et al. [51] reported no clear significance
differences in the amount of carbon isotope composition among C3 plants in the Yellow
River region in China. For the case of Ruace in 2018 a negative relationship was
observed between 13C isotope discrimination and WUEg. Values of

13C isotope discrim-
ination generally decrease with reductions in water availability. Reduced water
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availability leads to a decline in transpiration rate hence increased water-use efficiency
[22, 35, 52]. Also earlier reported was a negative relationship between 13C isotope
discrimination in wheat at tillering stage and WUE of above ground biomass measured
over the seedling to tillering period [50]. The change in 13C isotope discrimination in
relation to the environment may differ with plant growth stages due to variation in
physiological processes within the plant that define its functionality requirements [53].
Since we measured 13C isotope discrimination and WUEg at one stage for all the
treatments, the likelihood of soybean functionality being comparable was high and
more dependent on the environment. Therefore, 13C isotope discrimination can be used
to determine differences in WUEg of different soybean growth stages rather than a
variation associated to inoculation at a single stage [54].

4.3 Soybean yield

Inoculation increased yield in all the three sites between an average of
602�1124 kg ha�1. Our results agree with a study conducted in 2013 and 2014 in the
same locations using storm a non-promiscuous variety that recorded an increase of
523�989 kg ha�1 [6]. These results of yield increase due to inoculation also confirms
previous report [5, 8] where inoculation alone led to higher soybean yield that
uninoculated. Although numerical average increase in yield due to inoculation was
higher in Angonia and Ruace than Nampula across the seasons, percent rise in pro-
duction was higher at Nampula 620�766 kg ha�1 (65%) than Angonia 918�1124
(60%) and Ruace 602�974 (52%). Chibeba et al. [6] reported and increased of 47% in
yield of inoculated over the uninoculated soybean variety storm. Association between
the introduced rhizobia strain and soybean was enhanced in the humid environments
of Angonia and Ruace than the drier Nampula. Adequate moisture is required to take
full advantage of the BNF process in inoculated soybean. The numerical rise in yield is
also a pointer to the earlier reported enhanced nodulation in the inoculated soybean
regardless of the placement on seed or soil. Across the sites, average soybean yield of
1440 kg ha�1 for the uninoculated fields is above the Mozambique national average of
1216 kg ha�1 [55, 56]. Therefore, use of inoculation in this study indicated that
soybean yield can be increased by 1052 kg ha�1 over the national average figure. Our
study observed that inoculant application on seed (2308 kg ha�1) gave higher yield
than soil application (2228 kg ha�1) agrees with the report by [57] where seed inocu-
lation 2842 kg ha�1 was greater than 2678 kg ha�1 for soil inoculation on planting line.
Seed inoculation plus good adhesive agent and proper mixing of the seeds in the bag
enables better distribution of the rhizobia cells per seed-grain. As a result, the rhizobia
cells remain close to the seed and can attach to the root as soon as it germinates leading
to better nodulation and BNF process that promote increased yield production. Seed
inoculation led to a difference in yield was also noted between the liquid and solid
inoculants. Solid inoculants (peat or powder) gave higher yield of 2389 kg ha�1 than
the liquid inoculant 2147 kg ha�1 across the environments. Similar results where solid
inoculants gave higher yields than liquid inoculants were reported from a study
comparing the two forms of inoculants in Vietnam on promiscuous soybean varieties
where identical rhizobia strains of in peat inoculant outyielded the liquid counterparts
between 40 and 60 kg ha�1 [42]. These results demonstrates that farmers in Mozam-
bique have a basket of inoculation options to choose from in enhancing soybean yield
on their fields. However, selection of suitable inoculant should be made with consid-
eration of environmental site conditions especially soil moisture availability over the
growing season and the easiness of application.
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5. Conclusions

Inoculation improved soybean nodulation by increasing the number of nodule
count and its dry weight. Increase in nodulation could be associated to improved
soybean productivity through high plant N uptake and yield. Nitrogen uptake and
yield increased with application of inoculants. Farmers in Mozambique are likely to
produce more soybean through using of solid cased inoculants applied on the seed
than the liquid inoculants plus soil application. Although WUEg related to 13C isotope
discrimination at R3 stage did not vary with inoculation, it is recommended that
further study be conducted to determine cumulative WUE of the whole plant for the
complete growing season while segregating for different growth stages. This could
offer information on how to time soybean planting to take advantage of shifting
growing seasons characteristics due to climate change. As such, soybean varieties
could be selected for adaptability and resilience in specific agroecologies based on
carbon assimilation, WUE and plant N uptake that affect yield. Data on inoculation
and 13C isotope discrimination could be utilized by breeders in selection of high
yielding soybean varieties adapted to drought conditions like those found in Mozam-
bique. The varieties developed would have high transpiration efficiency and WUE.
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Abstract

Soybean is the main commodity of Brazilian agribusiness, and the country stands 
out for the largest world production of this oilseed. The culture is carried out under 
two main forms of cultivation, conventional and in the form of no tillage. The pos-
sibility of two to three agricultural crops per year contributes to the emergence of 
various plant protection problems, including soybean rust, the stinkbug complex, 
defoliating caterpillars, nematodes, in addition to competition with weeds. Thus, the 
purpose of this chapter is to describe the main application techniques of chemical or 
biological products in the control of agents that are harmful to the soybean crop, as 
well as to bring technological innovations involving remote sensing, unmanned aerial 
vehicle, and other techniques of application in the control of these harmful agents 
to the crop. Also comment on the benefits of spray adjuvants and the limitations of 
tank-mixes with plant protection products intended for soybean cultivation.

Keywords: pesticide application methods, remote sensing, unmanned aerial vehicle, 
chemical and biological control, Glycine max

1. Introduction

Soybean [G. max (L.) Merrill] is one of the most important crops in the world, 
principally when it comes to oilseeds. The main product of this commodity after 
processing is the oil and soybean meal as a protein supplement. The world production 
of this crop in 2020/2021 season is about 366.23 million tons over 127.88 million ha 
resulting in a yield of 2.86 kg ha−1 [1].

The countries that lead as soybean producers are Brazil and the United States of 
America, which account for up to 69% of the total world production of the commod-
ity, for both countries soybean is the most exported commodity. The amount (US$) 
exported of soybean considering the top 10 exporters in 2020 was 54.4 billion US 
dollars, most of the production going to China [2].
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As the biggest producer of soya, Brazil had in the 2020/2021 season a crop produc-
tion of 135.9 million tons over 38.5 million ha resulting in a productivity of 3.52 kg ha−1. 
The productivity above the global average indicates high technification of this crop 
production. In relation to the previous crop season, Brazil has increased the production 
by 8.9% and productivity by 4.4%. The income to the Brazilian’s commercial balance 
considering all the products from soybean was US$35.2 billion in 2020 [3].

In Brazil, the soybean production depends on biological nitrogen fixation, on the 
no-tilled area that represents more than 70% of the cultivated area, and on integrated 
pest management. However, the biggest challenge is the monitoring of crops due to 
the large extension of cultivated areas.

2. The plant protection problems in soybean crop

In soybean crop plant protection, problems begin at sowing, especially in areas of 
crop succession with insect pests in the cultural remains of the previous crop, such 
as stink bugs and pathogens in the soil whose main target is the seeds. Currently, in 
Brazil, seed treatment is over 95% of all soybeans planted in the country, carried 
out by manufacturers of plant protection products or companies specialized in this 
activity.

Initially, soybean seed treatment is aimed to control soil-dwelling fungi as a seed 
protection measure, but with little curative effect. In Brazil, currently, mixtures con-
taining three or four different fungicides are available to the farmer for the treatment 
of seeds. The aim is to protect the seed and seedling in the early stages of develop-
ment. For the control of insect pests that damage seeds for a long period, carbofuran 
was used, a very toxic product and sometimes toxic to seedlings. Currently, diamide-
based products such as cyantraniliprole are used in seed treatment for the control 
of caterpillars and neonicotinoids such as imidacloprid and thiamethoxam for the 
control of sucking insects. More recently, chemical or biological products are available 
for the control of nematodes in seeds, such as abamectin and Pasteuria nishizawae, 
respectively. Other natural products have been associated with biological products for 
nematode control, such as root growth promoters associated with bacterial spores.

The treatment of the seed with nitrogen-fixing bacteria can be carried out 
together with the treatment with chemical products or later before sowing, directly 
in the seed or in the planting furrow. The seed protection period does not exceed 
25 days, and depending on the occurrence of caterpillars and other insects in the 
area, it may be necessary to apply an insecticide to protect the seedlings, which can be 
associated with the application of non-selective herbicide for weeds control.

2.1 Pathogens

Plants in the initial growth stages can be attacked by soil-dwelling fungi of the 
Pythium, Rhizoctonia, and Fusarium genera, and depending on the inoculum potential of 
the fungus Phakopsora pachyrhizi, soybean rust disease can be the main plant protection 
problem of the crop. This fungus is an obligatory or biotrophic parasite as it only survives 
in living hosts. When environmental conditions are favorable for the development of the 
fungus, the rust disease is highly destructive and can reduce production by up to 90% 
[4–6]. It is difficult to control, due to its epidemiology, which starts in the lower parts of 
the canopy, thus making it difficult for spray droplets to penetrate the lower parts of the 
plant and to the rapid breakdown of resistance genes by some cultivars.
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Disease control is essentially made by use of fungicides with a specific site of 
action and/or protectors with multiple sites of action. Due to the frequent use of 
fungicides in the crop, the pathogen’s resistance to chemical molecules is of increasing 
concern. There are reports of selection of populations of P. pachyrhizi resistant to tri-
azoles [7], strobilurins [8] and carboxamides [9], three site-specific chemical groups 
most used in this crop to control soybean rust disease.

In addition to chemical control with fungicides, methods such as sanitary vacuum 
are also adopted, which aim to reduce the inoculum of the fungus during the off-
season due to the absence of a host, some tolerant cultivars, and crop rotation with 
grass instead of soybean, favoring the management of plants from the previous 
culture that spontaneously germinated in the area of the current culture (voluntary 
plant). The sanitary vacuum is a law of the Brazilian Ministry of Agriculture and 
defined as the period of at least 90 days without the culture and voluntary plants in 
the field. The purpose of the sanitary vacuum is to reduce the survival of the fungus 
that causes Asian rust during the off-season and thus delay the occurrence of the 
disease in the crop.

In addition to the traditional diseases at the beginning and full development of 
soybeans, a group of diseases is characterized by affecting soybeans mainly at the end 
of the crop development cycle. This group of diseases are called late season diseases 
(DFC). The main diseases and pathogens of this group are cercospora leaf blight 
(Cercospora kikuchii), brown spot (Septoria glycines), Anthracnose (Colletotrichum 
spp.), and Frogeye leaf spot (Cercospora sojina). Cercospora leaf blight and brown 
spot are commonly found at the same time on soybeans from the R6 development 
stage and can cause over 30% yield loss. Anthracnose can be found during all soybean 
cycles, but as a late season disease can be present on the soybean pods, causing them 
to fall, the soybean seeds can also be infected. Frogeye leaf spot can be observed on 
the leaves, soybean pods, and seeds [10].

2.2 Insects

After sowing, young forms of beetles, aphids, bugs, and caterpillars that cut 
the seedlings causing failures in the stand constitute the biggest problems for the 
establishment of the soybeans crop. Thus, chemical products based on diamides and 
neonicotinoids have been frequently used both in seed treatment and in spraying up 
to 30 days after crop emergence. In the initial stages of development, the stink bugs 
existing in the area may come from the previous culture that remained in the straw 
and are harmful to plants since the beginning of their development.

In the vegetative development stages, defoliating caterpillars and, depending on 
the growing region, whitefly can cause direct and indirect damage to the crop with 
the transmission of viruses. Diamide-based products can be interspersed with active 
ingredients from other chemical groups or biological products based on Bacillus sp. 
and Baculovirus anticarsia for the control of lepidopteran pests. Growth-regulating 
products, such as pyriproxyfen, have become an important tool in the management of 
whitefly in soybeans.

In the reproductive development stages, the stinkbug complex becomes the biggest 
problem, as in addition to causing direct damage to the grains, it can cause physiologi-
cal disorders in the plant, such as leaf retention. Like defoliating caterpillars, bed bugs 
in the hottest hours of the day have the habit of staying closer to the ground, and in 
times with milder conditions, they become more exposed to spraying, which can make 
a difference for the control of these insects.
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2.3 Weeds

Weed control depends on the management adopted in the area, especially in 
crop succession, and two herbicide applications may be necessary in the initial post 
emergence of the crop, spaced 15–20 days apart. On weed management in soybeans, 
there is an initial period that the presence of weeds does not affect soybean yield; 
this interval is between 11 and 24 days after plant emergence. This interval can 
vary depending on the cultivar, weed infestation, and weather conditions [11]. The 
advance of GMO technology in cultivars that are resistant to different types of herbi-
cides (i.e., Roundup Ready® soybean and Intacta 2 Xtend® soybean) allowed the use 
of post-emergence herbicides. The use of herbicides is the most economical and used 
technique for weed control. However, the inadequate use of the herbicides can select 
resistant or less tolerant weeds. In soybean crops, 335 cases of resistance have been 
reported worldwide since 1996 regarding different modes of action. In Brazil, Bidens 
pilosa, Euphorbia heterophylla, Bidens subalternans, Brachiaria plantaginea, Digitaria 
ciliaris, Eleusine indica, Lolium perenne ssp. multiflorum, Parthenium hysterophorus, Conyza  
bonariensis, Conyza canadensis, Digitaria insularis, Conyza sumatrensis, Ageratum 
conyzoides, Amaranthus retroflexus, Chloris elata, Amaranthus palmeri, Amaranthus 
hybridus, Echinochloa crus-galli var. crus-galli already had confirmed cases of resistance 
[12]. With the emergence of transgenic soybeans in Brazil, resistance to glyphosate 
herbicide applications has increased dramatically. This promoted the selection of 
weeds resistant to the herbicide, making it difficult to manage and harvest the crop. 
D. insularis, Conyza sp., and A. palmeri are weeds that are difficult to control in 
soybeans.

Weeds resistant to the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPs) 
enzyme inhibitor herbicide started to be controlled with acetolactate synthase (ALS) 
enzyme inhibitor herbicides and are currently resistant to these two chemical groups.

3. Application techniques of plant protection products on soybean crops

In no-tillage cultivation areas, the application of plant protection products begins 
with the desiccation of the crop that precedes the soybean crop. Self-propelled spray-
ers, tractor-pulled or mounted on the three points of the hydraulic system are quite 
common in soybeans.

In the more advanced vegetative growth stages and in the reproductive stages, the 
high leaf area index, in some cultivars, reaches its maximum at the R2 development 
stage, making it difficult to control pests and diseases by the leaves forming a barrier 
to the penetration of spray droplets inside the crop canopy. The use of air assistance 
and transfer of electrical charge to the droplets at the spray boom can contribute to 
the reduction of these harmful agents to culture.

The adoption of technologies in a combined way can allow greater penetration of 
the droplets inside the canopy of the culture, favoring the contract of the chemical 
or biological product with the target to be reached. During this period, depending on 
the climatic conditions in the field, the appearance of soybean rust is common and, in 
Brazil, the existence of cultivars with an indeterminate growth habit makes it difficult 
to place the product in the lower parts of the canopy.

In some countries due to the use of early cultivars with determinate growth habits 
and greater spacing between planting rows, single or double, it is common to use hose 
drops. The hose drops are pendulum artifacts in the spray boom, and commonly with 
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two spray tips at the distal end of the structure, spraying laterally, and providing 
better distribution of fungicides in the lower portion of the canopy.

The applications of plant protection products with drones are complementary 
to those carried out with self-propelled and aircraft on borders or specific points, 
depending on the harmful agent to be controlled. In the Midwest, Northeast, and 
North regions of Brazil, the predominance of large properties and the short interval 
between applications favor the use of agricultural aircraft and self-propelled for plant 
protection treatments in soybean crops. In areas of crop succession, anticipating the 
harvest through desiccation with herbicides has been a common practice.

4. Advances in ground boom sprayers

In Brazil, sprayers coupled to the tractor’s hydraulic system, dragging and 
self-propelled, are still the most used equipment in the protection of the soybean 
crop. Self-propelled equipment appeared in Brazil in 1987 [13] and is currently the 
most widespread equipment in large agricultural properties. In recent years, boom 
sprayers have increased boom sizes from 9 m to up to 58 m. On the national market, 
boom supports or parts of the boom support made of metal, aluminum, or carbon 
fiber are available, thus making the structure lighter. The boom supports started to 
be developed with coil spring and shock absorber and the frame for fixing the spray 
boom in the system in a pendulum or trapezoidal shape, providing greater stability 
to the boom and greater uniformity in the application of phytosanitary products.

With the increase in the size of the spray boom and in an attempt to improve the 
stability of the entire system, some sprayer manufacturers opted for placing the 
spray boom in the front or middle part of the self-propelled. The new system for 
spray boom opening and closing is no longer mechanical and has become electronic. 
However, the greatest difficulty is the opening of the crop canopy to allow greater 
penetration of spray droplets in the lower parts of the canopy, especially in cultivars 
with indeterminate growth habits.

Soybean rust, due to the epidemiology of the disease, starts in the lower parts 
of the canopy, and the placement of the chemical in this region of the crop canopy 
becomes essential to control the disease. Different devices were developed for canopy 
opening, such as hose systems dragged over the crop and roller boom attached to the 
spray boom “canopy opener” [14]. These devices can potentially spread the pathogen’s 
inoculum faster in the growing area, in addition to causing the flower to fall in the 
crop’s reproductive development stage. Although the use of air assistance at the spray 
boom appeared in the 1980 [15], only in 1996, in Germany, air-assisted sprayers were 
shown at the spray boom manufactured by the Hardi company [16].

In 1997, the biggest Brazilian manufacturer of sprayers started the production 
of sprayers mounted on the tractor’s hydraulic system and pulled by an air-assisted 
tractor at the spray boom. Air assistance at the spray boom gives additional kinetic 
energy to those smaller droplets, making it possible to reach into the crop canopy 
by plant movement, provided there is sufficient leaf area index in the crop. The 
characterization and benefits of this technology associated with the spray boom are 
reported in research carried out by many researchers [17–23]. With the use of tech-
nology in different crops and plant protection problems, the limitation of the use of 
air assistance at the spray boom on bare soil or in crops at early stages of develop-
ment was evident, as drift by air deflection through the soil can be incremented. 
Currently, for the acquisition of equipment with this technology, it is essential for 
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the farmer to analyze the cost-benefit ratio, considering that the use of the technol-
ogy is limited.

In recent decades, another technology that was definitely adopted in the spraying 
of agricultural crops with the possibility of reducing application rates, drift, and 
environmental impact was the transfer of electrical charge to the drops (by indirect 
induction). This technology is dependent on the load-mass ratio and the distance 
from the target for good functioning, when not associated with air assistance. 
However, using only the transfer of electrical charge to the droplets is not enough 
to improve the penetration of spray droplets inside the crop canopy. The attraction 
of droplets by the plants promotes better spray coverage only at the top of the crop. 
Thus, in 2019, at Show Rural in the city of Cascavel, PR, Brazil, the self-propelled 
device was shown with air assistance at the spray boom and transfer of electrical 
charge to the drops combined.

In China and the United States, other companies also develop sprayers with the 
combination of both technologies (air assistance combined with the transfer of 
electrical charge to the drops). The first self-propelled prototype with a combination 
of both technologies compared with air assistance and conventional spraying on spray 
deposits on soybean crop was evaluated by our team in the Midwest region of Brazil, 
and the results are reported in [23].

5. Spray adjuvants in soybean crop

Adjuvants can be defined by “a product added to the formulation or the spray 
application mixture that helps or modifies the pesticide action aiming to guarantee 
efficacy and safety of the application process.” The real role of the adjuvants in the 
spray process needs yet to be more discussed. However, the main characteristics of 
the adjuvants can be divided in modifiers of the compatibility, solubility, stability, 
foam formation and pH of the spray mix, reducer of drift and evaporation, also can 
interfere in the process of retention, adhesion, wetting, scattering, and mobility 
(absorption, penetration, and translocation) in the target (Table 1) [24].

A study [25] using different adjuvants mixed with the fungicide mancozeb 
conducted to evaluate the retention of the spray mix in soybean leaves showed that 
each adjuvant has a different interaction with the foliar surface. The adjuvants that 
promoted a greater retention, compared with the others tested, were a mineral oil 
and a polymer and the lower retention a surfactant. Also, this study concluded that 
the retention was associated with the surface tension of the spray mix, where both 
variables had a positive linear relationship, when both variables increase or decrease 
concurrently and at a constant rate.

Classification Recommendation Examples

Spreader Increase leaf surface covered by spraying Surfactants

Adhesives and 
penetrating agents

Increase penetration, absorption or adhesion 
of the

Mineral oils, vegetable oils, latex 
derivatives

Drift reducers Decrease of very fine droplet size formation 
or increase the size of the droplet

Polymers, polysaccharides, oils, 
phospholipids

Table 1. 
Classification, recommendation of use and examples of adjuvants used in soybean crops.
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Another variable frequently added to the use of adjuvants is the reduction of the 
spray volume, a technique often used to increase the operational capacity of sprayers, 
which may impact on the leaf coverage. The leaf area covered can increase exponen-
tially as droplet diameter increases. However, doubling droplet diameter requires an 
eightfold of spray volume. The use of a soybean methylated oil, nonylphenol ethoxyl-
ate blend, for example, can increase the average wetted area in plant surfaces from 
0.055 mm2 (water only) to 0.229 mm2. The addition of the adjuvant results in 4.16 
times reduction in spray volume with equal spray coverage [26].

The control of soybean rust, one of the most important diseases for soybean crop, 
showed greater dependence of the surfactant at low spray volumes applications, 
which provided increases in the leaf surface coverage [27]. A big concern regarding 
spray application, even more important for nonselective herbicides, is spray drift and 
volatility. A study conducted to evaluate dicamba volatilization and drift showed that 
the addition of adjuvants (lecithin + propionic acid, lecithin + soybean methylated 
ester + ethoxylated alcohol or soybean methylated oil) can decrease droplet size and 
increase driftable droplet percentage [28]. However, when also considering surface 
tension and contact angle results also measured, the dicamba-only treatment has low 
droplet spread potential, which may negatively affect herbicide efficacy. These results 
demonstrate that it is not adequate to consider only one variable, but the interac-
tion among them when choosing an adjuvant to mix. Therefore, the choice of which 
adjuvant is best in each situation should take in consideration the whole scenario.

6. Application techniques of biological control agents

When it comes to biopesticides (i.e., natural organisms, including their genes 
or metabolites or substances derived from natural materials, for controlling pests), 
the application technique is one of the most challenging steps because originally 
the concepts involving spraying were designed to synthetic molecules and not live 
organisms such as the biocontrol agents. Therefore, the correct method of delivery is 
as crucial as it is for synthetic molecules for an optimal performance, once its control 
efficacy against many pathogens and pests has been already proven throughout many 
years of research, not only on soybean but many other crops. Therefore, the concepts 
of spray application technology must be improved or modified to attend to the needs 
of the biocontrol agent.

There are three major types of augmented biological control: classical, inoculative 
and inundative. In this section of the chapter, the application techniques are going to 
regard mostly the inundative method, which is the massive production and release of 
biocontrol agents or natural enemies to control the pest or pathogen quickly. In this 
method, no significant reproduction by the natural enemy is expected in order to control 
the pest population. The disease/pest control is only a result of the released individuals. 
This strategy can be compared with those used for synthetic chemical pesticides.

The first step when spraying biocontrol agents is to understand the life cycle of the 
pathogen/pest and its dynamic in the environment to decide which is the better applica-
tion technique for that specific target and is crucial to understand if the methodol-
ogy chosen is adequate for the biocontrol agent, beyond that, the knowledge of the 
biocontrol agent mode of action is also a factor that should be accounted for.

Among the application techniques, there are three that stand out for biopesticides: 
spraying over the crop, seed treatment, and in furrow application, where each of 
them has its particularities.
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The spray application over the crop is recommended mostly for most of the 
bioinsecticides and the biofungicides recommended to control foliar diseases and 
white mold. As an example of the importance of understanding the biocontrol agent 
and its target, white mold (Sclerotinia sclerotiorum) a soilborne disease, the recom-
mended technique is the spray application once the mode of action of the Trichoderma 
sp. a biocontrol agent recommended to control this plant disease, attacks the sclerotia, 
a survival structure of the fungus that stays above the soil surface. This technique’s 
efficacy is very influenced by the application conditions, once the biocontrol agents 
are subject to the environmental conditions such as UV light, temperature, and rela-
tive humidity.

The seed treatment application recommendation for biocontrol agents follows 
almost the same principles of disease control as the synthetic fungicides. Biocontrol 
agents can be precoated or encapsulated onto the seed, the formulation of the biopes-
ticide should guarantee a surviving period of desiccation. The seed encapsulation 
involves enveloping the seed, the biocontrol agent, and possibly other components 
such as pesticides or micronutrients, in a gelatinous or polymer gel matrix, promoting 
an enhancement of survival of the biocontrol agents on seed [29]. The products used 
in the seed treatment must be compatible with the biocontrol agent. Moreover, the 
seed has a maximum amount of product that can be added onto it, usually 10 mL per 
soybean seed.

In furrow application, targets are commonly nematodes and soilborne pathogens, 
this methodology applies the biocontrol agent during the soybean sowing directly on 
the seed. The seeder is adapted with a tank specific for this purpose, and in each row a 
solid stream nozzle is placed and the biopesticide is applied in a furrow. This tech-
nique when compared with seed treatment delivers the biopesticide in a more precise 
dose and at the correct moment.

7. Remote sensing on diseases and weed control in soybean

Remote sensing is the process to retrieve important information from an object 
without physical contact between the sensor and the target [30, 31]. Along with the 
global positioning system (GPS) and geographic information system (GIS), remote 
sensing is part of the precision farming techniques. Remote sensing works by capturing 
information from a specific area (data or imaging), while GPS is responsible for geore-
ferencing it to locate field variables as precisely as possible, and GIS is used to interpret 
the data obtained to produce the final outcomes, such as application maps. Therefore, 
through the integration of these techniques, it is possible to obtain sufficient data to 
interpret and decide on the most appropriate management for a field [31, 32].

From an electromagnetic flux emitted in different wavebands, there is an interaction 
with the object that can be manifested in reflectance, transmittance, absorbance, fluores-
cence, and phosphorescence [33]. Sensors have the ability to detect differences in these 
values, generating indicative data regarding its physical characteristics [31, 32, 34]. These 
characteristics are used to identify morpho-physiological changes in plants or vegetation, 
such as the incidence of pathogens or insects [35] and to distinguish between plant spe-
cies, biomass level, and soil, helping to identify weeds within the crop [36]. The processes 
of acquiring spectral data, data modeling, and detection model construction are usually 
extensive and require a great amount of time and research.

For pesticides technology application, remote sensing is a powerful tool for a 
specific branch of precision agriculture known as spot spraying or site-specific 
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spraying [37]. Firstly, it is necessary to acquire spectral data in the field, which is 
usually conducted through a passive sensor that does not have its own source of 
energy, such as satellites and spectroradiometers, but instead is capable of retriev-
ing information through spectral analysis (spectral signature) or imaging [31]. 
All information from a field is gathered with the geographical positions of certain 
points of interest and finally supplied to the spraying system to spray locally only 
where it is necessary. These places can be defined based on the incidence of disease, 
pests, or weeds in the field. One of the greatest benefits is the savings of product 
waste where application is not necessary, environmental preservation, and a more 
conscious application toward a sustainable agriculture [36]. The capacity of identi-
fying diseases even prior to visual symptoms is also a great opportunity to improve 
control efficacy as well as the spraying technology [33].

Another example for fungicides and insecticides application is to use remote 
sensing to identify different biomass levels of the crop canopy during the application 
and using this information to adjust the water volume according to its foliage density 
[38]. In the study [38], a mechanical sensor was used in front of a sprayer to evaluate 
the crop canopy density and to vary the spraying volumes based on the canopy foliar 
density. This operation allowed them to reduce 13% of insecticide use, while main-
taining pest control efficacy and improving natural enemies’ preservation.

Nowadays, a more common monitoring by remote sensors is the one applied to 
herbicide treatments in preplant or over-the-top applications. An active sensor is 
placed at different sections of the sprayer boom and is capable of detecting weeds 
incidence as it moves through the field (real time monitoring), transmitting the 
information to a data center analyzer that uses it to make the application at the exact 
spot where the weed is located (Figure 1). These systems are equipped with dedicated 
valves at each spray nozzle in order to allow a unique nozzle control, such as actuated 
ball valves, solenoids, or PWM (pulse width modulation) valves.

Few innovations have been applied to these real-time sensors for herbicide 
management in soybean. At first, most of the systems were dependent on the weed 
detection in contrast to the soil (Green-on-Brown), therefore could only be applied 
to fallow lands [37]. Due to similarities in morphologies, physical characteristics, and 

Figure 1. 
Schematic demonstration of the real-time weed detection in the field by an active sensor, sending the signal to the 
spraying system that opens the spray nozzle right onto the weed.
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colors, differentiation between plant species required advanced technology such as 
hyperspectral imaging sensors and deep learning algorithms [39]. This new system 
enables the differentiation of weeds from the main crop and is known as Green-on-
Green technology.

Moreover, spot spraying application is promising to promote a proper pesticide 
resistance management of weeds and pathogens populations due to minimal exposure 
to the herbicides [40]. These technologies have potential to significantly improve 
spraying techniques toward a more sustainable application, acting heavily on chemi-
cals waste reduction, resistance management, and a more precise application for a 
better control efficacy.

8. Tank mix of pesticides for soybean crop applications

Tank mixing seeks to improve spraying operational capacity and reduce applica-
tion costs by associating different plant protection products, fertilizers, as well as 
other products in the spray tank moments before application [41]. This practice was 
regulated in Brazil only in 2018 (Normative Instruction No. 40, October 11, 2018) 
[42], although it was widely performed a long time before this period, often with 
complex mixtures of products [43]. According to [43], 97% of applications in Brazil 
contained at least two products mixed in the spray tank.

Many applications of herbicides, insecticides, and fungicides in soybean crop are 
conducted at the same period, making it more convenient to combine the products in 
a single application. Therefore, it reduces the cost and time spent in operations, the 
movement of machines in the fields and, thereby, saves fuel, water and even reduces 
the number of machines needed [44]. Another great advantage of tank mixing dif-
ferent products is to help reduce pesticide resistance of pathogens and weeds. In Ref. 
[45], it is reported that applications of more than two modes of action of herbicides in 
tank mix reduce 83 times the likelihood of herbicide resistance selection.

Although very beneficial in terms of practicality, tank mixing requires guidelines 
to be correctly conducted, especially due to chemicals compatibility in the tank and 
positioning of technology application parameters, such as spray volume and droplet 
size. Overall, chemical compatibility is the main factor defining whether certain 
products can be mixed in the spray tank, regarding its physical and chemical compat-
ibility [46].

Physical incompatibility may cause loss of spray solution stability, leading to the 
formation of precipitates, complexation, and phase separation. These changes are 
influenced by the pH, electrical conductivity, and surface tension of the spray liquid 
[46]. Furthermore, degradation of active ingredients is possible due to oxidation, 
hydrolysis, and encapsulation reactions [41]. On the other hand, chemical compat-
ibility is related to the product effectiveness, in which certain products, when mixed, 
may vary the control efficacy it was expected to have when used alone [47]. Among 
several factors, incompatibilities can also occur due to improper agitation systems, 
water quality, application rate, and the solution pH [41].

Physical compatibility can be quickly tested in the field or laboratory through 
a common test known as “the jar test” [41]. The compatibility can be evaluated in 
a small proportion by mixing all products into a jar at the same rate or dose that it 
would be used in the tank, as well as the proportion of water and order added in the 
tank. Although it does not represent entirely how this mixing process would happen 
in the sprayer due to additional effects of pumps and accessories, it can be a great 
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advantage to foresee any formation of precipitates or phase separation. Chemical 
compatibility can be evaluated through an efficacy test in laboratory or in the field.

One of the most important factors is the order that each product is added to the 
tank. In general, oily solutions are added lastly to the tank using water as a carrier. 
Among several methodologies, one of the most common is the addition of compat-
ibility agents firstly, then water-dispersible granules, wettable powder, concentrated 
suspension, concentrated solution, and emulsifiable concentrate [41]. The product 
label should always be followed in this mixing process.

Tank mixes of different products are a common activity in soybean crops and 
have the potential to develop even more. More studies need to be conducted to assess 
different chemicals compatibility as well as to instruct farmers and operators on how 
to do it properly. However, its benefits are evident, and the need to gain operational 
conditions will still increase, which makes it even more important and applicable 
nowadays.

9. Insecticide application on planting furrow

Several species of pests can attack during the initial development of the soybean/
reduction in the crop stand and/or harming plant development, which consequently 
negatively affects the production of grains and/or seeds [48]. Among the soil pests, 
insects and nematodes may occur throughout the entire crop cycle, causing severe 
damage in the early stages of development of plants.

The preventive insecticide application on sowing furrowing is a promising 
alternative to avoid or minimize the damages caused by some pests on soybean plants 
[49–51]. In crop areas with high soil pest infestations, the application on planting 
furrows can be an option to ensure better distribution of pesticides [52]. Spraying 
pesticides in a planting furrow, especially when the pests are located nearby of the 
soil surface, can provide a good pest control [53].

In general, the insecticide application on sowing furrows is performed at the time 
of sowing and before covering the furrow with soil by the use of a sowing—fertilizer 
machine with a tank to store the pesticide solution or pesticide granules. This equip-
ment may at the same operations fertilizer, planting and apply pesticide.

In Brazil, the application of insecticides in the seed furrow is still little used by 
soybean farmers with few studies in this area. However, it is noted that the insecti-
cides application in the seed furrow has a great potential in soil pests control, promot-
ing an initial protection to the plants with an adequate initial stand [54].

The use of insecticides applied in the seed furrow is limited, due to the need to use 
special machines for this operation, in addition to the higher costs of granules formu-
lations available on the pesticide market [54]. Although this application technique is 
limited, some studies reported that this method of applying insecticides at label doses 
is effective in controlling pests that attack seeds, plants, or other subterranean plants 
parts for a period of 35–49 days [55].

As mentioned above, the use of pesticides on furrows to control soil pests and 
nematodes is not usually practiced by farmers. Most of the studies aimed to verify the 
effectiveness of insecticides. The effects of insecticides spraying on sowing furrow 
and seed treatment in order to control the insect Phyllophaga cuyabana, an important 
soil pest that consumes the soybean roots reducing the absorption of water and 
nutrients, were studied [49]. The authors concluded that insecticide applications are 
important tactics, and it may be employed in the management of P. cuyabana larvae in 
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soybean crops. In this context, the insecticides fipronil, thiamethoxam, imidacloprid, 
and clothianidin, applied to soybean seeds, and chlorpyrifos, applied on the seed 
furrow, can ensure satisfactory soybean yields in areas with high pest infestation.

The same authors mentioned that the compatibility of insecticides with nitro-
gen fixing bacteria (Bradyrhizobium) should be considered and investigated, since 
the largest amount of nitrogen required by the crop is obtained through biological 
fixation.

Greater grain yield values have been reported when the insecticides fipronil, 
clothianidin, endosulfan, and chlorpyrifos were applied in the sowing furrow of 
soybean in order to control larvae of P. cuyabana and Liogenys fuscus [56]. All insecti-
cides treatments mentioned exceeded statistically the yields of the treatment control 
(no insecticide application).

Increased soybean yield (approximately 20%) by application of disulfoton to the 
sowing furrow against two-striped leaf beetles (Medythia nigrobilineata) was reported 
[57]. According to the authors, this method can be easily applied to the use of fertil-
izing equipment mounted on the seed sowing machine with lower costs. The authors 
also believe that this pest control method is a key method for maximizing soybean 
yield with the labor-saving feature demanded by large-scale farming.

The performance of insecticide efficiency applied in the sowing furrow against 
Sternechus subsignatus in soybean crop was studied [54]. The author verified control 
up to 80% 31 days after plants emergence although this insecticide had affected 
negatively the final stand. The application of thiamethoxam (granule formulation) 
increased the soybean yield. Reduction of nematode population Heterodera glycines 
both in soil and soybean roots by nematicides/insecticides application in sowing 
furrow with greater soybean yield values in the treatments with nematicides was 
reported [50].

The applications of insecticides in sowing furrows in soybean crops can be a viable 
and economic alternative to be used as one more tool in Integrated Pest Management 
(IPM). Studies with new insecticides molecules, recently available on the pesticide 
market, should be encouraged in order to elucidate the control effectiveness and 
compatibility with nitrogen-fixing bacteria, which is widely used by Brazilian farm-
ers. The appropriate method of applications also should be considered to maximize 
the insecticide performance and reduce environmental contamination.

10. Unmanned aerial vehicles (UAVs): sprayer drone in soybean crop

nlike aircraft with the presence of an on-board pilot, UAVs are used as a tool for 
applying pesticides in more complex terrain, with the surface with greater undulation, 
presence of obstacles, and in smaller areas [58]. In addition to spraying plant protec-
tion products, UAVs can also be used for image capture and remote sensing [59–62].

The use of UAVs in spraying, already well established in some countries such as 
China and Japan, is due to the compatibility with the farms that predominate in the 
region [60]. In the year 2018, there were about 30,000 spraying UAVs in China, cover-
ing an area of approximately 17.8 million hectares [63].

It is possible that, even in large areas, as in the case of soybean crops that require 
a large number of applications, the use of UAVs can optimize the operational capac-
ity of the application, reduce costs, and ensure the effectiveness of phytosanitary 
management, which can be used in localized applications for the control of weeds, 
pests, and diseases.
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UAVs can be classified into two segments, fixed wing and rotary wing. Fixed-wing 
UAVs follow the same operating principle as an airplane and are primarily used in 
remote sensing to capture images and map creation used in precision agriculture. The 
rotary wing UAVs are divided into helicopters and multirotors, which have shown a 
high growth in use, presenting models that are widely used to obtain images and also 
in the application/spraying of agricultural pesticides. Rotary-wing UAVs, especially 
multirotor UAVs, have the advantage of remaining stable in the air even with fluctuat-
ing winds and perform maneuvers with greater precision [58, 62, 64, 65].

The majority of spray drones available are capable of carrying 10–15 kg of liquids 
corresponding to 10–15 L of spray liquid. Ability to spray from 1 to 4 ha h−1 (10–
50 ha day−1), which can be 40–60 times faster than a manual operation. They have 4–6 
spray nozzles, where each one can be positioned directly below a rotor or arranged on 
a spray boom. The application range can vary from 3 to 7 m in width [61–63]. Nozzles 
can be hydraulic (same as those used on land sprayers and airplanes) and also rotatory. 
As in airplanes, in UAVs, the electrostatic spraying system can also be used [66].

The drone’s flight time is highly dependent on its weight and the presence and/or 
intensity of winds, but in general, it varies from 10 to 30 minutes with a fully charged 
battery [63, 64].

The main limitation in the use of UAVs for spraying agricultural pesticides is 
related to the flight autonomy provided by the batteries. One solution would be to 
increase the capacity and size of the batteries; however, the greater the capacity and 
size, the greater the weight and consequently reducing autonomy [62, 64].

In 2021, the Ministry of Agriculture, Livestock and Supply—MAPA, Brazil, 
through Ordinance No. 298, of September 22, 2021, established rules for the operation 
of remotely piloted aircraft intended for the application of pesticides and the like, 
adjuvants, fertilizers, inoculants, correctives, and seeds [67].

In the soybean crop, research has been conducted comparing weed control, soybean 
rust and stink bug control by conventional spraying methods (tractor-mounted sprayer) 
and with drones varying the application rate. Although research has been conducted on 
soybean crop with spraying, its aim is to obtain information to support applications in 
areas with difficult access with land sprayers, greater assertiveness in localized applica-
tions and in borders in soybean crop.

Some studies show the potential of using UAVs in soybean crops, evidencing that 
the deposition of the marker in the upper and middle thirds of soybean plants in 
applications carried out with UAV was similar to the deposition obtained with a CO2-
propelled knapsack boom sprayer [68].

Recently, a field trial was installed on soybean crops at V4 stage crop to compare  
weed control between spraying performed with Sky Drones Pelicano 2020 drone  
(application rate 15 L ha−1, flight height 3.0 m, displacement velocity of 18 km h−1) 
and with the boom sprayer (application rate 120 L ha−1 and displacement velocity of 
8.5 km h−1). At 7 days after application (DAA), weed control with both application tech-
niques was very similar after application of the herbicide mixture clethodim plus glypho-
sate. In the next evaluations, the differences in the control can be better evidenced.

In Brazil, the potential for use is greater for small farmers and agricultural crops 
with greater added value. The biggest difficulty in using this technology is in the 
adjustment and calibration of the equipment in view of the variation in the applica-
tion rate, flight height, droplet size, and spray tips more suited to the target to be 
reached.

Other challenges are the size of the plots and the experimental design, as the 
dimensions of the plots are larger when compared with spraying with terrestrial 
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equipment. The potential risk of drift is little known with remotely piloted aircraft. 
In this sense, research has been conducted with adjuvants to minimize problems 
with drift in drone spraying. The use of rotating nozzles has also been adopted in this 
technology for providing a more homogeneous droplet spectrum and, depending on 
the droplet size, with greater control of spray drift.

Considerable advances have been made with another one tactic within the IPM 
using remotely piloted aircraft, which is the distribution of parasitoids in capsules in 
different crops for the control of insect pests. The use of this technique presupposes 
knowledge of the parasitoid’s ability to disperse, and through georeferenced points in 
the sites, the release of these insects is established.

11. Final considerations

In order to optimize the pesticide application technology in plant protection, it is 
necessary to overcome challenges such as connectivity in the field to better use the 
available resources of precision agriculture, as well as the training of people with spe-
cialized labor and the joint use of techniques of integrated management in the control 
of harmful agents to plants. In Brazil, especially in soybean, due to the existence of 
large areas of cultivation, the implementation of integrated management in plant 
protection has been a constant challenge, from the monitoring of pests, diseases, and 
weeds to decision-making and selection of techniques of control. From the south to 
the north of the country, the climatic conditions are very different, requiring differ-
ent procedures for specific regions. In this sense, the Brazilian agricultural research 
company Embrapa has contributed significantly to the diffusion of technology to 
different regions. Regulatory activities in the commercialization of adjuvants with the 
inspection of the actual functionality of the adjuvants, the implementation of peri-
odic inspection of agricultural machines, and the establishment of spray drift limits 
for manual, land (mounted, trailed, or self-propelled), and aerial (unmanned or with 
on-board pilot) applicator equipment could significantly contribute to the optimiza-
tion of the entire national agricultural production process.
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Abstract

Soybean (Glycine max [L.]) contributes 25% of the global edible oil. Globally, 
soybean area and production in 2020 were 127.9 million ha and 379.8 million tons, 
respectively. Soybean has got early acceptance as an important oilseed crop in India 
in with approximately 10–11 million ha area. Now, it has become a major crop by 
replacing the traditional and contemporary popular crops in nearly all parts of India. 
Climate change effects, like change in Monsoon pattern, increase in dry spell frequen-
cies, heavy rainfall event during crop growth period, extended monsoon at harvesting 
stage, has drastically influenced the productivity of soybean, which needs attention 
to identify the constraints and accordingly adapt the climate-resilient technologies. 
The recent research conclusions revealed that the climate-resilient technologies like 
selecting suitable varieties, sowing within proper sowing window, broad bed furrow 
(BBF) method of sowing, dry spell management practices to reduce moisture stress, 
rainwater harvesting, and soil conservation through BBF method of planting, reuse of 
harvested and stored rainwater during moisture stress conditions, the adaptation of 
micro-irrigations systems for protective irrigation, intercropping in soybean, resource 
conservation techniques can mitigate the effects of climate change and enhance the 
productivity of soybean in a sustainable manner.

Keywords: broad bed and furrow, dry spell management, resilient technologies, 
soybean yield

1. Introduction

Soybean cultivation and its use was started from the beginning of Chinas agriculture 
age. Its utilization for human consumption was mentioned [1] long ago 6000 years back 
in Chinese medical compilations. Soybean has meant for milk, meat, bread, cheese and 
oil from centuries ago to common people of China, Korea, Manchuria, Japan, Philippines 
and Indonesia. The center for origin of soybean is China while some reports second cen-
ter as India [2–4]. In India initially, soybean has been traditionally grown in patches of 
the Kumaon Hills of Uttarakhand (earlier Uttar Pradesh), the Khasi Hills, the Naga Hills, 
Manipur, Himachal Pradesh, and parts of central India encompassing Madhya Pradesh.
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During 2020 the global area and production of soybean was 127.9 million ha and 
379.8 million tons respectively. India stands fifth rank in the area and production 
in the world after countries USA, Brazil, Argentina and China. The productivity of 
soybean in India is low (1.1 tons/ha) as compared to the world (2.3 tons/ha).

Rainfed agriculture produces much of the food consumed globally. It accounts for 
more than 95% of farmed land in Sub-Saharan Africa, 90% in Latin America, 65% 
in East Asia and 60% in South Asia. The rainfed agriculture across the world is being 
affected by climate change.

1.1 Indian situation

On global map India lies between 8° N and 37°. In all climate over Indian subcon-
tinent is dominantly tropical except Northern parts where the climate is temperate. 
Climate over India is characterized with distinct hot and dry climate altered with wet 
and humid climate in cyclic pattern. This is due to monsoon winds. Typical monsoon 
over India has two branches, i.e., Arabian sea branch and Bay of Bengal branch.

In Indian context soybean has occupied the position as major crop of India by 
replacing the traditionally grown major region-specific contemporary crops like 
cotton, paddy, and wheat. This has derived the agriculture completely new crop-
ping systems also. Reasons of early popularity of the soybean crop in India are good 
demand of crop in international market, assured economic value of the crop along 
with the nutrient rich in both oil content (16–21%) and protein content (36–42%). 
Climatic requirements of soybean crop in more or less variations matches with exist-
ing climatic conditions over India which may be one of the reasons for steady perfor-
mance of soybean in terms of production and productivity.

Based on productivity levels of soybean, total Indian geographical area is catego-
rized in six agroclimatic zones which are Northern Hill Zone, Northern Plain Zone, 
Eastern Zone, North Eastern Hill Zone, Central Zone, and Southern Zone. The breed-
ing for improving varieties with suitability and management practices specific to the 
particular zone are identified to achieve higher levels of productivity. In last years the 
area under soybean in India is constantly increasing with increase in productivity. In 
year 2020–2021 among various soybean growing states of India, Madhya Pradesh fol-
lowed by Maharashtra were the first two states to grow soybean on 5.85 million ha and 
4.32 million ha area respectively. In other states like Karnataka, Telangana, Gujarat, 
and Chhattisgarh there is considerable scope for the area enlargement (Table 1).

The average annual rainfall of India is 1192 mm, with spatial and temporal vari-
ability which delineate the Indian agriculture in to dry farming, dryland farming and 
rainfed farming. The major soil types of India are Vertisols, Inceptisols and Entisols. 
Vertisols are deep black cotton soils having swelling and shrinkage properties, good 
water holding capacity. In India soybean is promising and prominent rainfed crop 
where seasonal rainfall is 900 mm and soil type is vertisols. In some parts of India 
traditionally adopted cropping system was Kharif fallow followed by post-rainy wheat 
or chick pea, but soybean has substituted this cropping system as soybean followed 
by wheat or chick pea. Gain in the kharif season crop has bring out improvement of 
small and marginal farmers profitability, socio-economic condition. The small and 
marginal farmers are subjected to subsistence farming due to limited production 
inputs. Even under aberrant weather conditions soybean has maintained its steady 
performance in terms of profitable returns to farmers [5].

Indian Council of Agricultural Research—Indian Institute of Soybean Research, 
at Indore, Madhya Pradesh was established to provide centralized research to support 
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soybean production system research with basic technology and breeding material. Under 
AICRPS (All India Coordinated Research Project on Soybean) system 102 improved soy-
bean varieties have been developed which were suitable to different agroclimatic zones, 
and promising with high yields due to tolerance to various biotic and abiotic stresses.

After independence through green revolution, high yielding varieties, India 
achieved record breaking/higher food grain production and achieved self-sufficiency 
in cereals production. This achievement of the higher production was associated with 
several extensive problems which encounter to degradation of the natural resources 
and challenged sustainability. The concepts of conservation have gained importance 
due to the threat of resource degradation problems, the necessity to reduce production 
costs, increase productivity and profitability and make agriculture more inexpensive. 
Over exploitation of natural resources, conducive to unsustainable growth; these 
strategies need to change in coming years for increasing the sustainability. For Indian 
agriculture it is the time where it must search for new guidelines—may be through 
strategies, policies, and actions which must be accepted to move toward sustainability.

In recent past decades, at global level, rapid moves have been made in order to 
develop and spread the technologies which will conserve resources. Conservation of 
soil and rainwater can be achieved with change in land configuration, and method 
of planting like broad bed method of sowing, minimizing soil disturbance through 
restricted tillage. Adoption of conservation agriculture (CA) include the basic three 
pillars or principles which are

1. Minimum soil disturbance

2. Crop rotations

3. Permanent soil cover (through cover crops, crop residues)

These principles can be effective possible ways towards the realization of the 
sustainability in agriculture and will help in achieving the goals of increasing pro-
ductivity with prevention of further degradation of natural resources. To sustain soil 
fertility, improving fertilizer/water use efficiency, physical properties of soil, and 

Sr. no. State Sowing area 
(ha)

Expected yield  
(kg/ha)

Estimated production 
(100,000 million tons)

1 Rajasthan 9.25 761 7.05

2 Madhya 
Pradesh

55.69 939 52.29

3 Maharashtra 43.85 1102 48.32

4 Chattisgarh 051 910 0.46

5 Gujrat 2.237 1015 2271

6 Karnataka 3.827 1005 3846

7 Others 1.129 975 1101

8 Telangana 3.488 1015 3540

Total 119.982 991 118.888

Source: From [5].

Table 1. 
State-wise expected area, production, and productivity of soybean 2021.
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enhanced crop productivity, techniques of crop residues retention on the soil surface, 
organic and inorganic combined fertilization and involvement of legumes in crop 
rotation are essential. Above techniques coupled with minimum or no-tillage practices 
play a major role in conservation of natural resources. Thus, resource- conserving 
technologies can be used to enhance soil health, water, and nutrient use efficiency.

2. Constraints responsible for low productivity of soybean in India

The national and regional yield or productivity levels are low as compared to 
global level. There are many limiting factors responsible for low productivity which 
are the gap in genetic and breeding for variety improvement, gap in management 
practices, post-harvest handling, and socio-economic factors. One or more than one 
limiting factor will aggravate the adverse effect on productivity, which is commonly 
observed in dryland farming areas.

A. Genetic and breeding for variety improvement,

i. Inherent poor seed longevity,

ii. cultivation of single variety on large area mono-variety

iii. shattering losses due to delayed harvesting,

B. Inappropriate management practices

i. Cultivation of soybean crop under rainfed condition.

ii. sowing under delayed conditions (after sowing window).

iii. Non application of seed treatment and inoculation at the time of sowing.

iv. No/little use of organic manures

v. mixed sowing of seed with fertilizers

vi. Low or excess population of plant per hectare

vii. Imbalanced and improper fertilizer application

viii. Inefficient water management practices,

ix. Lack of proper insects and pests control measures

x. Disproportionate use of water in spraying of pesticides,

C. Post-harvest handling

i. Proneness of soybean to field weathering

ii. Storage of soybean at higher seed moisture content can reduce the quality 
of seed for its use as seed material for sowing and may result in low or no 
 germination of seeds



121

Climate-Resilient Technologies for Enhancing Productivity of Soybean in India
DOI: http://dx.doi.org/10.5772/intechopen.104603

iii. Mechanical harvesting of soybean more than 450 RPM speed of thresher will 
adversely affect the seed germination.

D. Socio-economic factors

i. Timely unavailability of quality inputs,

ii. Poor coping techniques,

iii. Unavailability of credit loans to farmers at the time of sowing.

3. Climate resilient soybean production technology

3.1 Selection of field

Soybean production is remunerative when it is cultivated on a well-drained, sandy 
loam to clay soils. Soils with medium available water holding capacity and reasonable 
depth, can also be suitable for soybean. It requires soil with comparatively rich in 
organic carbon content. Neutral pH is ideal for harnessing maximum yield of soybean. 
The soil with excessive salts/sodium and poor drainage conditions are not appropriate 
for cultivation of soybean due to inhibition of seed germination.

3.2 Requirement of tillage

One summer ploughing followed by two cross cultivation or harrowing for break-
ing of soil clods or one deep ploughing once in 2–3 years can prepare perfect seedbed 
for a good growth and yield of soybean. It is the need of time to adopt minimum and 
conservation tillage (CT) to attain sustainability in soybean production.

3.3 Moisture conservation through land management

Soybean is cultivated majorly on medium to heavy soils and in Indian context, it is 
cultivated as major crop in rainfed areas which are associated with the dominance of ver-
tisol soils. The rainfed areas of India are having the variation in rainfall distribution and 
its frequency. Extreme events like incidence of nearly 50% of seasonal rainfall in 2–3 rainy 
days are also recorded in many places in rainfed areas. As the Vertisol soils are high in clay 
content and their characteristic feature of swelling and shrinkage associated with slow 
infiltration rate, in such extreme events, they are prone to heavy runoff losses. The loss 
of rainwater not only removes soil nutrients but also its availability for utilization by crop 
toward its growth over season is also lost. This situation demands the essentiality for in situ 
soil and water conservation. Also, safe removal of excess water from the field is essential 
under water stagnation conditions. For attaining good drainage and in situ soil and water 
conservation land lay outs can be altered to achieve these objectives, which are as below.

1. Conservation furrows

Under heavy rainfall events, to conserve moisture and draining out excess water 
from the field, can be achieved by a very simple technique of opening conservation 
furrows after every 4/6 rows of soybean.
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2. Broad bed and furrow

Broad bed and furrow (BBF) systems have been found to agreeably attain both the 
objectives specially in deep vertisols.

3.4 Selection of suitable variety

A good soybean variety should be high-yielding and should exhibit stable perfor-
mance across abiotic and biotic stresses during crop growth. Growing more than one 
(preferably three to four) variety with different maturity durations is most advisable 
particularly when the planting area is on quite a large area to achieve sustainability in 
soybean production and to make efficient use of harvesting equipment and laborer.

3.5 Sowing window

In the northern, northeast, northwest, and central region of India, soybean is 
mostly cultivated as the sole crop in Kharif (June–October). But, in the peninsular 
and the North– Eastern region of the country, successful soybean cultivation is also 
feasible during rabi/spring and summer seasons (November–April). In Maharashtra 
also the area under cultivation of spring and summer soybean is increasing. Two 
successive seasons of soybean cultivation is not scientifically recommended due to the 
recent outbreak of pest and diseases.

During Kharif season, under irrigated conditions, one presoaking irrigation in the 
second fortnight of June is given for pre-monsoon sowing of soybean which has been 
found to give optimum plant population, good growth and high yields. When irrigation 
is not available, sowing should be done after the commencement of monsoon rains. 
Sowing should be started only after receipt of minimum 100–150 mm rainfall (depend-
ing on soil type) to avoid initial crop failure due to moisture stress or dry spell imme-
diately after sowing. The date of onset of Monsoon varies in various parts of country. 
Appropriate sowing window for Kharif soybean is in between the third week of June to 
the second week of July (as per the commencement of monsoon). Timely sowing is very 
important non monitory input. Late planting leads to manifold problems like a poor 
plant population, reduced vegetative growth, reproductive efficiency, pod develop-
ment, and yield. Sowing of Kharif soybean after 20th July is not recommended.

3.6 Optimum plant population

Optimum plant population is prerequisite for higher yields. Per plant yield con-
tributing characteristics are in good quantity when the optimum plant population is 
maintained. One of the reasons for poor soybean yield in India is the sub-or super-
optimal plant population. A plant population of about 450 thousand is optimum with 
a range of 400–600 thousand plants per hectare. In general, a comparatively higher 
plant population is desirable for determinate varieties. Use of quality seed and good 
seedbed condition are pre- requisite to maintain the desired field emergence.

3.7 Planting geometry

The ideal planting geometry with row spacing of 45 and 30 cm is recommended 
for northern, central and southern zones respectively while plant to plant spacing is at 
4–5 cm and 7.5–10 cm respectively. For delayed sowing due to late-onset of monsoon, 
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to tcompensate yield reductions owing to reduced vegetative growth along with early 
flowering can be achieved to some extent by reducing the row to row spacing (30 cm) 
and increasing the seed rate by 25%. To ensure good germination and subsequent 
plant stand the seed should be placed at the depth of 3–5 cm.

3.8 Seed rate

Seed rate is dependent on seed index and germination ability, and percentage.
Small seeded variety—60–65 kg/ha
Medium seeded variety—65–70 kg/ha
Bold seeded variety—70–75 kg/ha
The required seed rate is generally 65 kg/ha.

3.9 Seed treatment, seed inoculation

Seed treatment before sowing achieves the objectives of good seed germination 
and uniform plant stand, reduction in seed born inoculum, protection of seed and 
seedling from soil born pathogenic infestations. More than 20 species of fungi are 
known to affect soybean plant as seed-borne. Therefore, seed treatment becomes 
most important preventive measure which include

1. Fungicidal seed treatment of Thiram + Carbendazim (2:1) to the seeds at the rate 
of 3 g/kg seed of soybean.

OR

Treating soybean seed with microbial inoculum of Trichoderma Viridi at the rate 5 g/kg 
seed will effectively prevent collar rot disease and assure good plant establishment.

2. For control of yellow mosaic virus (YMV) infestation to soybean, recommended 
fungicides are used for seed treatment. Then immediately after the treatment 
with insecticides like Thiamethoxam 30 FS (flowable concentrates for seed treat-
ment) at the rate of 10 ml/kg seed or Imidacloprid 48 FS (flowable concentrates 
for seed treatment) at the rate of 1.25 ml/kg seed is recommended.

3. Seed must be treated with Bradyrhizobium japonicum culture at the rate 
500 g/65 kg seed, for increasing the number of effective nodules and fixation of 
atmospheric nitrogen in root nodules of soybean plants.

4. For increasing the solubility of the unavailable phosphorous in soil, it is recom-
mended to treat the seed with phosphorous solubilizing bacteria (PSB) at the 
rate 500 g/65 kg seed.

3.10 Nutrient management

Soybean is considered to be a moderately exhaustive crop. Application of bal-
anced fertilizer dose ensures better performance of soybean in terms of yield. The 
integration of organic manures like 5–10-ton farm yard manure (FYM) or 2.5-ton 
poultry manure/ha before last harrowing with inorganic fertilizers as the basal dose 
of 25:60–80:40–50:20 N: P2O5:K2O:S kg/ha (at the time of sowing) generally provides 
nutrition in balanced which will help in harnessing the yield potential of soybean.
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As per the soil test report, the recommended micronutrients should be applied by 
soil or foliar method of application

3.11 Weed management and intercultural operations

Weeds poses major threat to soybean production by the way of yield losses to the 
extent of 30.5–53%. The critical crop weed coemption period for soybean crop is 
20–45 days after sowing (DAS) In general, the mechanical weed control measures 
in soybean are hand weddings twice, at 20 and 40 DAS are recommended. In kharif 
season during incessant rains or in case of labor unavailability, chemical weed control 
promises effective weed control. Application of pre-plant incorporation (PPI) or pre-
emergence (PE) or post-emergence (PoE) herbicides and two hands weeding were 
found equally effective to reduce the weed load in soybean.

1. PE application of Alachlor at the rate 2 kg/ha or Pendimethalin 30% EC at the 
rate 0.50–0.75 kg ha or Butachlor 50% EC at the rate 1 kg/ha dissolved in 500 l of 
water is sprayed after sowing but before emergence of soybean, i.e., in 2–3 DAS 
results in better weed suppression.

2. PoE application of Imazethapyr 10% SL at the rate of 0.25 kg ha dissolved in 
500 l of water can sprayed within 7–21 days after emergence of soybean will 
 effective for good weed control.

3.12 Water management

Proper water management at critical growth stages is essential to optimize 
yield. Stress on account of surplus or shortage soil moisture would be unfavor-
able growth and yield of soybean. Water requirement of soybean for planting and 
germination is approximately 100 mm, the total water requirement of soybean is 
around 500 mm.

Generally, soybean is cultivated as completely rainfed in dryland areas receiv-
ing rainfall 600–900 mm or as irrigated in rainfed areas rainfall more than 
900–1500 mm. From the rainfall analysis it is concluded that the kharif crops are 
supposed to undergo the dry spell at least once in its total life cycle. Crop may 
suffer moisture stress at early season, mid-season or terminal stage due to dry spell. 
Critical period of soybean for water requirement is planting to emergence, repro-
ductive growth stage, and pod filling stage. Supplemental irrigation should be given 
from the harvested and stored rainwater whenever there is a dry spell or moisture 
stress conditions occurs.

In rainfed areas, water stored from runoff during heavy rainfall is collected 
and stored in storage structures like farm ponds. This harvested and stored water 
can be utilized during drypell to save crop by giving protective irrigation. For 
protective irrigations in dryland areas the reuse of harvested rainwater can be 
efficiently used through micro irrigation system. Adaptation of the micro irriga-
tion systems like sprinkler irrigation system will not only increase the efficiency 
of water application but will also increase the area under protective irrigation and 
can rescue more area from moisture stress. The depth of protective irrigation can 
be 1–2 cm for shallow rooted crops while it can be 3–5 cm for deep rooted crops 
(Figure 1).
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3.13 Dry spell management

In Indian context dry spells occur in monsoon season invariably. The frequency of 
the dry spell is increasing in current scenario due to climate change. Moisture stress 
is a resultant of complex set of several climatic, edaphic, and agronomic factors. It 
can be characterized by major three varying parameters, i.e., occurrence timing, its 
intensity, and duration. Reduction of tissue water content, stomatal conductance, 
metabolic processes, and growth are subsequent effects of Dry spell induced a 
restricted water supply. Plants develop various adaptive mechanisms in response to 
moisture stress. These adaptations are drought tolerance and avoidance strategies 
to defy moisture stress. Under drought conditions, Plants by maintaining favorable 
water status may avoid moisture stress. Plant may avoid drought either by reducing 
water loss from leaves or by increasing the capacity of roots for water uptake.

Mitigation strategies of dry spell in soybean are:

i. Planting of more than three varieties as per maturity group.

ii. If the occurrence of drought is experienced more frequently, the short dura-
tional varieties should be selected for sowing.

iii. Organic mulching by applying crop residue at the rate 5 tons/ha after 
emergence

iv. Anti-transparent suitable for soybean crop are like KNO3 at the rate 1% or 
Glycerol at the rate 5% or MgCO3 at the rate 5%. These are recommended to 
spry under early period of dryspell conditions and when rainfall is likely to 
happen in upcoming few days. Avoid the conditions of crop failure and reduce 
the harmful effects on yield of soybean.

v. Mulching of removed weeds (in-situ) at 30 DAS other crops is also advised.

Figure 1. 
Sprinkler irrigation system for efficient reuse of harvested rain water.
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3.14 Soybean based cropping/intercropping systems

Areas where mean seasonal rainfall is 600–750 mm and the effective growing 
duration is 20–30 weeks, in that part intercropping is suggested, while the areas hav-
ing mean annual rainfall more than 750 mm and duration of effective cropping season 
length is more than 30 weeks, double cropping of soybean is possible. In Madhya 
Pradesh and Maharashtra, particularly Marathwada region intercropping system of 
soybean + pigeon pea (4:2 row ratio) is very profitable and is recommended particu-
larly for rainfed cultivation. Early maturing (short duration) pigeon pea varieties 
are more suitable for intercropping system. Soybean + sorghum or soybean + cotton 
intercropping is also recommended and practiced on large area in and around Madhya 
Pradesh (Tables 2 and 3).

The soybean-based cropping systems are not only productive but they have been 
profitable as good energy-efficient under various agro-climatic conditions. It is also 
advisable to farmers that continuous growing of soybean on the same piece of land 
should be avoided. Crop rotation tactics should be followed for sustainable soybean 
production (Figure 2) [6].

3.15 Conservation agriculture in soybean

Looking at the sustainability of the natural resources, CA is the promising sys-
tem. CA is a broad term and it encompasses all conserving techniques that conserve 
resources anyway. It also involves the following technologies:

Zone Cropping system Intercropping system

Central (Madhya Pradesh, 
Bundelkhand region of 
U.P., Rajasthan, Gujarat, 
Northern and western parts 
of Maharashtra)

Soybean-wheat or chickpea 
soybean-wheat-corn fodder, 
soybean-potato, soybean-garlic/
potato-wheat, soybean-rapeseed 
or mustard, soybean-pigeon pea or 
safflower or sorghum

Soybean + pigeon pea, soybean + corn, 
soybean + sorghum, soybean + sugarcane, 
soybean in mango/guava orchards, soybean 
in agro-forestry

Southern (Karnataka, Tamil 
Nadu, Andhra Pradesh, 
Kerala, Southern parts of 
Maharashtra)

Wheat-soybean-finger millet-
peas, oat-cowpea-barley-soybean, 
soybean-finger millet-beans, 
soybean-wheat-groundnut

Soybean + pigeon pea, soybean + finger 
millet, soybean + sugarcane, 
soybean + sorghum, soybean + groundnut, 
soybean in coconut/mango/guava orchard 
and soybean in agro-forestry

Northern Plain (Punjab, 
Haryana, Delhi, North-
Eastern plains of U.P., 
Western Bihar)

Soybean-wheat, soybean-potato, 
soybean-chickpea

Soybean + pigeon pea, soybean + corn, 
soybean + sorghum, soybean in mango/
guava orchards, soybean in agro-forestry

Northern hill (Himachal 
Pradesh, North Hills of U.P.)

Soybean-wheat, soybean-pea, 
soybean-lentil, soybean-Toria

Soybean + corn, soybean + pigeon pea

Northeastern (Assam, 
Meghalaya, West Bengal, 
Bihar, Orissa)

Soybean-paddy, paddy-soybean Soybean + finger millet, soybean + paddy, 
soybean + pigeon pea

Source: From [5, 6].

Table 2. 
Soybean based remunerative cropping/intercropping system for different zones of India.
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1. A minimum level of soil inversion (reduced or zero tillage)

2. Sensible and profitable crop rotation (inclusion of legume crops, cover crops)

3. Soil cover (through crop residues retention on the soil surface)

Resource conserving techniques confirm the optimal utilization of resources and 
improve input use efficiency. These practices include reduced tillage or zero tillage or 
no tillage, integrated crop management approaches, retaining crop residue and Use 
of beneficial microorganisms helpful in increasing both the biological fertility of soil 
and crop production. CA practices decrease resource degradation. Slow breakdown of 
surface residues which recovers soil organic matter status, soil microbial and biologi-
cal activity, and diversity. These practices also contributes to the overall enhancement 
in soil quality. Sustainable improvements in efficient use of water and nutrients by 
improving nutrient balance and availability, infiltration, and retention by the soil, 
reducing water loss due to evaporation.

Treatments Pooled mean

Soybean yield 
(kg/ha)

GMR 
(Rs./ha)

NMR 
(Rs./ha)

BC 
ratio

RWUE

Main plots: land configurations: (03)

L1: Flat bed 1148 34782 9263 1.36 2.77

L2: BBF 1460 44191 18587 1.72 3.50

L3: ridges and furrow 1321 39984 14232 1.54 3.16

SE ± 45.46 1145 341.6 — —

CD at 5% 125.8 3168 976.4 — —

Fertilizer cum stress management practices: (108)

F1: RDF (30:60:30 NPK kg/ha) 1140 34670 11457 1.48 2.81

F2: RDF + KNO3 @ 1% and 2% 
(two sprays)

1421 42954 17545 1.68 3.35

F3: RDF + (19:19:) @ 0.5% 1384 41884 16448 1.64 3.31

F4: RDF + MoP @ 1% and 2% 1290 39099 14386 1.57 3.11

F5: RDF + micronutrients mixture 
@ 0.5%

1440 43329 17624 1.68 3.34

F6: RDF + straw mulch @ 3 tons/
ha

1348 40738 13958 1.05 2.98

F7: RDF + Anti-transparent 
Kaolin @ 7%

1224 37735 9105 1.31 2.98

F8: RDF + water sprays 1211 36797 12570 — —

SE + 37.75 1298 856.3 — —

CD at 5% 104.4 3592 2401.6 — —

Interaction SE+ 65.39 2248 1031.5 — —

CD at 5% 180.9 6223 1698.5 — —

Table 3. 
Soybean seed yield (kg/ha), gross monetary returns (GMR), net monitory returns (NMR), benefit cost (BC) 
ratio and rain water use efficiency (RWUE) as influenced by different treatments (2014–2016).
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3.16 Minimum/zero tillage

Minimum tillage is aimed at reducing tillage to the minimum necessary. It ensures 
a good seedbed, rapid seed germination, a satisfactory plant stand, and promising 
growing conditions. Minimum tillage will benefit in soil setting, improve soil infiltra-
tion, reduce soil resistance and soil compaction along with reduction in soil erosion. 
Although it has some adverse effects like lower seed germination, additional nitrogen 
requirement, hampers nodulation in some legumes, requires specially designed 
implements, development of herbicide residue and its pollution, and the perennial 
weeds become difficult to control.

Zero tillage is an ultimate form of CT in which mechanical soil manipulation is 
diminished to traffic and sowing only. In India at present area under zero tillage is 
2.0 million ha and potential area is 2.0 million ha and 10 million ha. It is very support-
ive in the area of intensive cultivation where a turnaround period between two crops 
is very less and which can facilitate timely sowing. Zero tillage offers the benefit of 
reduced fuel consumption and labor expenses, reduction of total cost of cultivation, 

Figure 2. 
Soybean + pigeon pea intercropping system in 4:2 row proportion is widely adopted system under rainfed 
conditions of Marathwada region.
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timely sowing is possible which offers yield advantage, reduced soil loss and erosion 
ultimately improvement in soil health.

3.17 Broad-bed and furrow system

BBF method comprised of the formation of broad-beds of 135 cm wide and 20 cm 
elevated beds and divided by 45 cm wide furrows, which are to a depth of 20 cm and 
graded across the contour to a 0.5% slope [7]. The main purpose of this system is to 
provide acceptable drainage during heavy rainfall events and draining excess rain 
water into grassy waterways or farm ponds. This stored rain water will be used to 
provide supplemental irrigation to Kharif and Rabi crops during dry spells. It will 
reduce runoff and soil loss, and for in-situ moisture conserving in the furrows. The 
movement of rain water in BBF system is in both the directions, i.e., vertically down-
ward in furrows and laterally in micro and macro pores in the raised broad beds which 
enhances the efficient use of rain water.

National Innovations on Climate Resilient Agriculture Project (NICRA) adopted 
villages in Southern and Central parts of India, farmers who implemented broad bed 
furrow (BBF) sowing technique in soybean by BBF planter evaded injury to the crop 
owing to surplus rainfall during Kharif seasons of 2013, 2019, 2020, 2021 and gained 
about 40% yield benefit compared to flatbed sowing. BBF method for, soybean, 
cotton, pigeon pea and maize saved crop damage due to excess soil moisture by aiding 
quick drainage and avoiding water stagnation.

Figure 3. 
Sowing of soybean with BBF planter.
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BBF planter (Figure 3) facilitates the simultaneous preparation of broad beds and 
furrows (for soil and water conservation, in which furrows acting as safe drainage 
channels during heavy rainfall events (Figure 4) sowing of the seed with less seed 

Figure 5. 
Soybean sown with BBF method.

Figure 4. 
Furrows acting as safe drainage channels during heavy rainfall events in soybean sown with BBF method.
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requirement (kg/ha), deep placement of fertilizers below the seed enhancing the 
fertilizer use efficiency, which reduces the time, labor, energy and cost of cultivation 
(Figure 5).

3.18 Crop residue management

In India about 400 million tons of crop residues are produced annually. A large 
quantity of crop residues is left in the field when mechanical harvesting is practiced. 
This crop residue can be recycled which increases the organic carbon content in 
soil, as well as nutrient supply. About 25% of nitrogen (N) and phosphorus (P), 
50% of sulfur (S), and 75% of potassium (K) uptake by cereal crops are retained in 
crop residues, making them valuable nutrient sources. Mulching with crop residues 
contributes to the conservation of soil and rainwater (Figure 6).

This technique reduces evaporative losses of soil moisture, nutrient loss along with 
runoff. Contrasting removal or burning of crop residue, incorporation of straw builds 
up soil from cropped fields. Crop residues modify soil biological activity resulting in 
improved soil fertility and better soil physical conditions.

Application or retention of crop residue at 2–5 tons/ha will conserve the soil 
moisture will also help in conservation of soil health.

Figure 6. 
Crop residue management for conservation of soil and rain water in Soybean.
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4. Conclusion

It may be concluded that with the use of appropriate improved climate resilient 
production technology, there is great scope to achieve the targeted average productiv-
ity. The adoption of the climate resilient practices like selecting suitable varieties, sow-
ing in proper sowing window, BBF method of sowing, dry spell management practices, 
intercropping in soybean, resource conservation techniques can mitigate the effects of 
climate change and enhance the productivity of soybean in sustainable manner.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Soybean, which has many foods, feed, and industrial raw material products, has 
relatively limited genetic diversity due to the domestication practices which mainly 
focused on higher yield for many centuries. Besides, cleistogamy in soybean plant 
reduces genetic variations even further. Improving genetic variation in soybean is 
crucial for breeding applications to improve traits such as higher yield, early maturity, 
herbicide, and pest resistance, lodging and shattering resistance, seed quality and 
composition, abiotic stress tolerance and more. In the 21st century, there are numer-
ous alternatives from conventional breeding to biotechnological approaches. Among 
these, mutation breeding is still a major method to produce new alleles and desired 
traits within the crop genomes. Physical and chemical mutagen protocols are still 
improving and mutation breeding proves its value to be fast, flexible, and viable in 
crop sciences. In the verge of revolutionary genome editing era, induced mutagenesis 
passed important cross-roads successfully with the help of emerging supportive NGS 
based-methods and non-destructive screening approaches that reduce the time-
consuming labor-intensive selection practices of mutation breeding. Induced muta-
genesis will retain its place in crop science in the next decades, especially for plants 
such as soybean for which cross breeding is limited or not applicable.

Keywords: soybean, mutation breeding, mutagens, induced mutagenesis, next 
generation sequencing

1. Introduction

Soybean (Glycine max (L.) Merrill.) has a central position in agriculture along 
with barley, cassava, groundnut, maize, millet, potato, oil palm, rapeseed, rice, rye, 
sorghum, sugar beet, sugarcane, sunflower, and wheat which were considered as the 
most cultivated plants worldwide. Its central role is not only constituted due to the 
dense protein and high-quality oil contents but also industrial raw material supply. 
Tofu, soy milk, soy sauce, and miso are the main nutritious human soy products. 
Also, extracted soy oil, with over 75% oleic acid and under 10% polyunsaturated fatty 
acids, is one of the most preferred oils sold commercially in the United States today 
[1]. Long shelf-life required fry, spray, and ingredient oils should preferably contain 
higher oleic acid due to the better persistence to oxidation. Soy meal is also a major 
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source of protein used in pig and poultry industries. The companion animal industry 
prefers soy meal as a protein source in animal diet, especially for dogs. High-quality 
amino acid composition and highly digestible protein content leads to the use of soy 
meal in aquaculture diets [2]. On the other hand, soy oil has various industrial uses as 
pharmaceuticals, plastics, papers, inks, paints, varnishes, and cosmetics.

In the verge of global warming effects, renewable energy sources as an alternative 
to fossil fuel are getting importance. Soybean is also an important biodiesel crop in 
many countries along with maize, especially in South America countries [3]. Besides 
the alternative bioenergy crop role, it has also environmental effects as being capable 
of utilizing atmospheric nitrogen through biological nitrogen fixation and is therefore 
less dependent on synthetic nitrogen fertilizers. While drought is one of the most 
plant growth and development limiting factors in present days, nitrogen deficiency 
is equally crippling for plants, as well, due to its structural, genetic, and metabolic 
functions in crop yield. Highly stable and non-reactive N2 is the most abundant 
constituent of the Earth’s atmosphere, still no eukaryotic organism can use it directly. 
Some members of Leguminosae (Fabaceae) family including soybean have adopted 
the ability to establish symbiotic interactions with diazotrophic bacteria known 
as rhizobia in evolutionary adaptations. By this means, a process called ‘biological 
nitrogen fixation is a low-cost N source that sufficiently increases soybean yield with 
low environmental impact and avoids the use of synthetic N fertilizers [4].

Soybean (G. max (L.) Merr) as a member of the family Fabaceae/Leguminosae, 
subfamily Papilionoideae, and the tribe Phaseoleae contains two subgenera as Glycine 
which has 26 perennial species and Soja (Moench) F.J. Herm. having four annual 
species [5]. Domestication of cultivated soybean can be traced back to China in 
5000 years ago, however, the geographical origin of Glycine genus can be traced 
back to putative ancestor (2n = 2x = 20) which was presumably migrated and 
formed unknown or extinct wild perennials (2n = 4x = 40) in China. Wild annu-
als (2n = 4x = 40; Glycine soja) and domesticated soybean (2n = 4x = 40; G. max) 
subsequently evolved [6]. The genetic diversity of G. max is assumed to regress due 
to man-made genetic bottlenecks through selection for high yielding lines in modern 
plant breeding applications. Indeed, yield is the backbone of the profitability and the 
feasibility. Varieties with other superior traits are not significant in industrial scale 
unless they have a high yield. As well as yield, maturity, herbicide, and pest resis-
tance, lodging resistance, shattering resistance, seed quality and composition, abiotic 
stress tolerance are other breeding selection targets [7]. While the wild relative G. soja 
grows in various environmental conditions and have not been exposed to the selective 
bottlenecks, it retained significant genetic diversity over time.

On the other hand, soybean flowers represent cleistogamous characteristics. 
Cleistogamy, which is described as the production of both open (chasmogamous, CH) 
and closed (cleistogamous, CL) floral forms by one species, is very common among 
angiosperms. Soybean is pseudocleistogamous cleistogamy in which no morphologi-
cal differences between CL and CH flowers occur other than a lack of expansion of 
petals and anthesis in CL flowers. It may also be induced by environmental stress 
factors, occasionally. Cleistogamy is observed both in cultivated soybean [G. max (L.) 
Merr.] and its wild relative [G. soja Sieb. & Zucc.]. Soybean usually produces both CH 
and CL flowers on the same plant. In these plants, fertilization occurs within closed 
petals of CL flowers [8–10]. The rates of natural cross-pollination have been observed 
between ranges of 0.03–1.14% in natural conditions for self-pollinating soybean plant 
[11]. Thus, cleistogamy may have influenced the genomic homogeneity and reduced 
genomic variation further in soybean along with domestication practices.
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In this context, improving genomic variations is crucial in soybean breeding. 
This chapter will summarize present conventional and biotechnological methods in 
soybean breeding and emphasize on mutation breeding practices with the concluding 
discussion on future prospective.

2. Improving genomic variations

2.1 Conventional methods

In soybean breeding, oil and protein content, resistance to biotic and abiotic 
stresses have been the main breeding objectives in past decades. In conventional 
breeding practices variability of desired traits is based on the detection of novel 
genotypes which contains enhanced characteristic for the trait. Hybridization of 
these novel genotypes with the varieties which are already in use for commercial 
production is the base of the process. Subsequent, the selfing of progenies, which 
contain traits distributed according to basic genetical segregation rules, provide novel 
genotypes. Detection of the most favorable recombination in those progenies which 
is also referred as homozygosity by selection is based on numerous selection methods 
including pedigree selection, single-seed descent, bulk breeding, mass selection, 
selection among half-sib families, selection within half-sib families. However, the 
traditional pedigree method and the single-seed descent method (SSD) are the most 
successful and preferred in soybean breeding. The last step in the process is yield 
testing. Available genotypes and technical infrastructure (agricultural machines, 
greenhouses, and experienced stuff) as well as breeding objective are deciding factors 
in method selection. Breeding objectives generally depend on the local agroecological 
conditions, available acreage, production intensity, market demand, and economical 
value [11–13].

Pedigree selection is a highly labor-intensive method that depends on visual 
selection by the appearance in each generation. In this method, desirable genotypes 
are selected in each generation and the limited number of selected genotypes are 
advanced to the next generation by inbreeding/selfing. The labor intensity of the 
method is limiting for large scale breeding practices [14]. Single-seed descent 
(SSD) is the most preferred method with pedigree selection to increase homozygos-
ity in soybean. Single pod descent (SPD) accelerates the SSD for harvesting process 
even further. This method is mostly preferred for high seed yield, oil content and 
quality, resistance to biotic and abiotic stresses and maturity duration breeding 
objectives [15].

2.2 Biotechnological approaches

Although, the improvement of plants by conventional breeding methods is one 
of the most preferred breeding strategies, the limited hybridization among spe-
cies, transfer of undesirable genomic segments together with genes of interest (e.g., 
linkage drag) and the fact that diversity in species is based on spontaneous mutations 
with a very low frequency necessitated the development of new breeding strategies. 
Plant breeding has often benefited from new technologies to overcome such limita-
tions. Molecular breeding as one of these strategies can be extensively defined as 
the utilization of genetic manipulation of DNA at the molecular level to improve of 
trait of interest in plants, including genetic engineering, molecular marker-assisted 
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selection, marker-assisted backcrossing, marker-assisted recurrent selection, genome 
wide selection [16, 17]. Molecular breeding requires more complex equipment and 
molecular tools compared to conventional breeding approaches. The identification of 
functional genes and DNA markers associated with variation at the genomic level is 
an important part of molecular breeding. Marker-assisted breeding (MAB) which uti-
lized marker-assisted selection involves the use of molecular markers in conjunction 
with linkage maps and genomics, and the improvement of crop plant traits based on 
genotypic analyses. Moreover, MAB requires minimum phenotypic information dur-
ing the training phase. The convenience of use and analysis, low cost, a small amount 
of DNA requirement, co-dominance, reproducibility, high-rate polymorphism and 
genome-wide distribution are the most important factors for molecular tools used in 
marker-assisted breeding (MAB) in plants [18]. Along with the emergence of marker-
assisted selection (MAS) after the mid-1980s, rapid improvement of plant yield and 
quality has been achieved thanks to the development of molecular maps by utilizing 
structural and functional genomics in plant breeding. MAS can be classified into 
five broad areas: marker-assisted evaluation of breeding material; marker-assisted 
backcrossing; marker-assisted pyramiding; early generation selection and combined 
MAS [19].

DNA markers have made significant contributions to increasing the efficiency 
of conventional and mutation breeding through marker-assisted selection and have 
been integrated into traditional schemes to develop novel varieties or used instead of 
traditional phenotypic selection. Many DNA marker techniques have been developed 
based on different polymorphism detection techniques or methods (such as nucleic 
acid hybridization, restriction enzyme digestion, PCR, DNA sequencing) such as 
RFLP, AFLP, RAPD, SSR, SNP. Advances in molecular marker techniques and the 
creation of large-scale marker datasets provide a reliable way to identify and trace 
the genetic basis of important agricultural traits. Molecular markers developed 
from functional genes have been used for the development of soybean varieties by 
improving important agricultural traits such as yield, disease resistance and abiotic 
stress tolerance [20]. Breeders can combine all the suitable alleles in a single variety to 
develop desired crops, thanks to molecular markers closely related to particular traits. 
However, although soybean yield remains the most important selection criterion 
for soybean breeders and the primary factor for profitability, it is very difficult to 
acquire complex traits such as yield, quality and abiotic stresses with marker-assisted 
selection. Genomic selection (GS) is a promising approach that leverages molecular 
genetic markers to design new breeding programs and develop new marker-based 
models for genetic evaluation. GS, which has high selection accuracy, reduced 
selection duration, greater gain per unit time, precise and accurate results provide 
breeders with opportunity faster development of improved crop varieties for complex 
traits. New marker technologies, such as NGS-based genotyping, have made the use 
of genomic selection as routine for crop improvement while increasing the efficiency 
of marker applications. The availability of genome-wide high-throughput, low-cost 
and flexible markers, usability for crop species with or without a reference genome 
sequence with a large population size are the most important factors for its successful 
and effective implementation in crop species [21].

Plant breeders have begun to take advantage of molecular breeding more through 
advances in the identification of QTLs/genes responsible for important agronomic 
traits. Numerous quantitative character loci (QTL) mapping studies performed for 
a variety of agricultural crops have resulted in the association of DNA markers and 
traits. The most notable high-throughput genotyping system is single-nucleotide 
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polymorphisms (SNPs), which are heavily used in quantitative character locus 
(QTL) discovery. More than 10,000 QTLs using different marker systems have been 
reported in more than 120 studies involved 12 plant species aimed at improving 
quantitative properties with economic importance [22]. Linkage analysis for QTL 
mapping is frequently preferred in two-parent populations. Genotyping by next-
generation sequencing become prominent as a promising technology and is also used 
for genome-wide association studies (GWAS) to identify useful genes to increase crop 
productivity. Soybean genome sequence information, as one of the most substantial 
resources, is the basis of genomic studies and has allowed the significant development 
of genomic applications for soybean breeding.

As in transgenesis, studies involving the transfer of a limited number of loci from 
one genetic background to another are also within the scope of molecular breeding. 
Especially in the last two decades, genetic engineering approaches that generate 
novel genetic variations in plant genome or enable the transfer of gene of interest for 
obtaining original traits to plants have been frequently preferred among the biotech-
nological approaches that have been successfully applied in plant breeding [23–25]. 
Along with recent developments in recombinant DNA technology, it has been paved 
the way for transferring the desired characteristics to plants within plant breeding in 
a short time. These genetic engineering and plant transformation approaches which 
make plant breeding faster, more predictable and improvable for a wide variety of 
species, include successful characterization, cloning, modification and transfer of 
DNA expressed the desired trait into cells. The gene pool utilized by plant breed-
ers in conventional breeding since the mid-1990s has been considerably expanded 
by genetic transformation approaches and many different transgenic plants have 
been developed by transferring traits that are tough to transfer [26–28]. Genetically 
Modified Organisms (GMOs), whose agricultural traits have been improved through 
inter-species gene transfer by utilizing genetic engineering techniques, have been 
increasingly planted, globally. The total cultivation areas of approved GM plants 
have increased approximately 113 times, from 1.7 million hectares in 1996 to 191.7 
million hectares in 2018. This increase reveals that transgenic technology is the fastest 
adopted technology in recent years. A total of 2.5 billion hectares or 6.3 billion acres 
GM crops have been planted in the first 23 years (1996–2018) of commercialization 
of transgenic plants [29]. Especially soybean (95.9 million hectares) which comprises 
50% of the global area of GM crops, corn (58.9 million hectares), cotton (24.9 mil-
lion hectares) and canola (10.1 million hectares) are the four main transgenic crops 
cultivated. Transgenic crops, which were initially developed for only producers/farm-
ers on the purpose of agriculture such as insect resistance and herbicide tolerance, 
afterwards were developed for other traits such as disease resistance, abiotic stress 
tolerance, modified product quality for both the producers/farmers and consumers. 
Especially cultivation of stacked events which are GM crops with more than one 
genetic modification, gather momentum.

During the 23-year period from 1996 to 2018, herbicide tolerance has accounted for 
the majority of transgenic crops area planted. Only herbicide tolerance cultivation areas 
of transgenic crops have been gradually decreasing over the years with the increasing 
importance of stacked cultivars with multiple traits (e.g., both insect resistance and 
herbicide tolerance; IR/HT). In 2018, stacked (IR/HT) traits used in soybean, maize 
and cotton have accounted for 42% of the total transgenic acreage, up 4% annually. 
Traits such as herbicide tolerance, insect resistance, disease resistance, pollination 
control, modified crop quality, anti-allergy, delayed fruit softening, delayed ripening, 
enhancement of vitamin A content, modified alpha-amylase, modified amino acid, 
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modified oil/fatty acid, modified starch/carbohydrate, nicotine reduction, non-
browning phenotype, phytase production, reduced acrylamide potential, reduced black 
spot bruising have been transferred to plants and many of these have been combined 
in various combinations [29]. Thanks to these features brought to agricultural plants, 
the product yield obtained from the cultivation areas increases significantly. Along 
with the acceleration of the transfer of the appropriate gene combinations to plants 
with high added value, products that can provide significant gains in the agricultural 
economy have been developed. In this process, about 30 different types of transgenic 
plants such as particularly G. max (soybean), Zea mays (corn), Gossypium hirsutum 
(cotton), Bassica napus (canola) and including fruits and vegetables such as Phaseolus 
vulgaris (bean), Prunus domestica (plum), Beta vulgaris (sugar beet), Solanum 
melongen (eggplant), Cucumis melo (melon), Carica papaya (papaya) have been 
approved [30]. Stacked traits such as Intacta™Roundup Ready™ 2 Pro, Enlist E3™ and 
Vistive Gold™ soybeans are favored by farmers for their cost-saving technologies. In 
2018, the planting of crops with novel stacked traits in various combinations, including 
herbicide-tolerant and high-oleic acid soybean, herbicide-tolerant and salt-tolerant 
soybean varieties were approved. The global acreage of soybeans in 2018 was 123.5 
million hectares, of which 78% (95.9 million hectares) were GM soybeans. GM soy-
beans have been planted on 95.9 million hectares, 50% of the global cultivated area for 
GM crops; USA (34.1 million hectares), Brazil (34.9 million hectares), Argentina (18.0 
million hectares), Paraguay (3.35 million hectares), Canada (2.42 million hectares), 
Uruguay (1.26 million hectares), Bolivia (1.26 million hectares) and Southern Africa 
(694,000 hectares). In the USA, soybean is the second most important crop with a total 
cultivated area of 36.26 million hectares in 2018, with 94% GM. These GM soybeans 
contain herbicide-tolerant traits that control a variety of weed species depending on 
the genes deployed. Other features incorporated into HT soybeans include consumer 
properties such as high monounsaturated oleic acid and enriched omega-fatty acid. In 
Brazil which has the second-largest GM crop cultivation area with 51.3 million hectares 
in 2018, GM soybean was planted in an area of 34.86 million hectares. As for Argentina 
which was the third country to plant the most GM crops in 2018, 18 million hectares of 
soybeans were planted [29, 30].

2.3 Mutation breeding

Term of mutation was first introduced by de Vries as the sudden and unexpected 
emergence of hereditary alterations in defining traits apart from recombination in 
Mutation Theory Vol. I [31]. In 1920s, following Stadler’s experiments on genetic 
effects of X-rays on maize, plant breeders started to use physical and chemical 
mutagens to induce heritable mutations in plants [32]. As a term, mutation breeding 
is introduced to the scientific world by Freisleben and Lein defined as the deliberate 
exposure of biological materials to mutagens for induction of mutation frequency 
exceeding the natural mutation frequency to develop new varieties [33].

Mutations that cause genetic variation among living organisms can be categorized 
under spontaneous and induced mutation terms. Spontaneous mutations, which 
occur in low frequency and accumulate for a long time, allow plants to adapt very 
distinct environments apart from their original habitat [34–36].

The spontaneous mutation may occur due to the exposure to physical (cosmic 
radiation, natural background radiation of earth), chemical (alkylating agents, 
base analogs, antibiotics) mutagens and biological factors (transposon activation) 
during the reproductive stage. Spontaneous mutation frequency is calculated as 



143

Current Strategies and Future of Mutation Breeding in Soybean Improvement
DOI: http://dx.doi.org/10.5772/intechopen.104796

10−6 in plants during DNA replication, repair, or genomic element activities [37]. In 
vitro and in vivo propagation processes may also trigger gene methylation and cause 
epigenetic alterations while transposon mobility may trigger somoclonal variation 
and increase spontaneous mutations. Loss or activation of gene through transpos-
able elements (TEs) regulate many biological processes. There are various studies 
on somoclonal variation-based trait improvement in plants. However, low mutation 
frequency is a real draw back for considering this method as common breeding 
alternative [35, 37]. Mutations can also be induced through physical and chemical 
mutagens. The use of mutagens may induce 103-fold more mutants comparing to 
the spontaneous mutations. Ossowski et al. [38] calculated spontaneous mutation 
frequency as 7x10−9 substitutions per site per generation for Arabidospsis plant in 30 
generations. This frequency was increased by ethyl methanesulfonate (EMS) treat-
ment to 3x10−5 substitutions per site per generation. EMS is a mutagenic, teratogenic, 
and carcinogenic organic compound with formula C3H8SO3 which produces random 
mutations, mostly G:C to A:T transitions induced by guanine alkylation, in genetic 
material by nucleotide substitution. EMS typically produces only point mutations. 
Genetic alterations due to physical and chemical mutagens can be classified as 
genome, chromosome, and gene mutations [31, 35, 39–42].

Genome mutations not only affect genome size (ploidy) but also genome re-
arrangement in plants. Many plant species as bread wheat: 6X; durum wheat: 4X, 
cotton: 4X, potato: 4X have polyploidy in nature. Polyploidy leads various advantages 
as enhanced nucleus size, enlargement on cell and organism basis, yield, increase in 
gene variations. Polyploidy can be induced as genome duplication (autoploidy) and 
increase in genome size (alloploidy) through use of mutagens [34, 43].

Chromosome mutations occur during meiotic cell division in very low frequen-
cies. In euploidy state of plants, one set of chromosomes are present, while radiation 
exposure may result whole or partial chromosome deletions, insertions or transloca-
tions and cause aneuploidy. Besides, chromosome inversions, which are characterized 
as a chromosome rearrangement in which a segment of a chromosome is reversed 
180 degrees end-to-end, cause very high gene recombination. In chromosome trans-
locations, break off chromosome parts may attach to the same chromosome (intra-
chromosomal) or different chromosome (inter-chromosomal). Both, inter- and 
intra-chromosomal translocations lead to devastating effects on gene expression.

Gene mutations can be either as gene copy number alterations or as point-muta-
tions, insertions, deletions on nucleotides of gene sequence. Plants may increase gene 
copy numbers to enhance protein expression during metabolic functions. Mutagens 
can affect gene expression profiles through either by increasing or decreasing gene 
copy numbers. Point-mutations occur particularly in chemical mutagen applica-
tions. Single or set of nucleoid alterations cause silent mutations if they do not occur 
in genic regions. Alternatively, they can also cause nonfunctional gene products or 
nonsense mutations. Nucleotide insertions or deletions can alter codon structure 
and cause shift in open reading frames. These alterations can also occur on promotor 
regions, coding sequences or intron regions of genes, therefore, significantly effect 
protein expression [34, 35].

Single nucleotide changes as deletions generally cause functional gene mutations 
by the leading formation of novel alleles. Hence, they are particularly important for 
plant breeding studies for inducing genetic variations. There are numerous examples 
of plant height, abiotic stress tolerance, pesticide and herbicide resistance improve-
ment cases in rice, wheat, barley, soybean plants, and more [44–47]. Nucleotide 
mutations can also occur in non-genic regions and cause silent mutations which have 
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no apparent effect on gene expression. Silent mutations generally occur following the 
alkylating chemical applications and do not affect translation [37]. Deletions among 
intergenic regions remain silent as long as they do not affect regulating sequences. 
Still, the possibility of open reading frame shift is present and may lead to nonfunc-
tioning peptide formation [35].

In mutation breeding studies, whole plant, meristem tips, pollens, in vitro 
explants, embryos, microspores, callus cultures can be selected as initial materials. 
However, seeds are mostly preferred materials by plant breeders due to the advantages 
as metabolic inactivity, easy transport, ease of application, low space requirement, 
ease of storage comparing to others.

2.3.1 Mutagens

Choice of appropriate mutagen is one of the deciding factors on succession of 
the mutation breeding program. Physical, chemical, or biological agents are viable 
alternatives. Among physical mutagens ionizing radiation sources, particle (electrons, 
protons, neutrons, alpha and beta particles) or electromagnetic (X-rays, gamma 
rays), are widely used. Ionizing radiation interacts with genetic material and cause 
mutations on DNA sequences. Magnitude of mutagenic effect is proportional to 
the radiation dose. It is crucial to determine and optimize the effective radiation 
dose based on experimental plant variety, plant part, and radiation source. 80% of 
mutation breeding studies prefer physical mutagens and of 60% of this use gamma 
 radiation [35].

Chemical mutagens offer much larger alternative choices. However, the most 
widespread use of chemical mutagens is among alkylating agents. Ethyl methane sul-
phonate (EMS), diethyl sulphate (DES), ethylene imine (EI), N-ethyl-N-nitroso urea 
(ENU), ethyl nitrite urethane (ENU), N-methyl-N-nitrosourea (MNU) are the most 
generally preferred chemicals. O6-alkylguanine, N3-alkyladenine, N3-alkylcitosine 
leads to alternative allele formation. Besides methylating agents, nitric acid, nucleic 
acid analogs, some antibiotics (streptozotocin, mitomycin C, azaserine) are other 
important chemical mutagens. 60% of registered chemically induced mutant plants 
are developed by use of EMS, MNU and EMU. One-third of these mutants are 
obtained by EMU which has ease of supply among others.

Among physical mutagens, gamma radiation has the most frequent use. In nature, 
there are various gamma-emitting isotopes such as potassium-40 (40K), however, in 
plant breeding applications cobalt-60 (60Co) and cesium-137 (137Cs) are the common 
choices.

In the last 20 years, there are 599 different developed mutant plants belonging to 
78 different plant species registered to International Atomic Energy Agency (IAEA) 
Mutant Variety Database [48]. Soybean is in the third place among these plants with 
46 registered mutants (8%) after 247 rice (42%) and 55 wheat (9%) mutants. In 
the category referred as others, chickpea, carnation, tomato, mung bean, Hibiscus, 
rapeseed, sesame, orchid, pepper, cowpea, glory bush and sunflower have the most 
mutants (Figure 1).

Among the soybean mutants, there are 15 different improved traits. They can be 
listed as; high yield, high protein content, resistance to soybean mosaic virus (SMV), 
early maturity, resistance to leaf rust, resistance to purple seed stain, resistance to 
cyst nematode (SCN), resistance to lodging, drought tolerance, super nodulation, 
absence of lipoxygenase, temperature tolerance, low allergenicity and higher nitrogen 
fixation (Figure 2). Thirty-six of these traits were improved by the use of gamma rays 
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as physical mutagens, while 7 of them were developed by chemical mutagens. In this 
period, China is the leading country with 9 registered soybean mutants while Japan 
(9), Viet Nam (5), Bulgaria (3), India (3), Indonesia (3), Republic of Moldova (3)
Republic of Korea (1) and Thailand (1) are the followers.

2.3.2 Present applications of mutation breeding in soybean

In the last decades of mutation breeding, radiosensitivity of different plant species 
and tissues were investigated and dose limits were determined for various plants. In 
present days, molecular marker-based techniques were widely applied to estimate 
genetic diversity and population structure. Among these techniques restriction 
fragment length polymorphisms (RFLPs), random amplified polymorphic DNAs 
(RAPDs), amplified fragment length polymorphisms (AFLPs), and inter-simple 
sequence repeats (ISSRs) are viable options depending on the advantages and limita-
tions of each technique. SNPs, which are spread across in both non-coding and coding 
regions of the genome, are also preferred in many mutation studies [49]. Present 
applications of the marker-based techniques include even transposable elements 
(TEs). The target region amplification polymorphism (TRAP) is a novel, polymerase 
chain reaction (PCR)-based marker system which exploits the available EST database 
sequence data to generate polymorphic markers targeting candidate genes. This 
method utilizes an 18-mer primer derived from the EST sequence and pairs it with 
an arbitrary primer that targets the intron and/or exon region. TRAP method is 
useful for germplasm genotyping and producing markers associated with desirable 

Figure 1. 
Mutation variety database of IAEA registered mutant plants in last 20 years [48].

Figure 2. 
Radiation-induced trait improvements achieved and registered to MVD in last 20 years.
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agronomic traits in mutation breeding. Hung et al. [50] employed this simple rapid 
method by using the consensus terminal inverted repeat sequences of PONG, 
miniature inverted-repeat transposable element (MITE)-Tourist (M-t) and MITE-
Stowaway (M-s) as target region amplification polymorphism (TE-TRAP) markers 
to investigate the mobility of TEs in a gamma-irradiated soybean mutant pool. They 
concluded that MITEs were significant enough to confirm their practical utility as 
molecular markers for investigating mutant populations which were induced by 
random variations caused through physical mutagenesis (X-ray or gamma-ray). Also, 
the TE-TRAP marker system was suggested as it provides a simple, rapid, and cost-
effective alternative for investigating genetic diversity and identifying mutant lines 
in irradiated soybean mutant breeding. Kim et al. [51] conducted a genetic diversity 
and association analysis of soybean mutants to assess elite mutant lines which were 
induced by 250 Gy of gamma rays using a 60Co gamma-irradiator. They have chosen 
208 soybean mutants by phenotypic traits to mutant diversity pool (MDP) and 
investigated the genetic diversity and inter-relationships of these MDP lines using 
TRAP markers. MDP has been suggested to have great potential for soybean genetic 
resources. TRAP markers were found useful for the selection of soybean mutants in 
mutation breeding applications [51].

Besides the genetic diversity and population structure analysis, genetic character-
ization of improved mutants and the determination of the source of the gained trait 
in sequence basis studies have taken over the course of mutation breeding in present 
days. Before the genomic era which was ignited through the breakthrough discovery 
of DNA sequencing by Sanger et al. [52], the heteroduplex mismatch cleavage assay 
which is based on mismatch-specific endonuclease Cel I, was the standard method 
to detect point mutations. As a simple, rapid, and cheaper mutant discovery method, 
high resolution melting (HRM) analysis was applied to many agronomical crops. 
Following the Sanger sequencing, the final step of mutation screening was changed 
to Sanger to evaluate the changes in the genome and effects of mutation on amino 
acid substitutions. Today, next generation sequencing (NGS) technologies are the 
gold standard in the mutation detection field with various options as Roche 454 
pyrosequencing, sequencing-by-synthesis, SOLiD sequencing and the HiSeq 2000, 
which is the gold standard of high-throughput sequencing. Tsuda et al. [53] reported 
the construction of a high-density mutant library in soybean and the development of 
a mutant retrieval method referred as amplicon sequencing which is an alternative, 
cheaper method for sequencing the PCR amplicons in targeted regions. The library 
of DNA and seeds of EMS-induced plants revealed large morphological and physi-
ological variations. They retrieved the mutants through HRM and indexed amplicon 
sequencing analysis and confirmed by Sanger sequencing in the final step. They con-
cluded that indexed amplicon sequencing allows researchers to scan a longer sequence 
range and skip screening steps and also, to know the sequence information of muta-
tion due to the utilization of systematic DNA pooling and the index of NGS reads, 
which simplifies the discovery of mutants with amino acid substitutions comparing to 
the HRM screening [53].

MutMap method which utilizes the sequencing technique for mapping the 
mutated genes responsible for the desired trait was introduced for mutation breed-
ing studies. The first application of the method has been developed by Abe et al. 
[54] to identify the mutated gene responsible for the change in leaf color from dark 
green to light green in rice [54]. Thereafter, it has been commonly used for mapping 
the monogenic recessive genes. In this method, a cultivar with a known reference 
sequence can be mutagenized by either chemical or physical mutagens. After the 
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selfing and homozygosity experiment for the desired trait between M3 to M6 genera-
tions, mutants are crossed with their parental or wild type varieties. F2 population 
is obtained by selfing of F1. If the desired trait is inherited through a single recessive 
gene, the segregation ratio should be of 3:1 in wild and mutant phenotype in F2 
population. In MutMap method, DNA of homozygous mutant plants are extracted 
and subjected to whole genome sequencing. The mutant genomes are compared to 
the publicly accessible reference sequences to determine single nucleotide polymor-
phic (SNPs) variations. The linkage between mutants and wild type plants can be 
evaluated according to SNP ratios in which the ratio infer that the SNP variation is 
not linked to the mutation if ranged between 0.1 and 0.5, while it can be linked to 
the mutation when ranges are between 0.51 to 1 [54, 55]. Kato et al. [56] introduced 
Lumi-Map, which is a high-throughput platform for identifying causative SNPs for 
studying pathogen-associated molecular patterns (PAMP) triggered immunity (PTI) 
signaling components, in combination with MutMap. In Lumi-Map method, they 
generated nine transgenic Arabidopsis reporter lines expressing the LUC gene fused 
to multiple promoter sequences of defense-related genes, that generates lumines-
cence upon activation of FLAGELLIN-SENSING 2 (FLS2) by flg22, a PAMP derived 
from bacterial flagellin treatment. Mutagenesis of the line as achieved through EMS 
treatment and the mutants with altered luminescence patterns were screened by 
a high-throughput real-time bioluminescence monitoring system. They subjected 
MutMap method on selected mutants to identify the causative SNP responsible for 
the luminescence pattern alterations. WRKY29-promoter reporter line was selected to 
identify mutants in the signaling pathway downstream of FLS2. Twenty-two mutants 
with altered WRKY29 expression upon flg22 treatment among 24,000 EMS-induced 
mutants of the reporter line were isolated. In this mutagenesis study, Lumi-Map 
method combined with MutMap revealed three genes not previously associated with 
PTI and suggested as a potential alternative to identify novel PAMPs and their recep-
tors as well as signaling components downstream of the receptors [56]. Takagi et al. 
[57] exploited the rapid and versatile properties of MutMap for more than 20,000 ha 
of rice paddy field which was inundated with seawater, resulting in salt contamina-
tion of the land in Japan following the 2011 earthquake and tsunami that affected 
Japan. They needed an improved rice variety at short notice as local rice landraces 
were not tolerant of high salt concentrations caused by seawater. They obtained 6000 
EMS-induced mutant lines of a local elite cultivar, ‘Hitomebore’. MutMap method was 
used to rapidly identify a loss-of-function mutation responsible for the salt tolerance 
of hst1 rice. The detected salt-tolerant hst1 mutant was used to breed a salt-tolerant 
Kaijin variety which differs from Hitomebore by only 201 SNPs. Conducted field trials 
presented that improved variety had the equal growth and yield performance as the 
parental line under normal growth conditions. The whole process was completed only 
in 2 years which proves the efficiency of MutMap in mutation breeding studies [57]. 
Fekih et al. [58] improved the method even further and introduced the MutMap+ 
which is a modified version of MutMap developed for the cases in which obtaining F2 
mapping population is impossible due to the lethal mutations or sterility. MutMap+ 
has advantages over MutMap as it is less complex, time-consuming, and costly 
especially in large mapping population. Also, hybridization step of MutMap can be 
relatively compelling especially in small flower plant species and in crops that are 
recalcitrant to artificial crosses, therefore, MutMap+, which notably does not neces-
sitate artificial crossing between mutants and the wild-type parental line, is advanta-
geous. In MutMap+ method, again, a cultivar with known reference sequence can be 
mutagenized by either chemical or physical mutagens. M1 plants are selfed to develop 
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M2 generation. However, in MutMap+ mutants are not crossed with their parental 
or wild type varieties. The heterozygous M2 mutant plants are selfed to develop M3 
generation in which the segregation ratio of 3:1 for wild and mutant phenotype is 
expected. DNAs of tagged mutants and parental varieties are extracted, and pooled. 
Following the whole genome sequencing, data is compared to the reference genome 
and SNP profiles are determined. They identified causal nucleotide changes of rice 
mutants of NAP6 gene that is responsible for change in leaf color and consequent 
lethality after germination. This versatile extension of MutMap method, also allow 
determination of recessive lethal alleles [58].

In soybean, Liu et al. [59] investigated two types of resistant sources which are 
widely used against soybean cyst nematode (SCN, Heterodera glycines Ichinohe). 
Peking-type soybean requires both rhg1-a and Rhg4 alleles, while PI 88788-type soy-
bean requires only the rhg1-b allele for resistance. Instead of MutMap, they preferred 
the region-specific extraction sequencing (RSE-Seq) method which is developed 
to enrich a targeted chromosomal segment for genome sequencing to identify SCN 
resistance genes within the identified 300 kb chromosomal segment carrying the rhg1 
locus, due to the requirement of MutMap to an additional procedure of backcross 
of phenotypic mutants with the wild-type. They suggested GmSNAP18 gene as a 
candidate for the resistance of two various resistant types of soybeans for SCN [59]. 
RSE is a cost-effective, long-range DNA target capture methodology that relies on 
the specific hybridization of short (20–25 base) oligonucleotide primers to selected 
sequence motifs within the DNA target region This target enrichment method can 
produce sequencing templates more than 20 kbp in length. These capture primers are 
then enzymatically extended on the 3′-end, incorporating biotinylated nucleotides 
into DNA. Streptavidin-coated beads are subsequently used to pull down the original, 
long DNA template molecules through synthesized, biotinylated DNA that is bound to 
them [60]. QTL-seq is another method adapted from MutMap to identify quantitative 
trait loci. In presence of pooled two segregating progeny populations with opposite 
traits as resistant and susceptible and single whole-genome resequencing of either 
of the parental cultivars, it utilizes pooled sequences. Also, modified QTL-seq using 
high-resolution mapping has been developed to cover the weakness of original QTL-
seq which do not assume a highly heterozygous genome [61]. Direct whole genome re-
sequencing (WGRS) is also utilized effectively to identify candidate genes involved in 
resistance to SCN in soybean due to the requirement of time-consuming backcrosses in 
MutMap and QTL-seq methods. Two EMS-induced soybean mutants and six relevant 
whole genomes were re-sequenced to determine genomic variants as SNPs and InDels. 
Comparison by this method eliminated many genomic variants from the mutant lines 
that overlapped non-phenotypic but mutant progeny plants. Therefore, the method 
was suggested as simple but effective to the identify other trait genes in soybean, even 
in other organisms [62]. Likewise, comparative genomic analyses of two segregating 
soybean mutants which were selected among 500 EMS-induced candidates revealed 
seven genes potentially involved in resistance to Fusarium equiseti through WGRS. 
These genes were suggested to facilitate the breeding of resistant germplasm resources 
and the identification of resistance to Fusarium spp. in soybean [63].

3. Future Prospect and conclusion

Soybean genetic variation improvement is important for the development of 
superior cultivars. One of the greatest challenges in mutation breeding is random 
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(uncontrolled) nature of induced mutagenesis. Large population requirement for 
desired mutant selection brings intensive labor. The emergence of clustered regularly 
interspaced short palindromic repeats/CRISPR associated protein 9 (CRISPR/Cas9) 
technology has brought wider insight to the field through allowing targeted mutagen-
esis. It has been widely used in numerous plants as rice, wheat, maize, oilseed rape, 
barley, cotton, tomato and soybean as well. However, utilization of CRISPR/Cas9 
system in soybean is still limited due to the transformation challenges in soybean. 
As summarized in Table 1, most of the targets which were successfully applied to 
soybean were single gene edits. Paleopolyploid genome of soybean in which approxi-
mately 75% of the genes have multiple copies, requires multiple genes or paralogous 
genes to regulate many important traits. Therefore, these traits may only be targeted 
by editing which requires the engineering of homologous sequences using more 
than one sgRNA for recognition. Introducing multiple constructs simultaneously to 
soybean is relatively limiting in terms of genome editing associated soybean breeding 
approaches. Recently, Zhang et al. [73] successfully optimized one sgRNA CRISPR/
Cas9 system in soybean for the target-specific mutations at multiple loci of GmFAD2 
and GmALS. They evaluated the efficiency, type, specificity, and patterns of mul-
tiple targeted mutations by selecting three different genes with known functions in 
soybean and suggested that CRISPR/Cas9 could specifically and efficiently induce 
targeted mutations at one locus or multiple loci in the T0 generation. Moreover, they 
demonstrated the necessity of simultaneous modification of different homoeologous 
gene copies in polyploid soybean for successful CRISPR-Cas9-mediated breeding 
[73]. Therefore, induced mutagenesis is still a major method to produce new alleles 
and new desired traits within the crop genomes. Physical and chemical mutagen pro-
tocols are still improving and mutation breeding proves its value to be fast, flexible, 
and viable in crop sciences.

The second most limiting prospect of induced mutagenesis was the requirement 
of at least three generation before any stable selection of desired traits in mutants 
which leads to 7−9 years of average mutation breeding study, previously. However, 
as described in previous sections NGS based approaches as MutMap accelerated the 
selection periods significantly. Novel non-destructive measurement methods allow 
automated imaging and optical measurements of the same plants for desired periods. 
These approaches provide high measurement densities and fill the gap between 
genotype and phenotype in mutation breeding studies which is still another limitation 
in this field. Repeated imaging of particular genotypes under different environmental 
conditions leads to the generation of development models for biologically relevant 
parameters. In the present omics era, future procedures may shorten the selection 
procedures even further [79].

In conclusion, mutation breeding passed important cross-roads successfully dur-
ing recent advances in plant biotechnology, transformation and targeted mutagenesis 
by its particular great advantages. Mutagenesis will retain its place in crop science in 
next decades especially for the plants as soybean for which cross breeding is limited or 
not applicable.
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Chapter 9

Breeding of Rj Gene-Accumulated 
Soybean Genotypes and Their 
Availability for Improving Soybean 
Productivity
Sokichi Shiro and Yuichi Saeki

Abstract

Some soybean varieties harbor the Rj genes, which regulate nodulation by  
preventing infection and nodulation by specific rhizobial strains. Soybean genotypes 
carrying several Rj genes may enhance the occupancy of useful bradyrhizobia, which 
exhibit potent nitrogen fixation ability and exhibit nodulation compatible with the Rj 
genotype of soybean. Therefore, we bred soybean lines presenting the Rj2Rj3Rj4 geno-
type by crossing the Japanese cultivars “Bonminori” (Rj2Rj3) and “Fukuyutaka” (Rj4) 
and studied the effects of Rj gene accumulation on productivity. To investigate yield 
components, three Rj gene-accumulated soybean lines (B × F − E, B × F − M, and 
B × F − L) and three soybean cultivars (“Enrei,” “Sachiyutaka,” and “Fukuyutaka”) 
were cultivated in 2016 and 2017. Pod and seed number and yield were the highest in 
B × F − M. The occupancy rate of isolates in cluster of Bradyrhizobium diazoefficiens 
USDA 110T carrying the hydrogen uptake genes tended to be lower in the Rj2Rj3Rj4 
soybean lines than in “Sachiyutaka” and “Fukuyutaka.” Additionally, the occupancy 
rate of this cluster was positively correlated with yield. Therefore, promoting infec-
tion by bradyrhizobial strains carrying the hydrogen uptake genes may improve 
soybean productivity. Moreover, the Rj2Rj3Rj4 genotype of soybean may be inoculated 
with B. diazoefficiens USDA 110T, which is not restricted by the Rj2 gene, to further 
enhance soybean productivity.

Keywords: soybean, Rj gene, breeding, yield components, infection tendency

1. Introduction

Soybean (Glycine max (L.) Merr.) is one of the most important legume crops in the 
world, including Japan. According to the information on soybean production and con-
sumption published by the Japanese Ministry of Agriculture, Forestry and Fisheries 
(MAFF), soybean yield in the country is 166 kg 10 a−1, which is lower than those in 
major producing countries, including the United States (358 kg 10 a−1), Brazil (342 kg 
10 a−1), Argentina (309 kg 10 a−1), and China (188 kg 10 a−1) [1]. To improve this lower 
productivity, breeding of high-yielding soybean and improvement of cultivation 
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techniques, such as pest control, field management, and plantation methods, have 
been extensively studied. One of the cultivation techniques is the inoculation of 
rhizobia, which exhibit potent nitrogen-fixing capacity, during soybean plantation.

As a leguminous plant, soybean roots bear nodules formed as a result of infec-
tion by nodulating rhizobia, which perform symbiotic nitrogen fixation, and the 
plant acquires atmospheric nitrogen in the form of ammonia through these root 
nodules. Major soybean-nodulating rhizobia include Bradyrhizobium japonicum, 
Bradyrhizobium diazoefficiens, Bradyrhizobium elkanii, and Sinorhizobium (=Ensifer) 
fredii [2–7]. In addition to these, Bradyrhizobium yuanmingense, Bradyrhizobium 
liaoningense, Sinorhizobium xinjiangense, and Mesorhizobium tianshanense have been 
reported as soybean-nodulating rhizobial species [8–14]. B. diazoefficiens USDA 110T 
is a symbiont possessing a hydrogen uptake (Hup) system that recycles H2 produced 
as a by-product of nitrogenase activity, thereby increasing nitrogen fixation efficiency 
[15–17]. The inoculation of bradyrhizobia possessing this system, such as B. diazoef-
ficiens Hup+ strains, enhances the productivity of legume crops [18]. However, the 
efficiency of inoculated rhizobia with high nitrogen fixation ability remains poor in 
the field, because they cannot compete with indigenous soybean-nodulating rhizobia 
in the soil. To solve this problem, the ecology of indigenous soybean-nodulating 
rhizobia in terms of genetic diversity and compatibility with the host soybean must be 
elucidated.

Rj or rj are the well-known host genes that regulate soybean nodulation, and non-Rj, 
rj1, Rj2, Rj3, Rj4, and Rfg1 genotypes of soybean have been confirmed to exist naturally 
[19–24]. In addition to these, Rj genotypes, including rj5, rj6, and rj7, have been devel-
oped through experimental mutagenesis [25–31]. The Rj2, Rj3, Rj4, and Rfg1 genotypes 
are known to restrict nodulation by specific strains of Bradyrhizobium or Sinorhizobium 
species. Meanwhile, the Rj2, Rj3, Rj4, and Rfg1 genotypes restrict nodulation by B. 
diazoefficiens USDA 122, B. elkanii USDA 33, B. elkanii USDA 61, and Sinorhizobium 
fredii USDA 257. Furthermore, B. japonicum Is−1 and Is−34 exhibit incompatibility 
with the Rj2 and Rj4 genotypes, respectively [32]. The rj1, rj5, and rj6 genotypes restrict 
nodulation by all soybean-nodulating rhizobial strains. The rj7 genotype developed 
through ethyl methane sulfonate (EMS)-induced mutagenesis is a “hypernodula-
tion” genotype, which can form abundant nodules [33]. The Rj2/Rfg1 gene encodes a 
member of the Toll-interleukin receptor–nucleotide-binding site–leucine-rich repeat 
(TIR–NBS–LRR) class of plant resistance (R) proteins, which confer resistance against 
microbial pathogens through an effector-triggered immune (ETI) response [34]. 
Furthermore, the amino acid determinant of the Rj2 genotype in cultivated and wild 
soybeans has been reported [35]. The Rj4 gene encodes a thaumatin-like protein (TLP), 
classified as pathogenesis-related protein 5 (PR5). PR proteins are induced by pathogen 
attack and involved in host resistance [36, 37]. In addition, the type III secretion system 
(T3SS) structural gene in B. elkanii USDA 61 and B. japonicum Is−34 is involved in the 
restriction of nodulation in the Rj4 genotype of soybean [38, 39].

The compatibility and preference for nodulation by bradyrhizobial strains of 
soybean cultivars and varieties exhibiting the Rj genotype have been investigated 
[32], and the Rj2Rj3Rj4 genotype lines, in which the Rj genes are accumulated, have 
been bred by crossing the soybean cultivars “IAC-2” (Rj2Rj3) and “Hill” (Rj4) [40]. 
The Rj2Rj3Rj4 genotype is superior to the non-Rj, Rj2Rj3, and Rj4 genotypes in terms 
of the efficiency of nodulation by inocula with potent nitrogen fixation ability [41]. 
In addition, the community structure of indigenous soybean-nodulating bradyrhi-
zobia was significantly different across five Rj genotypes (non-Rj, Rj2Rj3, Rj3, Rj4, 
and Rj2Rj3Rj4) [42]. Furthermore, the Rj2Rj3 and Rj2Rj3Rj4 genotypes presented a 
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higher occupancy of the indigenous soybean-nodulating bradyrhizobial cluster of B. 
diazoefficiens USDA 110T than the non-Rj, Rj3, and Rj4 genotypes, regardless of the 
cultivation temperature [43]. Thus, the availability of the Rj2Rj3Rj4 genotype of soy-
bean has been reported. Since the Rj2Rj3Rj4 genotype of soybean has been produced 
by crossing foreign cultivars, Rj gene-accumulated soybean cultivars that match 
the needs of Japanese consumers and producers must be developed. Therefore, we 
bred the Rj2Rj3Rj4 genotype of soybean by crossing the Japanese soybean cultivars 
“Bonminori” (Rj2Rj3) and “Fukuyutaka” (Rj4). According to the information on 
the development and diffusion of new soybean cultivars published by the Japanese 
MAFF, “Fukuyutaka” is the most cultivated soybean cultivar in the country [44], 
and this cultivar was registered in 1980 [45].

In this chapter, we describe breeding and selection processes, shoot growth, yield 
components, and infection tendency of useful bradyrhizobia of Rj gene-accumulated 
soybean genotypes produced by crossing Japanese cultivars.

2. Breeding and selection of Rj gene-accumulated soybean

2.1 Phenotypic analysis of “Bonminori” × “Fukuyutaka” F3 seeds

To select Rj gene-accumulated soybean lines with the Rj2Rj3Rj4 genotype, 157 
F3 seeds from the experimental field of the Faculty of Agriculture, University of 
Miyazaki (31°49′41″N, 131°24′45″E), were subjected to the inoculation test. B. 
japonicum Is−1 and B. japonicum Is−34, which exhibit incompatibility with the Rj2 
and Rj4 genotypes of soybean, respectively, were used as the inoculum strains. The 
strains were cultured in 1 mL of HEPES-MES (HM) medium [46] supplemented 
with 0.1% l-arabinose [47] for 3–5 days in the dark at 28°C. The bacterial cultures 
were then diluted with sterile distilled water to 106 cells mL−1 and mixed with the 
respective strain. Culture pots (1 L) were filled with vermiculite containing aqueous 
N-free nutrient solution (40% v/v) [48] and autoclaved at 121°C for 20 min. F3 seeds 
were sterilized using 70% ethanol for 30 s and diluted sodium hypochlorite solution 
(0.25% available chlorine) for 3 min and then washed with sterile distilled water. Five 
seeds of each line were sown per pot, inoculated with 1 mL of diluted bacterial culture 
per seed, and cultivated for 3–4 weeks in a growth chamber (day, 28°C for 16 h; 
night, 25°C for 8 h), with weekly supply of sterile distilled water. After cultivation for 
3–4 weeks, the presence or absence of nodulation on soybean roots was observed.

2.2 Selection of non-nodulation phenotype using the inoculation test

Theoretically, all F1 lines obtained by crossing “Bonminori” and “Fukuyutaka” 
should present the Rj2Rj2Rj4Rj4 genotype, and according to Mendel’s law, the prob-
ability of F2 lines exhibiting this genotype is 1/16. In the F3 lines, individuals with 
the Rj2Rj2Rj4Rj4 genotype can be obtained by self-fertilization of F2 individuals with 
the Rj2rj2Rj4Rj4, Rj2Rj2Rj4rj4, and Rj2rj2Rj4rj4 genotypes. To select individuals with the 
Rj2Rj2Rj4Rj4 genotype, we subjected 153 lines of F3 seeds, excluding four lines of seeds 
that had decayed during storage in the refrigerator, to inoculation test. The appear-
ance of soybean roots during the inoculation test is shown in Figure 1. Dominant 
homozygous plants, such as those with the Rj2Rj2Rj4Rj4 genotype, did not form root 
nodules (Figure 1a). We proceeded with the screening based on this phenotype and 
selected eight lines from the 153 lines (Table 1). These eight lines were grown for 
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several years. Three plants differing in terms of the flowering and ripening periods by 
approximately 1 week each were detected and selected for further cultivation.

3.  Evaluation of shoot growth and yield components of Rj  
gene-accumulated soybean

3.1 Experimental site, design, and tested soybean variety

A 2-year field trial was conducted in 2016 and 2017 in the experimental field 
of the Agricultural Science Section, Education and Research Center for Biological 
Resources, Faculty of Life and Environmental Science, Shimane University, Japan 
(35°30′55″N, 133°06′36″E). The experimental sites were located at 35°30′60″N, 
133°06′35″E in 2016 and 35°31′02″N, 133°06′40″E in 2017. Both experimental fields 
had gray lowland soil (paddy conversion fields). Soil pH (H2O) and electrical con-
ductivity (mS cm−1) were respectively 6.42 and 0.10 in 2016 and respectively 6.72 
and 0.06 in 2017. Before sowing, nitrogen, potassium, and phosphorus were applied 
at doses of 40, 100, and 100 kg ha−1, respectively. To correct soil pH, magnesium 
lime was applied at the dose of 1000 kg ha−1. The experiment followed the split-plot 
design with three replicates. Three soybean cultivars, namely “Enrei,” “Sachiyutaka,” 
and “Fukuyutaka,” as well as F10 or F11 plants of three Rj gene-accumulated soybean 

Phenotypes of F3 seeds Number of soybean lines

non-nodulation 8

non-nodulation or nodulation 63

nodulation 82

not tested 4

Total 157

Among the five seeds sown for selection, lines that did not form root nodule on all plants were classified as “non-nodulation,” 
lines that formed root nodule more than one of the five plants were classified as “non-nodulation or nodulation,” and lines 
that formed root nodule all plants classified as “nodulation.”

Table 1. 
Nodulation phenotypes of F3 seeds.

(a) (b)

Figure 1. 
Appearance of nodulation following the inoculation of Bradyrhizobium japonicum Is−1 and Is−34. Soybean roots 
with (a) and without (b) nodulation restriction.
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lines with different flowering and ripening periods, namely B × F − E, B × F − M, and 
B × F − L, were tested. “Enrei” and “Sachiyutaka” were registered in 1971 and 2001, 
respectively [45]. “Enrei” presents the rj4 genotype [37]. “Sachiyutaka” may present 
the Rj4 genotype, because it is bred through backcrossing “Enrei” with F2 plants from 
a cross “Enrei” and “Fukuyutaka” [45]. All soybean seeds were sown at a depth of 
3–4 cm on June 20, 2016, and June 21, 2017, respectively, and the planting density was 
11.1 and 10.1 plants m−2 in 2016 and 2017, respectively.

3.2 Data collection and analysis

Soybean growth was evaluated during the flowering and harvest periods. Samples 
were collected by from 10 consecutive plots per replicate. During the flowering 
period, plant height, node number, branch number, stem and leaf dry weight, and 
main culm dry weight (2017 only) were measured. During the harvest period, plant 
height, node number, shoot dry weight, pod number, seed number, 100-seed weight, 
and yield were measured. Plant dry weight was measured after drying at 70°C for over 
72 h in a drying apparatus. All statistical analyses were performed using R version 
4.0.3 [49]. Soybean growth parameters during the flowering period were analyzed 
using Tukey’s honestly significant difference (HSD) test for multiple comparisons 
using the R package “multcomp.” Soybean yield components were subjected to 
two-way analysis of variance using anovakun version 4.8.5 [50]. Meteorological data 
during soybean cultivation were collected from past information provided by the 
Japan Weather Association (Table 2).

3.3 Growth and yield of Rj gene-accumulated soybean

The results of soybean growth during the flowering period in 2017 are presented in 
Table 3. The measurements during the flowering period were conducted on August 10, 
2017, for B × F − E and “Enrei”; August 17, 2017, for B × F − M and “Sachiyutaka”; and 
August 26, 2017, for B × F − L and “Fukuyutaka.” The plant height of Rj gene-accumu-
lated soybean lines tended to increase in the order B × F − E < B × F − M < B × F − L, 
indicating dependence on the lateness of the flowering period. Similarly, the plant height 
of other soybean cultivars tended to increase in the order of “Enrei” < “Sachiyutaka” < 
“Fukuyutaka,” indicating dependence on the lateness of the flowering period. Branch 
number was the highest in “Fukuyutaka” and the lowest in “Enrei.” In addition, among 
the Rj gene-accumulated soybean lines, plant height tended to be higher in B × F − L 
than in the other lines, although the difference was not significant. There were no 
significant differences in shoot dry weight among the cultivars, although “Fukuyutaka,” 
B × F − M, and “Enrei” showed higher values in that order.

The results of yield components of soybean cultivars during the harvest period 
in 2016 and 2017 are presented in Table 4. In ANOVA, all yield components, 
except 100-seed weight, significantly differed between years and among cultivars. 
Specifically, pod and seed number and yield were significantly higher in 2016 
than in 2017. Conversely, plant height, node number, and shoot dry weight were 
significantly higher in 2017 than in 2016. Based on the average values of the 2 years, 
pod and seed number in B × F − M was significantly higher than that in the other 
cultivars. Moreover, the yield of B × F − M and “Sachiyutaka” was significantly 
higher than that of B × F − E, B × F − L, and “Enrei.” Furthermore, 100-seed weight 
of “Sachiyutaka” was significantly higher than that of the other cultivars, except 
“Fukuyutaka.” Plant height and shoot dry weight of B × F − L tended to be higher 
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than those of the other cultivars. The interaction between year and cultivar was 
detected for all test parameters, except seed number and yield. Therefore, multiple 
comparison analysis was performed among 12 cohorts for each test item, and the 
results are shown in Figure 2. Briefly, pod and seed number and yield were lower 
in all soybean cultivars in 2017 than in 2016. Furthermore, pod and seed number of 
B × F − E, B × F − M, “Enrei,” and “Sachiyutaka” decreased significantly. While the 
yield of “Sachiyutaka” decreased significantly, that of B × F − E, B × F − M, B × F − L, 
“Enrei,” and “Fukuyutaka” tended to decrease, albeit without significant differences. 

Cultivar Plant 
height 

(cm 
plant−1)

Node 
number 

(No. 
plant−1)

Branching 
number (No. 

plant−1)

Main 
culm dry 

weight 
(g m−2)

Stem and 
leaf dry 
weight 

(g m−2)

Shoot dry 
weight 

(g m−2)

BxF–E 66.2 ab 13.5 6.1 ab 13.0 23.1 36.1

BxF–M 67.9 ab 13.1 6.5 ab 15.3 25.1 40.4

BxF–L 74.9 b 13.6 7.2 bc 16.7 22.4 39.0

Enrei 53.7 a 11.5 4.5 a 12.2 27.0 39.2

Sachiyutaka 57.3 a 12.3 6.4 ab 12.7 22.6 35.4

Fukuyutaka 64.5 ab 12.2 9.2 c 17.4 23.8 41.2

ANOVA * ns *** ns ns ns

Values are presented as the means of three replicates. *p < 0.05, ***p < 0.001, and ns = not significant. Different letters 
indicate significant differences (Tukey’s HSD test) at p < 0.05 for different soybean cultivars.

Table 3. 
Growth of soybean cultivars during the flowering period in 2017.

Year month Temperature (°C) Precipitation Sunshine

minimum maximum mean (mm) duration (h) 

2016 Jun. 19.0 26.8 22.3 166.0 4.9

Jul. 23.5 30.8 26.6 77.0 5.7

Aug. 23.6 32.2 27.2 140.5 7.7

Sep. 20.7 26.7 23.3 293.0 2.8

Oct. 15.3 22.3 18.5 103.5 3.5

Nov. 8.8 16.2 12.2 120.0 3.2

2017 Jun. 16.5 25.9 20.9 86.5 7.3

Jul. 24.8 31.5 27.6 168.5 5.6

Aug. 24.4 31.5 27.4 141.5 6.8

Sep. 18.5 26.3 22.1 214.5 4.9

Oct. 14.3 21.0 17.5 358.0 3.6

Nov. 6.7 15.7 11.1 93.0 4.6

Values indicate monthly averages, and each value was calculated based on meteorological data provided by the Japan 
Weather Association.

Table 2. 
Meteorological data during soybean cultivation in 2016 and 2017.
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“Enrei,” “Sachiyutaka,” and “Fukuyutaka” are soybean cultivars that are suitable or 
possible to cultivate in the Chugoku region of Japan, including Shimane prefecture, 
where the cultivation test was conducted in the present study [51, 52]. Additionally, 
pod and seed numbers are the most important soybean yield components, which are 
primarily determined during the period from before and after flowering to pod set, 
including the beginning of the seed filling period [53]. However, increasing tempera-
ture during the growing season can negatively affect soybean leaf photosynthesis, 
growth, flowering, pod and seed number, and yield [54, 55]. In the present study, 
the monthly mean maximum temperature in August during the flowering period of 
soybean was 32.2°C in 2016 and 31.5°C in 2017 (Table 2). Specifically, in early August 
of 2017, when B × F − E and “Enrei” were flowering, the temperature remained above 

Year Cultivar Plant 
height 

(cm 
plant−1)

Node 
number  

(No. 
plant−1)

Shoot dry 
weight 

(g m−2)

Pod 
number 

(No. 
m−2)

seed 
number 

(No. m−2)

100-
seed 

weight 
(g)

Yield 
(g m−2)

2016 BxF–E 50.3 11.1 251.6 1426.7 937.0 23.9 214.4

BxF–M 51.1 11.3 298.5 1927.0 2276.8 22.9 514.5

BxF–L 71.1 12.1 336.6 1036.0 1372.9 23.5 325.8

Enrei 34.3 9.5 215.7 542.6 421.4 22.6 96.1

Sachiyutaka 46.1 12.1 300.3 1531.1 1742.9 33.8 584.6

Fukuyutaka 56.3 12.1 267.1 1057.3 1377.3 29.8 407.4

2017 BxF–E 67.4 13.4 251.8 318.8 218.9 24.6 53.8

BxF–M 69.4 13.8 432.8 1180.7 1477.4 23.6 348.2

BxF–L 71.0 13.3 424.1 784.0 1037.7 20.7 214.6

Enrei 56.2 12.8 340.0 101.0 56.2 29.7 16.7

Sachiyutaka 55.2 12.1 344.2 704.1 974.4 29.3 285.8

Fukuyutaka 70.5 16.1 467.9 934.1 1245.6 25.0 311.7

2016 51.5 11.4 278.3 1253.4 1354.7 26.1 357.1

2017 64.9 13.6 376.8 670.4 835.0 25.5 205.1

BxF–E 58.8 bc 12.2 a 251.7 a 872.7 b 578.0 a 24.2 a 134.1 a

BxF–M 60.3 bc 12.5 ab 365.7 b 1553.8 c 1877.1 c 23.2 a 431.4 c

BxF–L 71.0 d 12.7 ab 380.4 b 910.0 b 1205.3 b 22.1 a 270.2 b

Enrei 45.2 a 11.1 a 277.8 a 321.8 a 238.8 a 26.1 a 56.4 a

Sachiyutaka 50.6 ab 12.1 a 322.3 ab 1117.6 b 1358.6 b 31.6 b 435.2 c

Fukuyutaka 63.4 cd 14.1 b 367.5 b 995.7 b 1311.5 b 27.4 ab 359.6 bc

ANOVA Year (Y) *** *** *** *** *** ns ***

Cultivar (C) *** *** *** *** *** *** ***

Y x C * ** ** ** ns ** ns

Values are presented as the means of three replicates. *p < 0.05, **p < 0.01, ***p < 0.001, and ns = not significant. 
Different letters indicate significant differences (Tukey’s HSD test) at p < 0.05 for different soybean cultivars.

Table 4. 
Yield components of soybean cultivars in 2016 and 2017.
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35°C for 3 consecutive days. Furthermore, in late August of 2017, the temperature 
remained above 32°C for 4 consecutive days. Additionally, in October 2017, nearly 3.5 
times the amount of precipitation in 2016 was recorded (Table 2). Soybean pod and 
seed number and yield in 2017 were significantly lower than the values in 2016 due to 
the effects of these meteorological factors (Table 4). Moreover, the 100-seed weight 
of B × F − M was lower than that of “Sachiyutaka” and “Fukuyutaka” (Table 4). 
Therefore, backcrossing with these cultivars is expected to produce soybean cultivars 
with larger seeds and higher yield.
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Figure 2. 
Yield components for each soybean cultivar in 2016 and 2017 growing seasons. Values are presented as the 
mean ± SE of three replicates. Different letters indicate significant differences (Tukey’s HSD test) at p < 0.05.  
(a) Plant height. (b) Node number. (c) Shoot dry weight. (d) Pod number. (e) Seed number. (f) 100-seed weight.  
(g) Yield.



167

Breeding of Rj Gene-Accumulated Soybean Genotypes and Their Availability for Improving…
DOI: http://dx.doi.org/10.5772/intechopen.102833

4. Occupancy of indigenous soybean-nodulating bradyrhizobia

4.1 Sampling of soybean root nodules and isolation of nodulating bradyrhizobia

The nodules used in the present experiment were collected from soybean roots at the 
flowering stage in 2017, as described in Section 3.2. The nodules were surface-sterilized 
with 70% ethanol for 3 min and diluted sodium hypochlorite solution (0.25% available 
chlorine) for 30 min, followed by washing with sterile distilled water. After washing, 24 
nodules were randomly collected and transferred to 1.5 mL microcentrifuge tubes. Each 
nodule was homogenized in sterile distilled water and streaked onto a yeast extract–
mannitol agar (YMA) plate [56]; to isolate a single colony per nodule, the plates were 
incubated for 5–7 days in the dark at 28°C. A total of 144 isolates were obtained from six 
soybean plants and used for PCR-restriction fragment length polymorphism (RFLP) 
analysis of the 16S–23S rRNA gene internal transcribed spacer (ITS) region.

4.2 PCR-RFLP analysis of the 16S: 23S rRNA gene ITS region

For DNA extraction, each isolate was cultured in 1.5 mL HM medium supple-
mented with 0.1% l-arabinose for 5–7 days in the dark at 28°C. Total DNA for use as 
the PCR template was extracted from the isolates in BL extraction buffer, as described 
previously [42] based on the method reported by Hiraishi et al. [57]. As reference 
strains, B. japonicum USDA 6T; B. diazoefficiens USDA 110T; and B. elkanii USDA 46, 
76T, and 94 were used [16]. Total DNA of the reference strains for use as the PCR 
templates was also extracted using the same method [42, 57].

The 16S–23S rRNA gene ITS region was PCR-amplified using TaKaRa Ex Taq® 
Hot Start Version (TaKaRa Bio, Shiga, Japan) and the ITS primer set (BraITS-F: 
5′-GACTGGGGTGAAGTCGTAAC-3′ and BraITS-R1: 5′-ACGTCCTTCATCGCCTC-3′) 
[58]. The PCR cycle comprised a pre-run at 94°C for 5 min, denaturation at 94°C for 
30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min. This temperature 
control sequence was repeated for 30 cycles, followed by a final run at 72°C for 10 min. 
RFLP analysis of the 16S–23S rRNA gene ITS region was performed using the restric-
tion enzyme MspI (TaKaRa Bio, Shiga, Japan). The PCR product was digested with the 
restriction enzyme at 37°C for 16 h, and the restricted fragments were separated using 
3% agarose gel electrophoresis.

4.3 Occupancy of infected indigenous bradyrhizobia carrying hupSL genes

Eighty-seven indigenous soybean-nodulating bradyrhizobial isolates belong-
ing to the cluster B. diazoefficiens USDA 110T were investigated for the presence 
of hupSL genes. PCR templates of the test isolates, obtained as described in 
Section 4.2, were used. The PCR amplification for hupSL was performed using 
KAPA Taq® Extra Hot Start ReadyMix with dye (Kapa Biosystems, USA) and the 
hupSL primer set (hupS-F261: 5′-TCGAACAGGCGTTGTAAGTG-3′, hupS-R830: 
5′-TCGACTACGACGACACCATC-3′, hupL-F962:5′-TCGGGCAGATAGACCATTTC-3′ 
and hupL-R1632: 5′-GGGATCGAAGTGATCCTGAA-3′). The PCR cycle comprised 
a pre-run at 95°C for 3 min, denaturation at 95°C for 15 s, annealing at 55°C for 15 s, 
and extension at 72°C for 1 min. This temperature control sequence was repeated for 
30 cycles, followed by a final run at 72°C for 1 min. The PCR products were electro-
phoresed on a 2% agarose gel to confirm amplification.
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4.4 Occupancy of soybean-nodulating bradyrhizobia carrying hupSL genes

The occupancy rate of indigenous bradyrhizobia infecting each soybean cultivar 
is presented in Table 5. Based on the fragment patterns obtained from PCR–RFLP 
analysis, the indigenous isolates with the similar patterns as the five reference strains, 
namely B. japonicum USDA 6T; B. diazoefficiens USDA 110T; and B. elkanii USDA 46, 
76T, and 94 were defined as Bj6, Bd110, Be46, Be76, and Be94, respectively. Since 
cluster Bd110 includes isolates carrying the hupSL genes, such as B. diazoefficiens 
USDA 110T and 122 [16], the occupancy rate of these isolates was also determined. 
PCR analysis targeting the hupSL genes revealed amplicons exhibiting zero to two 
bands. The isolates exhibiting two amplification products corresponding to hupS and 
hupL were defined as hupS+L+, those exhibiting a single amplification product cor-
responding to hupL were defined as hupS−L+, and those exhibiting no amplification 
products were defined as hupS−L−. In B × F − E, Bd110 isolates exhibiting hupS−L+ 
were the most dominant (62.5%), followed by Bd110 isolates exhibiting hupS+L+ 
(12.5%) and Bj6 isolates (12.5%). In B × F − M, Bj6 isolates were the most dominant 
(70.8%), followed by Bd110 isolates exhibiting hupS−L+ (16.7%). In B × F − L, Bd110 
isolates exhibiting hupS−L+ (45.8%) were the most dominant, followed by Bd110 
isolates exhibiting hupS+L+ (25.0%). In “Enrei,” Bj6 isolates were the most dominant 
(83.4%), followed by Bd110 isolates exhibiting hupS−L+ (8.3%) or hupS+L+ (8.3%). In 
“Sachiyutaka,” Bd110 isolates exhibiting hupS+L+ (39.1%) were the most dominant, 
followed by Bd110 isolates exhibiting hupS−L+ (34.8%). In “Fukuyutaka,” Bd110 
isolates exhibiting hupS+L+ (37.5%) were the most dominant, followed by Bj6 (25.0%) 
isolates. “Sachiyutaka” and “Fukuyutaka” with the Rj4 genotype tended to present 
a higher occupancy rate of Bd110 isolates exhibiting hupS+L+. In contrast, soybean 
lines with the Rj2Rj3Rj4 genotype tended to present a lower occupancy rate of Bd110 
isolates exhibiting hupS+L+. These results may be explained by the effect of the pres-
ence of Rj2. Rj2 restricts B. diazoefficiens USDA 122 [32]. Indigenous bradyrhizobial 
isolates, such as B. diazoefficiens USDA 110 T, which are not restricted by the Rj2 gene, 
can infect Rj gene-accumulated soybean lines. To solve this problem, the occupancy 
rate of inocula carrying the hupSL genes may be improved by inoculating Rj gene-
accumulated soybean with B. diazoefficiens USDA 110T during cultivation. To test 
this hypothesis, we are currently investigating the effect of B. diazoefficiens USDA 

Cultivar Bj6 Bd110 Be46 Be76 Be94

hupS−L− hupS−L+ hupS+L+

BxF–E 12.5 8.3 62.5 12.5 0.0 0.0 4.2

BxF–M 70.8 0.0 16.7 12.5 0.0 0.0 0.0

BxF–L 0.0 8.3 45.8 25.0 4.2 16.7 0.0

Enrei 83.4 0.0 8.3 8.3 0.0 0.0 0.0

Sachiyutaka 13.0 8.7 34.8 39.1 0.0 4.4 0.0

Fukuyutaka 25.0 20.8 16.7 37.5 0.0 0.0 0.0

Bj6, Bd110, Be46, Be76, and Be94 showed RFLP patterns similar to those of B. japonicum USDA 6T, B. diazoefficiens 
USDA 110T, B. elkanii USDA 46, B. elkanii USDA 76T, and B. elkanii USDA 94, respectively. hupS−L−, hupS−L+, and 
hupS+L+ indicate isolates carrying or not carrying the hupS and/or hupL genes.

Table 5. 
Occupancy rate (%) of indigenous soybean-nodulating bradyrhizobia in each soybean cultivar in 2017.
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110T inoculation on the growth and yield of various soybean genotypes, including Rj 
gene-accumulated ones.

4.5  Correlation between the occupancy rate of indigenous bradyrhizobial strains 
and yield components of soybean

Correlation analysis was used to evaluate the association between the occupancy 
rate of indigenous bradyrhizobial strains and yield components. Correlation coef-
ficients were computed based on data obtained from the measurement of yield 
components and occupancy rate of indigenous soybean-nodulating bradyrhizobia. 
The R package “psych” was used to compute and plot the correlations. Additionally, 
the significance of the correlations was tested using the “cor.test” function in R.

The results of correlation analysis between the occupancy rate of indigenous 
bradyrhizobial strains and yield components of soybean are presented in Figure 3. The 
correlation coefficients of the occupancy rate of Bj6 isolates with plant height, node 
number, shoot dry weight, pod number, seed number, 100-seed weight, and yield 
were − 0.30, −0.04, 0.09, −0.13, −0.15, 0.41, and − 0.16, respectively. The correlation 

Figure 3. 
Correlation coefficient between the occupancy rate of Bd110 isolates carrying the hupSL gene and yield 
components. The correlation coefficients were computed based on data in Tables 4 and 5 (n = 6). A, B, C, 
D, E, F, G, H, I, J, and K indicate the occupancy rate (%) of Bj6, occupancy rate (%) of Bd110 exhibiting 
hupS−L−, occupancy rate (%) of Bd110 exhibiting hupS−L+, occupancy rate (%) of Bd110 exhibiting hupS+L+, 
plant height, node number, shoot dry weight, pod number, seed number, 100-seed weight, and yield, respectively. 
*p < 0.01, **p < 0.001, respectively.
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coefficients of the occupancy rate of Bd110 isolates exhibiting hupS−L− with plant 
height, node number, shoot dry weight, pod number, seed number, 100-seed weight, 
and yield were 0.36, 0.68, 0.32, 0.25, 0.29, −0.18, and 0.33, respectively. The correla-
tion coefficients of the occupancy rate of Bd110 isolates exhibiting hupS−L+ with plant 
height, node number, shoot dry weight, pod number, seed number, 100-seed weight, 
and yield were 0.25, −0.26, −0.56, −0.18, −0.22, −0.41, and − 0.25, respectively. The 
correlation coefficients of the occupancy rate of Bd110 isolates exhibiting hupS+L+ 
with plant height, node number, shoot dry weight, pod number, seed number, 100-
seed weight, and yield were − 0.02, 0.25, 0.40, 0.42, 0.51, 0.05, and 0.61, respectively. 
Among correlations between the occupancy rate of each indigenous bradyrhizobial 
strain and soybean yield, Bd110 isolates exhibiting hupS+L+ presented a strong positive 
correlation (r = 0.61), albeit without significant differences. Additionally, in another 
experiment, which revealed different results from the present findings, showed that 
the occupancy rate of B. diazoefficiens USDA 110T was correlated with the shoot dry 
weight of soybean (Figure 4). This result was obtained in the correlation analysis 
between the growth and the occupancy rate of B. diazoefficiens USDA 110T, B. japoni-
cum USDA 6T and 123, and B. elkanii USDA 31 in soybean inoculated at the same 
bacterial density (106 cells mL−1) and cultivated for 5 weeks. Although this experi-
ment was set in a greenhouse using cultivation pots, a significant positive correlation 
between the occupancy rate of USDA 110 and shoot dry weight of soybean plants was 
noted (r = 0.86, p = 0.03). A positive correlation between soybean growth and yield 
has been reported in previous study [59–62]. In the present study, yield was positively 
correlated with plant height (r = 0.35) and shoot dry weight (r = 0.75), albeit without 
significant differences (Figure 3). Therefore, enhancing the infection rate of brady-
rhizobial strains, such as B. diazoefficiens USDA 110T carrying the hupSL genes, may 
promote the growth of soybean and consequently increase yield.

5. Conclusion

In the present chapter, we described the breeding and selection processes, shoot 
growth, yield components, and infection tendency of useful bradyrhizobial strains 
carrying the hupSL genes of Rj gene-accumulated soybean lines exhibiting the 
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Rj2Rj3Rj4 genotype, obtained by crossing the Japanese soybean cultivars “Bonminori” 
(Rj2Rj3) and “Fukuyutaka” (Rj4).

First, we selected eight lines exhibiting the characteristics of the Rj2Rj2Rj4Rj4 geno-
type from 153 lines of F3 seeds following inoculation with B. japonicum Is−1 and B. 
japonicum Is−34 (Table 1). These eight lines were grown for several years, and three 
groups (B × F − E, B × F − M, and B × F − L) differing in terms of the flowering and 
ripening periods by approximately a week each were detected, which were cultivated 
further. Second, to investigate yield components, three Rj gene-accumulated soybean 
lines (B × F − E, B × F − M, and B × F − L) of F10 or F11 plant and three soybean culti-
vars (“Enrei,” “Sachiyutaka,” and “Fukuyutaka”) were cultivated in the 2016 and 2017 
growing seasons. The yield of B × F − M was equivalent to that of “Sachiyutaka,” and 
this genotype likely possesses a greater yield potential than the parent soybean cultivar 
“Fukuyutaka,” among the Rj gene-accumulated soybean lines. However, the 100-seed 
weight of B × F − M was lower than that of “Sachiyutaka” and “Fukuyutaka.” Therefore, 
backcrossing with these cultivars is expected to produce soybean cultivars with larger 
seeds and higher yield potential. Third, to assess the occupancy rate of infected indige-
nous soybean-nodulating bradyrhizobia carrying the hupSL genes, we collected nodules 
from soybean roots and performed PCR-RFLP analysis of the 16S–23S rRNA gene ITS 
region. Furthermore, 87 indigenous soybean-nodulating bradyrhizobial strains belong-
ing to the B. diazoefficiens USDA 110T cluster were investigated for the presence of the 
hupSL genes using PCR. The occupancy rate of Bd110 isolates carrying the hupSL genes 
tended to be lower in the Rj gene-accumulated soybean lines than in “Sachiyutaka” and 
“Fukuyutaka.” In addition, among the Rj gene-accumulated soybean lines, B × F − L 
presented the highest occupancy rate of Bd110 isolates carrying the hupSL genes. Based 
on these results, during the cultivation of Rj gene-accumulated soybean, the occupancy 
rate of inocula carrying the hupSL genes can be improved by inoculating B. diazoef-
ficiens USDA 110T, which is not restricted by the Rj2 gene.

Finally, to evaluate the association between the occupancy rate of indigenous 
bradyrhizobial strains and yield components of soybean, correlation analysis was 
performed. Correlation coefficients of the occupancy rate of Bd110 isolates exhibiting 
hupS+L+ with plant height, node number, shoot dry weight, pod number, seed num-
ber, 100-seed weight, and yield were − 0.02, 0.25, 0.40, 0.42, 0.51, 0.05, and 0.61, 
respectively, and the occupancy rate of Bd110 isolates exhibiting hupS+L+ was strongly 
and positively correlated with yield components (r = 0.61), albeit without significant 
differences. Furthermore, soybean yield was positively correlated with plant height 
(r = 0.35) and shoot dry weight (r = 0.75), albeit without significant differences. 
Therefore, enhancing the infection rate of bradyrhizobial strains, such as B. diazoef-
ficiens USDA 110T carrying the hupSL genes, may promote the growth of soybean and 
consequently increase its yield. In the future, we intend to conduct further inocula-
tion tests with useful strains, such as B. diazoefficiens USDA 110T carrying the hupSL 
genes, to evaluate in greater detail the availability of Rj gene-accumulated soybean 
lines with the Rj2Rj3Rj4 genotype for improving productivity.
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Chapter 10

Role of CRISPR/Cas9 in Soybean 
(Glycine max L.) Quality 
Improvement
Summra Siddique

Abstract

Biotechnology has made significant advances in recent years, and the area of genetic 
engineering is progressing day by day, generating several advantages. Through the new 
ability to precisely change and modify the genomes of living organisms, genome editing 
technology has transformed genetic and biological research. Genome editing technol-
ogy first appeared in the 1990s, and different approaches for targeted gene editing have 
subsequently been created. The fields of functional genomics and crop improvement 
have been transformed by advances in genome editing tools. CRISPR/Cas9 (clustered 
regularly interspaced short palindromic repeat)-Cas9 is a versatile genetic engineering 
tool based on the complementarity of the guide RNA (gRNA) to a specific sequence and 
the endonuclease activity of the Cas9 endonuclease. This RNA-guided genome editing 
tool has produced variations in plant biology fields. CRISPR technology is continually 
improving, allowing for more genetic manipulations such as creating knockouts, precise 
changes, and targeted gene activation and repression. Soybean is a leguminous crop, 
high in protein and oil contents that are used for poultry and livestock feed industry. 
In this chapter, we focus on the recent advances in CRISPR/Cas9-based gene editing 
technology and discuss the challenges and opportunities to harnessing this innovative 
technology for targeted improvement of traits in soybean and other crops.

Keywords: clustered regularly interspaced short palindromic repeats,  
genome editing (GE), guide RNA (gRNA), nonhomologous end joining (NHEJ), 
homology-directed repair (HDR), Cas9

1. Introduction

Nowadays, almost one billion people suffer from malnourishment due to increas-
ing population, and our agricultural system is degrading by the loss of biodiversity 
and climate change [1]. To overcome the malnourishment, there is a need to improve 
the crop plants. To achieve this goal, conventional breeding approach is labor-inten-
sive, and it takes several years to form the commercial varieties. Genome editing tools 
are advanced biotechnological techniques to modify an organism’s genome efficiently 
and precisely. Although recently developed genome editing technologies, such as zinc 
finger nucleases (ZFN) and transcription activator-like effector nucleases (TALENs), 
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have many advantages but also has some drawbacks too. CRISPR (clustered regularly 
interspaced short palindromic repeats)/Cas9 technology has site-specific genome 
editing with precision, efficiency, and ease of use.

The type II CRISPR/Cas system is a prokaryotic adaptive immune response system 
that guides the Cas9 nuclease to induce site-specific DNA cleavage using noncoding 
RNAs as a template. The CRISPR/Cas type II system is a flexible genome editing tool 
for crop improvement [2]. It is a simple, effective, and cost-effective approach that 
can target several genes. Many plants have advantage from the CRISPR/Cas9 system, 
including rice, maize, wheat, soybean, sorghum, and barley [3].

The CRISPR/Cas9 system has been utilized for genome editing in all mammalian 
cells, which may be used to make gene knockouts (through insertion/deletion). A 
single-guided RNA (sgRNA) is used to guide the Cas9 nuclease to a specific genomic 
region in order to disrupt genes (Figure 2). Double-strand breaks caused by Cas9 are 
repaired by the NHEJ DNA repair mechanism. Because the repair is prone to errors, 
insertions and deletions (INDELs) might occur, causing gene function to be dis-
rupted. Cellular DNA repair processes, either the nonhomologous end joining DNA 
repair pathway (NHEJ) or the homology-directed repair (HDR) pathway, fix the DNA 
damage or DNA repair pathway (i.e., HDR).

Mechanism of CRISPR/Cas9-mediated gene disruption is as follows: (1) A 
single-guide RNA (sgRNA) binds to a recombinant form of Cas9 protein with DNA 
endonuclease activity, consisting of a crRNA sequence specific to the DNA target and 
a tracrRNA sequence that interacts with the Cas9 protein. (2) The resultant complex 
will cleave double-stranded DNA that is particular to the target. (3) Then, cleavage 
efficiency of sgRNAs will be tested.

Crop development techniques should enable to increase production, biotic and 
abiotic stress resistance, as well as quality and nutritional value. Over several decades, 
innovative agricultural technology has considerably enhanced crop productivity. 
Consumers are more concerned about crop quality since it provides many nutrients 
such as proteins, fiber, vitamins, minerals, and bioactive substances, all of which are 
directly linked to human health [4]. In addition, scientists and breeders have switched 
their focus from increasing production to enhancing quality. Traditional crossing 
breeding, chemical and radiation-mediated mutation breeding, molecular marker-
assisted breeding (MAB), and genetic engineering breeding have all proven success-
ful in improving various crop qualities [5–8]. Traditional mutagenesis-based breeding 
techniques are time-consuming and labor-intensive, especially for polyploid crop 
production [9]. Recently, crop breeding has advantage from genome editing (GE) 
technology, which alters plant genomes in a precise and predictable manner [10].

Genome editing can produce predictable and inheritable mutations in specified 
regions of the genome, with minimal off-target effects and no external gene sequence 
integration. Deletions, insertions, and single-nucleotide substitutions (SNPs) are all 
examples of GE-mediated alterations. There are four SDN (site-directed nuclease) 
families in a nucleotide excision process, i.e., homing endonucleases or mega-nucleases 
(HEs) [11], zinc-finger nucleases (ZFNs) [12], transcription activator-like effector 
nucleases (TALENs) [13], and CRISPR-associated protein (Cas) [14]. The majority of 
SDNs can precisely target double-stranded template DNA and produce a double-strand 
break (DSB). The DSBs are naturally repaired by a plant’s endogenous repair system, 
which uses one of two major DNA damage repair mechanisms: nonhomologous end 
joining (NHEJ) or homologous-directed recombination (HDR). A FokI cleavage domain 
and a particular DNA-binding domain from TALE proteins make up TALENs. TALENs 
technology has a greater target binding specificity and decreased off-target effects when 
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compared with ZFNs [15]. In rice [16], wheat [17], maize [16], and tomato [18], it was 
widely used as a gene-editing method. However, ZFN and TALENs have long construc-
tion procedure, which has limited their use in plants on a wide scale. CRISPR (clustered 
regularly interspaced short palindromic repeat) was first discovered in Escherichia coli 
in 1987 and described as an immunological response to viral and plasmid DNA invasion 
[19]. CRISPR/Cas systems have become the most popular GE technology in recent years. 
Because the specificity of editing is governed by nucleotide complementarity of the 
guided RNA to a specific sequence without protein engineering, the CRISPR/Cas systems 
are more efficient for genome editing than other SDNs [20].

Soybean is a leguminous crop, has a great economic value, and is high in protein 
and oil. With the growing demand for soybeans around the world, it is more important 
to understand gene function and speed up functional gene research and breeding to 
increase yield and improve quality. Traditional soybean breeding procedures are insuf-
ficient to meet the growing demand for soybean products and the problems posed by 
the agricultural environment. As a result, it is critical to implement quick, precise, and 
effective breeding procedures in order to develop improved varieties, particularly with 
improved yield, quality, and stress tolerance or resistance [21, 22]. Genome editing 
technology is a highly desired technology given the advantages listed above, and it is 
also an excellent tool for improving soybean genetics. The number of crops engineered 
by genome editing has increased day by day. Crop quality is one of the most important 
objectives among the different target traits for crop improvement. Here is a brief descrip-
tion of different quality traits improvement through CRISPR/Cas9-mediated tool.

2. CRISPR/Cas9 gene-editing system in plants

CRISPR/Cas systems are split into two classes and five kinds based on the Cas 
protein classification. The Streptococcus pyogenes type II CRISPR/SpCas9 system has 

Figure 1. 
The workflow of CRISPR/Cas9-based gene editing in plants.
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been adapted and evolved as a powerful GE tool for several purposes [2]. The Cas9 
protein and the guide RNA (gRNA or sgRNA) are the two main components. CRISPR 
RNA (crRNA) and trans-activating crRNA are both made up of gRNA (tracrRNA). 
A 20-nt fragment (also known as spacer, complementary to a certain region of target 
genes) is followed by a protospacer adjacent motif (PAM) in the target genes of 
interest in the gRNA. Cas9 nuclease generates DSBs to three base pairs upstream of 
the PAM motif under the supervision of gRNA [23]. Gene deletion or loss of protein 
function is common outcome of NHEJ cleavage repair [24]. Figure 1 indicates the 
general steps of CRISPR/Cas9 gene editing technique.

Using CRISPR/Cas9, several scientists have been working to improve crop yield, 
quality, and stress resistance. CRISPR/Cas9-mediated genome editing has been 
reported in 41 food crop species, 15 industrial crops, 6 oil crops, 8 ornamental crops, 
1 fiber crop, and 1 feed crop (Table 1) [25]. Mechanism of CRISPR/Cas9 system 
breakage is presenting in Figure 2.

Application Crop Gene target

Physical appearance 
and quality

Rice GS3, Gn1a, GW2, GW5, TGW6, GL2/OsGRF4, OsGRF3, GS9, GW5, 
OsGS3, OsGW2, and OsGn1a, ANT1, SlMYB12, SlMYB12, Psy1, 
CrtR-b2

Tomato OVATE, Fas, Fw2.2, fas, lc, ENO, CLV3,

Wheat TaGW7, TaGW2

Maize Psy1

Texture, palatability, 
quality

Tomato ALC, PL, PG2a, TBG4

Banana MaACO1, OsGBSSI, OsGBSSI

Rice OsAAP6, OsAAP10, OsBADH2, SH2, GBSS

Maize Wx1

Nutritional quality Rice OsGAD3, OsNramp5, OsFAD2–1, OsPLDa1

Tomato SlGAD2, SlGAD3, slyPDS, BnFAD2

Wheat a-gliadin genes

Table 1. 
List of research on crop quality improvement by using CRISPR/Cas gene-editing technology.

Figure 2. 
Mechanism of CRISPR/Cas9 system.
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3. CRISPR/Cas9-mediated molecular breeding enhances the crop quality

Crop quality has been an important factor in determining market value of crop. 
External and internal traits, in general, determine crop quality. Physical and visual 
aspects such as size, color, texture, and aroma are examples of external quality 
attributes. Internal quality factors, on the other hand, consist of nutrients (such as 
protein, carbohydrate, and fats etc.) as well as bioactive chemicals (carotenoids, 
lycopene, −aminobutyric acid, flavonoid, etc.).

3.1 Improvement in the physical appearance of crop

3.1.1 Modification of shape and size

CRISPR/Cas9 technology was utilized to alter the shape and size of the crops to the 
consumer’s demand. Several genes/quantitative trait loci (QTLs) have been proposed 
to be responsible for crop appearance quality. Rice and tomato supplied the most 
information about fruit shape and fruit size. The first QTL found to increase grain 
length, GS3 (GRAIN SIZE 3), has been successfully knocked out in five japonica rice 
varieties. The grain length of T1 lines has been increased in all genetic backgrounds 
compared with wild type [26, 27]. Grain shape affects grain weight (GW) as well 
as quality [28]. For example, disruption of many grain weight negative regulators, 
GW2, GW5, and GW6, enhanced the rice grain weight. The disruption of TaGW7 
in wheat using CRISPR/Cas9 technique helps in increasing grain width and weight 
[29]. Researchers can manipulate tomato fruit form and size in horticulture species by 
changing the expression of OVATE, CLV [30], fas and lc [31], and ENO [32]. OVATE 
and SUN, for example, are involved in asymmetric and symmetric fruit elongation 
[33, 34], whereas SlWUS and SlCLV3 are genes that modulate tomato locule quantity. 
CLV3 mutations that cause gain-of-function and WUS mutations that cause partial 
loss of function are referred to as the fas and lc locus, respectively. Both mutations 
increase the size of the fruit [35–37]. This was further validated by disrupting the 
CLV-WUS cis-regulatory genes [31].

3.1.2 Color modification

Plant pigments made up of carotenoids, anthocyanins, and polyphenols determine 
plant color. The color of the fruit, leaves, and flower buds, especially in plant edible 
parts, affects the consumer’s taste. Europeans and Americans like red tomatoes, 
whereas Asian customers prefer pink tomatoes [38]. It was reported that the absence 
of flavonoid pigments in the peel caused the pink phenotype. CRISPR/Cas9 can 
thus be used to manipulate the color of fruits by interrupting genes involved in the 
pigment production pathway. MYB12 regulates the accumulation of flavonoids and 
controls the pink skin phenotype as a flavonoid biosynthesis pathway transcription 
factor. SlMYB12 has been successfully knocked out, resulting in pink-fruited toma-
toes [39]. In addition, by targeting PSY1 and ANT1, researchers were able to develop 
yellow and purple tomatoes. The PSY1 gene controls the early stages of carotenogen-
esis by encoding phytoene synthase. PSY1 mutations lowered total lycopene levels, 
resulting in yellow flesh tomato fruit [40, 41], whereas ANT1-modified tomatoes 
increased anthocyanin accumulation, resulting in purple plant tissue [42]. The antho-
cyanin biosynthetic structural genes are predominantly controlled by R2R3-MYB, 
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bHLH, and WD-repeat proteins in all crop species investigated. Yellow roots occurred 
from CRISPR/Cas9 knockout of DcMYB7, an R2R3-MYB, in the solid purple car-
rot [43]. Flower color influences the market value of ornamental crops, and plant 
breeders are continually looking for new colors. Several groundbreaking flower color 
alteration research studies have previously been completed. Flavanone 3-hydroxylase 
(F3H), a major enzyme involved in flavonoid production, is required for anthocyanin 
accumulation. Disrupting F3H with CRISPR/Cas9 has resulted in pale blue flower 
torenia variations and pale purplish-pink flowered petunia varieties [44, 45].

3.2 Improving crop texture

3.2.1 Prolonging shelf life

Fruit texture is another important factor in commercial crop production. CRISPR/
Cas9 technology has a pivotal role for extending the shelf life of tomatoes and 
bananas. Several naturally occurring mutant genes, such as Nr, alc, rin, nor, and 
Cnr [46], have the potential to extend shelf life. These modifications, however, are 
accompanied by a lack of color, an unpleasant flavor, and a low nutritional value 
[47]. According to one study, alc mutation not only extended the shelf life of fruits 
but also preserved their color and smell [48]. To induce tomato ALC gene muta-
tions, HDR-mediated gene replacement was used, and the intended alc homozygous 
mutants in T1 generation displayed good storage performance [49]. Cell wall degrad-
ing enzymes can alter the texture of fruits [50]. During fruit softening, the pectate 
lyase enzyme can degrade the cell wall [51]. Pectate lyase enzyme interferes with RNA 
for prolonging life in tomato to exhibit a good fruit phenotype [52]. Similarly, SlPL 
gene knockout mutations based on CRISPR/Cas9 showed a harder phenotype and 
longer shelf life without compromising organoleptic or nutritional quality [53, 54]. 
Downregulating endogenous ethylene production, in addition to silencing genes 
involved in cell wall disintegration, can be another effective technique for delaying 
the fruit softening process [55]. Ethylene is the most important element affecting 
banana post-harvest preservation and shelf life. MA-ACO1 is involved in the ethyl-
ene production process and has an impact on the after-ripening process [55]. After 
ethephon treatment, the after-ripening process in MA-ACO1-mutant lines was slowed 
by around 2 days. More intriguingly, the amount of vitamin C and sugar in the fruit 
was increased without any negative effects on the fruit’s quality [56].

3.3 Improving palatability

3.3.1 Improving eating and cooking quality

Consumer acceptance and market value are both determined by the eating and 
cooking quality (ECQ ). Amylose production requires the Waxy (Wx) gene, which 
codes for granule-bound starch synthase I (GBSSI). After cooking, rice varieties 
with a somewhat low amylose concentration (7–10%) have a soft and sticky texture, 
making them more popular among Asian buyers. Several genetic improvement 
studies have effectively used the CRISPR/Cas9 system to alter the Wx gene in japonica 
background rice accessions, resulting in accessions with grain amylose content of 
5–12% without sacrificing other desirable features [57, 58]. A number of rice mutants 
with fine-tuned amylose contents have been created by precise alteration of par-
ticular bases of Wx genes to fulfill the different demands on ECQ [59]. Meanwhile, 
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by disrupting the Wx gene with CRISPR/Cas9 [60], waxy maize mutants have been 
generated in 12 elite inbred lines. Furthermore, rice with low palatability has a high 
grain protein content (GPC), which is inversely connected to ECQ. As a result, many 
elite rice cultivars with good ECQ have a low GPC content (often less than 7%) [61]. 
The GPC-related QTL qPC1 was discovered in rice for the first time. In rice, a positive 
regulator of GPC was found in an amino acid transporter (OsAAP6) found in qPC1 
loci [62]. Rice cultivars with high ECQ can be quickly reduced in GPC and improved 
in ECQ using targeted mutagenesis of OsAAP6 and OsAAP10 [63].

3.3.2 Improving flavor

Next to ECQ, aroma is a preferred quality feature. Rice-eating communities in Asia 
and Europe both prefer rice cultivars with aroma [64]. According to research, most 
fragrant rice cultivars are particularly high in the 2-acetyl-1-pyrroline (2AP) chemi-
cal [65], which is also found in fresh bread and popcorn and gives food products a 
popcorn or cracker-like aroma [66]. BADH2 (encoding a betaine aldehyde dehydroge-
nase) has been linked to fragrance generation in genetic research [67, 68].

Functional BADH2 was found to engage in the conversion of -aminobutyraldehyde 
(GABald) to GABA, whereas nonfunctional BADH2 mutants convert GABald to 2AP 
[69]. As a result, RNAi technology has been employed to disrupt OsBADH2 and boost 
2AP production [70]. In 2015, the first fragrant rice was generated by employing 
TALENs to target the OsBADH2 gene [71]. Researchers have recently made a break-
through in the creation of novel OsBADH2 alleles using CRISPR/Cas9, successfully 
converting an unscented rice variety, ASD16, into a unique aromatic rice [72].

3.4 Biofortification of nutrient elements

Consumer preferences are changing toward healthier, more nutritionally rich 
foods. As a result, researchers have been struggling to develop new goods to meet 
the needs of this expanding industry. Many nutrients found in fruits and vegetables 
have anti-inflammatory, anticancer, and antioxidant properties. Biofortification of 
several nutrients, such as carotene, γ-aminobutyric acid (GABA), iron, and zinc, has 
been implemented in many crops through breeding programs. Through gene editing 
for biofortification, it has been attempted to satisfy the “hidden hunger” with high-
quality nutrients.

3.4.1 Increasing carotenoid content

Carotenoids have been linked to antioxidant mechanisms and the prevention of 
eye diseases. Humans, on the other hand, are unable to produce carotenoids and must 
obtain them from their food. Lycopene and phytoene also aid in the prevention of 
cancer and cardiovascular disease. Previously, researchers used traditional genetic 
engineering to add CrtI and PSY genes into rice, as well as manufacture β-carotene. 
Many anti-GMO researchers believe that golden rice may not offer enough β caro-
tene to eliminate vitamin A deficiency; and allergies and antibiotic resistance are 
potential dangers of planting and eating golden rice. GMO crops may also have an 
adverse effect on the ecosystem and biodiversity [73]. Carotenoid biofortification 
in rice, tomato, and banana has been achieved using CRISPR/Cas9 genome editing. 
Due to the lack of external gene integration in host genomes, those created by this 
technique have a good chance of avoiding GM regulation. Carotenoid biofortification 
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was generally accomplished using one of two methods. First, carbon input into the 
carotenoid biosynthesis pathway is imposed by overexpression of phytoene synthase 
genes using CRISPR/Cas9-mediated knock-in. A carotenogenesis cassette including 
CrtI and PSY genes was successfully integrated into the target site in rice, yielding 
marker-free gene-edited mutants with 7.9 g/g β carotene in dry weight [74]. Another 
technique is to prevent their precursors from being converted or to silence associated 
genes, such as LCYe, BCH, ZEP, and CCD4. The loss of the LCYe gene, for example, 
resulted in a golden fruit banana mutant with a sixfold increase in β-carotene content 
[75]. Similarly, a fivefold increase in lycopene content was achieved by disrupting five 
carotenoid metabolic-related genes (SGR1, LCYe, BLC, LCY-B1, and LCY-B2), resulting 
in a lycopene-enriched tomato [76].

3.4.2 Increasing γ-aminobutyric acid content

GABA is a nonprotein amino acid inhibitory neurotransmitter that regulates blood 
pressure and acts as an antianxiety agent [77]. As a result, the food sector has turned its 
attention to generating new GABA-rich foods. Glutamate decarboxylase (GAD) is a cru-
cial enzyme that catalyzes glutamate decarboxylation to GABA. GAD has a C-terminal 
autoinhibitory region that inhibits GAD action. The C-terminal has been fully removed 
using CRISPR/Cas9 in order to boost GABA content. GABA accumulation increased 
sevenfold in mutant tomatoes [78]. Furthermore, researchers generated GABA-rich 
rice by truncating the C-terminal of the OsGAD3 gene using the CRISPR/Cas9 system, 
resulting in a sevenfold increase in GABA content [79]. GABA-rich vegetables clearly 
have a positive impact on human health. However, pursuing a high GABA content 
without regard for the phenotype of the fruit could result in not only a reduction in 
glutamate but also a faulty phenotype [80]. Li et al. [81] employed a multiplex CRISPR/
Cas9 approach to remove SlGABA-Ts and SlSSADH, resulting in a 20-fold increase in 
GABA levels but significant reductions in tomato fruit size and yield [82].

3.4.3 Biofortification of micronutrients

Micronutrient deficiencies, such as selenium, zinc, iron, and iodine, affect around 
two billion people worldwide. For those who have an imbalanced diet, biofortification 
of crop plants with micronutrients would be a long-term solution. Knocking down vac-
uolar iron transporter (VIT) genes, such as OsVIT2, to increase Fe content in rice grain 
is a potential use of the CRISPR/Cas9 technology. In a recent study, OsVIT2 mutation 
resulted in increased Fe distribution to the grains’ embryo and endosperm, as well as 
higher Fe content in the polished grain without affecting yield [83]. Furthermore, the 
rice gain-of-function arsenite tolerant 1 (astol1) mutant enhanced the grain content 
of selenium (Se), an essential mineral with antioxidant properties for humans. Gene 
editing can also help in the formation of micronutrient-rich rice and wheat grains by 
regulating the expression of genes involved in ion homeostasis [84].

3.4.4 Improving fatty acid composition

Olive oil is high in monounsaturated fatty acids (MUFA), such as oleic acid (18:1). 
Diets high in oleic acid have been shown to improve cardiovascular health. Saturated 
fatty acids and trans-fatty acids, on the other hand, are frequently referred to as 
“unhealthy” fats and have been associated to cardiovascular disease [85, 86]. Soybean 
oil, the most extensively produced and used edible oil, contains just 20% oleic acid, 
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compared to 65–85% in olive oil [87]. For controlling the fatty acid composition in 
soybean, several fatty acid desaturase genes, such as FAD2 and FAD3, were targeted 
and altered. By altering two homologous genes of GmFAD2, researchers have already 
boosted oleic acid levels from 20% to 80% in 2019, while lowering linoleic acid levels 
from 50% to 4.7% [88]. Similar breeding tactics have been used in rapeseed and 
camelina, with increases in oleic acid content of 7% and 34%, respectively [89, 90]. 
The first gene-edited high oleic soybean line, with 80% oleic acid and up to 20% less 
saturated fatty acid, was recently marketed for sale in the US market [91].

3.4.5 Eliminating antinutrients

Phytic acid, gluten protein, and cadmium (Cd) are only a few of the chemicals that 
have a negative impact on crop nutritional quality. Genome editing can also be used to 
reduce the amount of unwanted compounds in the body. Due to a lack of comparable 
degrading enzymes, humans are unable to metabolize phytic acid. Because phytic acid 
can interact with minerals and proteins to form complexes, absorption of miner-
als and protein is inhibited when large amounts of it are consumed by people [92]. 
CRISPR/Cas9 was used to knock out an ITPK gene encoding an enzyme that catalyzes 
the penultimate phase of phytate production in rapeseeds in order to lower phytic 
acid concentration [93]. The ITPK mutants had a 35% decrease in phytic acid without 
affecting plant performance [94]. Furthermore, gluten proteins in wheat can cause 
celiac disease in people who are gluten-intolerant [95]. Due to the more than 100 loci 
in the wheat genome that code for gluten protein, traditional breeding strategies are 
unlikely to reduce gluten concentration. Low-gluten, transgene-free wheat lines have 
been generated using CRISPR/Cas9 to target a conserved area of the α-gliadin genes 
[96]. Furthermore, the CRISPR/Cas9 technology has aided in the development of 
heavy metal pollution-resistant rice varieties. Cd is a human carcinogen, and long-
term use of Cd-contaminated rice can result in chronic diseases such renal failure 
and cancer [97]. As a result, scientists face a problem in developing low-heavy-metal 
rice in Cd-contaminated areas [98]. Researchers created new Indica rice lines with 
reduced Cd accumulation in grain by altering OsNramp5, which mediates Cd root 
uptake. Furthermore, when cultivated in high Cd circumstances, osnramp5 mutants’ 
agronomic characteristics and grain yield were unaffected [99].

4. Challenges and future perspectives

Gene editing in crops is now progressing at a considerably faster rate than in other 
disciplines. The CRISPR/Cas9 technology has successfully transformed and improved 
several quality-related features in various crops, as shown in Table 1. Although 
several gene-edited crops, such as the TALEN-fad2 soybean, TALEN-ppo potato, and 
CRISPR-wx1 maize, have been commercialized, we are still at the beginning of the 
gene-editing revolution.

To begin with, gene-edited crop rules and regulations different countries have 
distinct regulatory frameworks. Most countries’ regulatory frameworks for geneti-
cally modified organisms (GMOs) govern the development and commercialization of 
novel gene-edited crops. The United States and some South American countries, such 
as Argentina, Brazil, Chile, and Colombia, have used product-based regulations that 
exempt gene-edited products from GMO supervision if the final products do not contain 
exogenous DNA [100, 101], whereas the European Union (EU) and New Zealand have 
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strict process-based regulations for genome-edited crops, resulting in costly and time-
consuming GM safety tests. China also has a process-based GMO regulation framework, 
as any gene-edited crops are scrutinized closely and no gene-edited crop has yet to be 
sold. The benefits of genome editing have been negated as a result of such rigorous 
restriction. As a result, establishing a worldwide unified and specialized regulatory 
system for genome-edited crops is vital. Thirteen WTO countries recently released a 
declaration supporting the use of gene editing in agricultural innovation, marking the 
first step toward building a global regulatory framework [102].

Furthermore, the delivery of CRISPR/Cas9 would be the most difficult challenge 
in using plant gene-editing technology. The recipient genotype has a big impact on 
biolistic bombardment and Agrobacterium-mediated transformation efficiency, 
especially in monocots. Some elite rice cultivars, for example, are notoriously 
difficult to change due to a lack of culture and regeneration-friendly traits [103]. 
Furthermore, T-DNA incorporation is unavoidable, and following plant regeneration 
methods are frequently technical and time-consuming. As a result, creating delivery 
systems that do not require tissue culture and can be used to a variety of plant species 
is important. Exogenous genes were delivered into pollen grains of many model 
crops using “pollen magnetofection,” a unique approach that uses magnetic NPs 
as DNA transporters. About 1% of transgenic plants were produced after pollina-
tion with magnetofected pollen [104]. Some scientists, however, questioned pollen 
magnetofection’s reproducibility [105]. It will be a shortcut to establish heritable 
gene alteration in transgenic seeds without tissue culturing if CRISPR/Cas9 can be 
delivered to reproductive cells and stably expressed via the pollen magnetofection 
approach [106]. Furthermore, because nano delivery technologies are nonintegrating 
and nonpathogenic, nanomaterial-mediated gene-edited crops may be exempt from 
GMO [107].

The specificity of plant CRISPR/Cas9 systems for targeted gene editing is another 
issue. According to several research studies, CRISPR/Cas systems have a high potential 
for off-target activity, and sgRNA/Cas9 complexes could create mismatched DNA 
sequences in mammals [108, 109]. Despite this, whole-genome sequencing demon-
strated that the incidence of off-target mutations caused by CRISPR/Cas9 in plants is 
extremely low [110]. Off-targeting can be a problem in gene functional investigations 
since it might influence the phenotype of interest and lead to incorrect results interpre-
tation [111]. Off-target effects can, however, be avoided when utilizing CRISPR tech-
nologies in crop breeding. Beneficial off-target mutations can be retained in progeny 
because off-target mutations with detrimental phenotype consequences are rejected 
throughout the breeding process [112]. As a result, in the breeding of gene-edited 
crops, screening advantageous mutations is more crucial than discovering off-target 
variants. To reduce off-targeting, several solutions have been proposed [113]. First, by 
developing highly precise sgRNAs with the fewest projected off-targets, the majority 
of off-targeting can be avoided. Second, high-fidelity Cas9 enzymes such as eSpCas9 
[114] and SpCas-HF [115] can improve the specificity of CRISPR systems. Finally, the 
ribonucleoprotein (RNP) delivery approach can be employed to shorten the time that 
genomic DNA is exposed to CRISPR reagents, reducing off-targeting rates [116].

5. General procedure of genome editing in soybean and factors for success

The first successful genome editing in soybean was done in hairy roots, where 
ZFNs were used to target the GmDcl4a and GmDcl4b genes. ZFNs were also used 
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to develop the first viable GE soybean plants with a GmDcl4 gene mutation (either 
GmDcl4a or GmDcl4b). The first TALENs-mediated GE events with two target sites 
were reported by Haun et al. [117]. Jacobs et al. [118] reported the first successful 
CRISPR GE in soybean. The majority of CRISPR/Cas9 research first concentrated on 
developing a GE system and analyzing its targeting effectiveness in hairy roots, and 
the multiplex property of CRISPR to target pairs of genes at the same time was also 
confirmed. Meanwhile, target gene knockout [119] and homology-directed recombi-
nation (HDR) in whole plants have both been successful [120].

5.1 Selection of a target trait

The function and properties of the genes influencing the target trait, including 
sequencing data, transcription data, copy number in target materials, and variances 
compared to the reference genome, should all be completely known. Genome 
sequencing and gene discovery in soybeans pave the door for GE. More than 46,000 
genes in the soybean genome have been predicted using a soybean reference genome 
assembly and Williams82 DNA sequences [121]. Hundreds of accessions of Glycine 
max and related species have recently been sequenced for new reference genomes, 
including a high-quality reference genome of a wild soybean W05 and a popular 
Chinese farmed soybean Zhonghuang 13 (ZH13) that was recently assembled  
[122–124]. Moreover, the soybean reference genome assemblies have been used 
to characterize hundreds of regulatory noncoding RNA loci, such as microRNA 
(miRNA) and phased small interfering RNA (phasiRNA) loci [125]. Comparative 
genomics can be used to examine all of the sequencing information in order to find 
potentially beneficial genes. More than 70% of these genes have been duplicated and 
survive as numerous copies as soybean is a paleopolyploid and the two duplication 
events occurred 59 and 13 million years ago, respectively. It is difficult to find genes 
that are linked to crucial agronomical properties including yield, protein, oil, and 
biotic and abiotic stress tolerance, which makes soybean breeding projects chal-
lenging [126–129]. As a result, finding the genes that govern significant agronomic 
qualities is crucial for trait selection in soybean genome editing. The fundamental 
problem for soybean improvement researchers has been a lack of understanding of 
gene activities and contributions to agronomically important target phenotypes. GE 
in soybean has concentrated on features with a clear genetic background, such as 
GmFAD2 for oleic oil content, based on existing knowledge.

5.2  Challenges and prospective for GE and related product development in 
soybean

In the last four decades, popular transgenic technology has been used to introduce 
foreign genes into crops, such as soybean, for desired qualities, and it has proven to be 
a viable option to expanding genetic resources. The random incorporation of trans-
genes in the genome, on the other hand, has triggered public outrage and rigorous 
government restriction, drastically increasing the cost and time required to generate 
a new variety. Instead of going through repeated back crosses to transfer a natural 
mutation in a traditional breeding method, GE technology allows crop breeders to 
integrate a desired feature into an elite background in a precise and predictable man-
ner. Traditional mutagenesis breeding introduces mutations that are indistinguishable 
from those induced by GE. The largest constraint for GE application in soybean, such 
as other crops [130], is a lack of GE candidate target genes due to poor foundational 
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research, as described above. Technical issues such as the inability to precisely mutate 
any target site, the lack of ways to deliver genome-editing reagents into soybean cells, 
the low efficiency of selecting desired events and regenerating intact plants with tar-
geted mutation, and off-site targeting are among the remaining bottlenecks. Through 
the use of newly developed GE technologies and a soybean regeneration system, 
several attempts have been made to reduce the restrictions and enhance the efficiency 
of recovering GE events. Additional challenges for GE product development include 
transgenic GE events, intellectual property restrictions, and government control of 
GE. Before GE can play a significant role in soybean improvement, these challenges 
must be addressed.

6. Success stories of CRISPR/Cas9 mediated in soybean (G. max L.)

The CRISPR-Cas9 method has been used to successfully mutate the genes 
GmFT2a, FAD2-2, and GmSPL9 in soybean modifying flowering time, seed oil 
profile, and plant architecture, respectively. This success implies that employing the 
CRISPR-Cas9 technology to improve soybean agronomical qualities is possible.

Targeted mutants of E1 gene controlling soybean flowering were generated. Two 
new types of mutations were discovered: 11 bp and 40 bp deletions in the E1 coding 
area, respectively, and frameshift mutations that resulted in premature translation 
termination codons and shortened E1 proteins, causing early blooming under long 
day conditions. Furthermore, by predicting and analyzing the probable off-target 
areas of E1 targets, no off-target effects were found. The shortened E1 protein disin-
hibited GmFT2a/5a, and boosting GmFT2a/5a gene expression led in evident early 
flowering in two new mutants with significantly decreased E1 gene expression [131].

7. Conclusions

Thanks to the CRISPR/Cas9-based gene-editing method, researchers may now 
change crop-specific traits more accurately and effectively. The CRISPR/Cas9 system 
has become the most frequently used and versatile technology in crop breeding and 
functional genomics. Its unrivaled ability to manipulate genes contributed in the 
development of a number of crop varieties with beneficial agronomic traits. Most 
crop-improvement gene-editing research, on the other hand, is still in the early 
stages of uncovering genomic function and regulatory pathways. Gene-edited crops 
are still a long way from becoming commercially available. In addition, gene-editing 
approaches have yet to meet all of the requirements for changing plant genomes. 
Because several quality-related variables are governed by many QTLs and altering 
individual genes may not generate significant phenotypic change, further develop-
ment will be critical for the use of CRISPR/Cas in plants. It might be possible to 
create a CRISPR/Cas-mediated chromosomal rearrangement technology that works 
well. Furthermore, delivering CRISPR cargoes remains a significant challenge. As 
a result, it would be advantageous to design new carrier materials. Aside from that, 
public concerns and the government’s rigorous regulatory policies on gene-editing 
technologies are another roadblock to plant breeding progress. Despite the remaining 
hurdles, gene-editing technology is expected to become more frequently used in the 
future and will undoubtedly play a significant part in crop quality enhancement like 
in soybean.
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Soybean Functional Proteins and 
the Synthetic Biology
Lilian Hasegawa Florentino, Rayane Nunes Lima  
and Mayla D.C. Molinari

Abstract

Recently, soybean consumption has increased, not only because of its potential 
for industrial and livestock use but also due to its beneficial effects on human health 
in the treatment and prevention of various diseases because soy can produce a wide 
number of functional proteins. Despite the soybean-producing high, elevated, nutri-
tive and functional proteins, it also produces allergenic proteins, harmful second-
ary metabolites, and carcinogenic elements. So, recombinant protein systems that 
mimic the structures and functions of the natural proteins supply a single tunable 
and valuable source of advanced materials. But the availability of the technology to 
produce synthetic functional proteins is still limited. Therefore, Synthetic Biology is a 
powerful and promising science field for the development of new devices and systems 
able to tackle the challenges that exist in conventional studies on the development 
of functional protein systems. Thus, representing a new disruptive frontier that will 
allow better use of soybean functional proteins, both for animal and human food and 
for the pharmaceutical and chemistry industry.

Keywords: soybean, synthetic biology, bioengineering, functional proteins, proteome

1. Introduction

Synthetic Biology allows for more sophisticated and complex engineering than 
the old genetic modification techniques. Involving scientific subjects and non-
biological engineering, including information technology, bioinformatics, and 
nanotechnology, synthetic biology strives to alter the organism’s genes on a scale 
much bigger – their genome! – rewriting your genetic code, all chemical instruc-
tions needed to project, assemble, and operate a living organism. To invent new 
ways of life via biochemistry, created in the computer and made from off-the-shelf 
chemicals, will not just revolutionize biology, but it will also profoundly influence 
the definition of life, including what it means to be human [1]. The creation of new 
life forms could be a little bit threatening, although this is just a possible approach of 
Synthetic Biology that follows all the ethical precepts of modern science and that just 
has advanced in the field of microbiology, through research involving the develop-
ment of the minimal genomes of a living organism, like, for example, the minimal 
genome of the bacteria Mycoplasma mycoides (JCV-Syn3.0) [2] and the project  
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Sc2.0 – Synthetic yeast Genome Project. Another approach less threatening and 
much more promising is the possibility of modifying existing organisms for “more 
useful” and economically applicable purposes, such as developing biofabrics to 
produce medicines or biofuels [3].

One of the oldest leguminous consumed by humankind, Soybean occupies an 
important place in the world food industry, offering oil and protein source consump-
tion and bran-rich in proteins for animal feed. Generally composed of ~35–40% 
protein, ~20% lipids, ~9% dietary fibers, and ~ 8.5% moisture based on the dry 
weight of mature raw seed [4]. Soybean as a protein biofactory/bioreactor for various 
industrial purposes (cosmetic, pharmaceutical, biofuel, food) is deeply studied due 
to several aspects inherent to its easy cultivation in a greenhouse and its rich genetic 
variability [5, 6]. Two possibilities are explored for protein production in soybean, 
one involves the production of cisgenic proteins and the other consists of transgenic 
protein production. A typical example of the potential to produce bioactive proteins 
using soybean is in the therapeutic market. This market moves over 100 billion dol-
lars worldwide and grows 20% annually. However, it is a market where production 
depends mainly on microorganisms and animals to sustain itself. Obtaining proteins 
from these organisms presents low productivity and high production cost, in the case 
of animals which involves debatable ethical issues [7]. However, with the advance-
ment of scientific advances in biotechnology, bioinformatics, and omics technologies, 
the soybean has been shown a more sustainable, safe, and cheaper alternative to 
producing bioactive proteins when compared to production by organisms already 
used [7, 8].

Soybean-based agriculture faces several productivity and global sustainability 
challenges, including emerging threats from climate change and diseases, forcing the 
rapid adoption of short-to-long-term genetic innovation methods. Thus, the field 
of Synthetic Biology (SB or SynBio) is prepared to offer several technological solu-
tions to rapidly improve the development of new soybean cultivars through genetic 
circuits, biosensors, metabolic engineering, and genome editing techniques. SynBio 
is a field of scientific research that integrates principles from mathematics, phys-
ics, engineering, and chemistry and applies genetic tools to develop bottom-up and 
top-down strategies to design technological products for industry, medicine, and 
agriculture (Figure 1). Thus, regarding the sustainable and technical management of 
soybeans (Glycine max), SynBio can usefully increase biomass production and harvest 
performance and dramatically transform existing genetic modification techniques. 
Furthermore, the omics tools have made remarkable progress [9–11] because there 
are few technical difficulties in obtaining complete soybean genomic sequences. 
However, the factor to be overcome is understanding the complex functioning and 
organization of the genome itself [12–18]. Thus, the combination of current genomic 
prediction, design, and synthesis techniques and the recently proposed genome edit-
ing methodologies could allow the rapid development of new bioreactor chassis for 
protein production [19–23].

Protein is one of the most important components in an essential diet for the 
survival of organisms; they supply adequate amounts of amino acids to the body. The 
availability of amino acids from food depends on various factors such as the source of 
the protein, prior protein processing treatments, interactions with other components 
of nutrition, their digestibility, absorption, and utilization in the organism [24]. 
Soybean is the most important source of low-cost proteins, producing more protein 
and oil per unit than any other leguminous crop, and it’s the most consumed legume 
worldwide due to its functionality and nutritional value [25]. According to the USDA 
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nutritional database, soybean seeds consist of about 36.5% protein, 19.9% lipids, 
30% carbohydrates, and 9.3% dietary fiber. Moreover, soybean is the largest source of 
protein used in livestock, 98% of soybean meal is used for animal feed (poultry, hogs, 
and cattle mostly), and only 1% is used to produce food consumed by the human 
population. Recently, the consumption of soybean proteins has increased due to some 
beneficial effects of their ingestion for human health in treating and preventing vari-
ous diseases, like cardiovascular diseases and various forms of cancer. Soybean-based 
agriculture faces several productivity and global sustainability challenges, forcing the 
rapid adoption of short-to-long-term genetic innovation methods. Thus, the research 
field of Synthetic Biology is prepared to offer several technological solutions to 
rapidly improve the development of new soybean cultivars through genetic circuits, 
biosensors, metabolic engineering, and genome editing techniques.

2. Synthetic biology applied to soybean crops

Plant Synthetic Biology has a wide range of applications in agriculture and the 
pharmaceutical and energy industry. In agriculture, genetic engineering can be 
applied to develop new cultivars that are resistant to herbicides, bugs, illness, and 
drought and can be used to alter the nutritional profile of a cultivar of interest. In the 
energy and pharmaceutical industry, SynBio allows the production of plant biofabrics 
for different compounds like remedies, vaccines, biofuel, etc. The major defiance of 
the Synthetic Biology implementation in agriculture is the time and the extensive 
outgoing involved in the propagation, transformation, and screening of the superior 
plants. Although there is an impulse in the plant biotechnology, following the devel-
opment of new technologies like genome editing based on CRISPR/Cas9 [26], speed 
breeding [27], key genomes sequencing [28–30], and the SynBio growth as a scientific 
field [31], the challenge goes on. For example, the huge size of the plant genomes 

Figure 1. 
Schematic representation of the concepts and applications of synthetic biology.
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and their polyploidy (wheat, for example, has a hexaploidy genome >15Gb [29]) has 
so far limited the efficiency of the site-specific genetic manipulations. Besides that, 
plants usually have fewer direct homolog recombination mechanisms (HDR) than the 
microbial [32]. However, some works have shown the homolog recombination mecha-
nism mediated by the CRISPR/Cas9 for obtaining genetically modified plants [33]. 
Thus, despite all prominent challenges for SynBio in Agriculture/Plant Biotechnology, 
new approaches have arisen to overcome the old problems.

Historically, the speed of productivity increase through classical breeding was not 
enough to meet the world’s demand for food. This lack has required genetic improve-
ment through biotechnology, thus by the 1980s, the development of molecular and 
plant transformation technologies delivered the first bioengineered genes into plant 
genomes. Limited yields due to climate stress, changes in pests and pathogens, heat 
waves, and other weather extremes − the new world reality due to global warm-
ing – forces biotechnology and molecular biology to evolve in a new disruptive and 
fast technology that allows the creation of a new productive and functional crop. 
Rapid crop improvement must influence naturally grown traits and transformative 
engineering driven by mechanistic understanding to produce the resilient production 
systems needed to secure future crops [34]– this will be the new Green Revolution. 
Currently, the most adopted genetically modified traits are herbicide and insect 
resistance in crops with large markets, such as soybean [35–37], canola [38] cotton 
[39], and corn [40, 41].

The challenges of modern agriculture are not restricted to the increment in 
production to attend to the huge world population growth. Therefore, actually, 
agriculture faces industry adaptations to digital and genetic technologies, carbon 
constraints, environmental and animal welfare legislation, the growing focus on 
“food as medicine” and their ethical production, risks associated with globalization 
and climate change, a global shift in diet and more discriminating customers in search 
of a wealthier world [30]. SynBio can overcome these obstacles, like the industry is 
a pioneer in the use of technological innovations, it is also the biggest beneficiary 
of advances in SynBio, but in recent years, primary sectors such as agriculture have 
benefited from this technological evolution.

According to the United States Department of Agriculture, most commercial 
releases of bioengineered soybeans aim to provide herbicide tolerance, biotic and abi-
otic factors, improved oil quality, improved yield, and growth (USDA, 2021; CTNBio, 
2021). However, many other traits need to be explored, such as superior nutritional 
contents and the capacity of cultivars to act as biofabrics of industrial products. 
Primary industries such as agriculture, fisheries, and forestry have benefited directly 
from advances in genetic research. It is estimated that about half of the 1−3% annual 
increase in productivity in crops and livestock to date has been driven by improved 
genetics, with genetic gain rates predicted to more than double with the implementa-
tion of emerging molecular technologies [42].

Soybean [Glycine max (L.) Merr.], the most consumed legume in the world, 
originated and domesticated in North-Eastern Asian regions, especially China and 
Korea, its consumption has been disseminated worldwide since it arrived in American 
colonies in 1765 [31]. Growing demand for a nutritious, quality, low-cost, low-
environment impact, source of protein to feed the growing human population turned 
soybean into one of the most important global agricultural commodities [43]. Because 
it is one of the major protein sources, such as food, for animal nutrition, including 
humans, livestock, pets, and fish, thus soybean seeds of commercial crops contain 
about 40% protein and about 20% oil [44]. In addition to being a source of protein, 
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Target trait Function target gene and technology Ref.

Yield

Plant 
Architecture

Alters plant height and internode 
length

CRISPR/Cas9 multiplex knockout of GmLHY / 
(GmLHY1a, GmLHY1b, GmLHY2a, GmLHY2b)

[58]

Shorter plastochron length CRISPR/Cas9 multiplex knockout of GmSPL9/ 
(GmSPL9a, GmSPL9b, GmSPL9c, GmSPL9d)

[59]

Control flowering time and plant 
height

CRISPR/Cas9 multiplex knockout of GmAP1/ 
(GmAP1a, GmAP1b, GmAP1c, GmAP1d)

[60]

Photoperiod Expand the regional adaptability CRISPR/Cas9 multiplex knockout of GmFT2a e 
GmFT5a

[61]

phenotypic diversity associated 
with important agronomic traits

BE base editor of GMFT2a and GmFT4 [62]

Affect photoperiodic flowering CRISPR/Cas9 knockout of GmPRR37 [63]

Nutrition and Quality

Storage 
Protein

CRISPR/Cas9 knockout:

Altered expression pattern of 
three storage proteins

Glyma.20 g148400 [64]

Glyma.03 g163500

Glyma.19 g164900

Seed Oil Increase of oleic acid rate and 
decrease linoleic acid content

TALENs targeted mutagenesis of GmFAD2- 1A 
and GmFAD2-1B

[60]

High oleic, low linoleic and 
α-linolenic acid

CRISPR/Cas9 multiplex knockout of GmFAD2- 
1A and GmFAD2-1B

[65]

Increase in oleic acid, a decrease 
of linoleic acid, and a higher 
protein rate

CRISPR/Cas9 multiplex knockout of 
GmFAD2-1A and GmFAD2-2A

[66]

Increase of oleic acid rate and 
decrease linoleic acid content

TALENs directly delivery of mutation in 
GmFAD3A in fad2-1a fad2-1b soybean plants.

[67]

High oleic and low linoleic acid 
rate

CRISPR/Cas9 mediated targeted disruption 
GmFAD2-2

[68]

Bean 
Flavor-free

Reduction of beany flavor CRISPR/Cas9 knockout GmLox1, GmLox2, and 
GmLox3

[69]

Abiotic Stress Tolerance

Herbicide 
Resistance

Chlorsulfuron-resistant CRISPR/Cas9 knock-in (HDR) of GmAls [70]

Fertile transgenic soybean with 
herbicide tolerance

ZFNs knock-in (NHEJ): aad-1 (2,4D tolerance 
maker)

[71]

dgt-28 (glyphosate tolerance maker) and dsm-2 
(glufosinate tolerance maker) at GmFAD2-1a 
locus

Nitrogen Fixation

Root 
Nodulation

gmric1/gmric2 double mutants 
with increased nodule numbers 
and gmrdn1-1/1-2/1-3 triple 
mutant lines with decreased 
nodulation

CRISPR/Cas9 multiplex knockout of 
GmRIC1 (Glyma.13 g292300) and 
GmRIC2 (Glyma.06 g284100), GmRDN1-1 
(Glyma.02g279600), GmRDN1-2 
(Glyma.14 g035100) and GmRDN1-3 
(Glyma.20 g040500)

[72]

Table 1. 
Roll some examples of engineered soybean crops with improved traits by synthetic biology. Based on [57].
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soy has recently been used to produce biofuels. Currently, the United States, Brazil, 
and Argentina together produce more than 80% of the world’s soybean crop. On the 
other hand, China is the largest soybean importer in the world, consuming 30% of 
the world’s soybean production [45]. Thus, the global soy market is governed by two 
major producers (the United States and Brazil, respectively), which produce around 
68% of the world’s crop, and a major consumer (China) [46].

The agriculture sector has a heavy history of fast improving new transformative 
techniques innovations, for example, in 2005−2006 the worldwide soybean produc-
tion was 220.809 million tons, already in 2021−2022 the production reached 385.524 
million tons (data from https://www.sopa.org/statistics/world-soybean-production), 
this increment can be attributed to the development of new disruptive genetic 
technologies. In the past, mutagenesis is presented as an alternative for classical plant 
breeding to increase genetic variation in soybean germplasm. Random mutagens 
techniques were normally used to introduce changes in genes aleatorily, including 
radiation (such as X-ray), fast neutrons, and gamma rays, chemicals (such as EMS 
(ethyl methanesulfonate)), and biological mutagenesis (such as T-DNA insertion 
and transposons) [47]. Although it is hereditary and stable, random mutagenesis 
demand intensive, specific, time-consuming, and expensive techniques to identify 
the intended phenotypes in the mutants [48], and in the most cases, it is impossible to 
locate and obtains the specific allele to determinate function due to the imprecision of 
the random mutation [43].

In this way, to solve this challenge, in the last 20 years, with the advent of the 
SynBio, new biotechnologies based on site-directed nucleases (SNDs) or site-specific 
nucleases (SSNs), such as Zinc Finger Nucleases (ZFNs) [49, 50]. Transcription 
Activator-Like Effector Nucleases (TALENs) [51, 52] or the Clustered Regularly 
Interspaced Short Palindromic Repeat (CRISPR) [53, 54] has been developed for 
generation of site-specific mutagenesis and, as the multiple SDN platforms are a 
very useful tool, they have been integrated into the new and actual plant breeding 
programs[55, 56]. Thus, with the rise of the SynBio tools and techniques, there was 
an exponential acceleration in the speed, quality, and several launches of new com-
mercially interesting crops and, on the other hand, a great reduction in costs and time 
spent. These new approaches also increased the scope and size of genetic variability 
available for crop improvement, allowing the creation of diverse new engineered 
soybean crops for a wider range of traits (Table 1).

3. Soybean as a protein source

According to the Poverty and Shared Prosperity Report, after the pandemic, the 
estimative world percentage of people in extreme poverty (characterized by a daily 
income up to U$1,90) will reach about 9.1% to 9.4% of the world population. This 
estimate is alarming because, before the pandemic, it was estimated that poverty 
would fall to 7.9% in 2020. Unfortunately, people in poverty have a low caloric intake 
and nutritional deficiencies, especially regarding access to micronutrients and 
essential amino acids [73]. Food proteins, from animal or vegetable sources, supply 
the essential amino acids important for the construction and maintenance of the basic 
body structures therefore, they are fundamental for the right physical and mental 
development of children. Vegetable proteins represent a low-cost source of nutrients 
and energy, but, in many cases, they are poor in highly digestible essential amino 
acids. Experts predict a large increase in the world population. Consequently, the 
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demand for plant proteins will increase in the same proportion due to the low cost and 
lower environmental impact of their production [74].

For centuries, humankind has cultivated seed crops as a protein source, legumes 
and cereals, as the principal cultivated crops. These cultures currently provide more 
than 70% of the protein for human consumption. Nonetheless, legumes accumulate 
higher quantities of protein in contrast to cereal, and among the legume crops, 
soybean is the one with the highest percentage of proteins [75]. Soybean seeds are 
a rich source of high-quality digestible proteins and contain all the essential amino 
acids found in animal proteins, without cholesterol and with a low level of saturated 
fatty acids [76]. Most soybean seed components, including proteins and peptides, 
isoflavones, saponins, and protease inhibitors, have been shown to have biological 
activity [77, 78].

The principal advantages of soybean as a protein source are (1) good balance in 
amino acids composition, containing all the essential amino acids; (2) presence of 
components physiologically beneficial to human health, which are shown to lower 
the cholesterol and reduce the risk of hyperlipidemia and cardiovascular diseases; 
(3) excellent processing ability, as emulsification, gelling, water- and oil- holding 
capacity; and (4) excellent nutritional and functional properties of their proteins, 
for example, solubility, emulsifying, film-forming and foaming properties[79, 80]. 
Their composition varies according to the variety, location, and conditions of its 
planting, such as climate and farming practices [76] and besides that, stimuli, like 
genetic modification, can also modify protein profile, expression, and accumulation 
rates [81].

Soybean proteins can be classified into four main groups: albumins, globulins, 
prolamins, and glutelins [82]. Based on solubility patterns, soybean proteins can 
be classified into two categories, albumins (water-soluble) and globulins (salt 
solution-soluble), which represent the primary protein type [83]. When separated 
with ultracentrifugation, two major storage proteins can be identified, glycinin 
(11S) and β-conglycinin (βCG, 7S), corresponding, respectively, to ~40% and ~ 50% 
of soy proteins amount [81] corresponding to the largest mass of the soy seed. The 
sedimentation coefficient values are a more precise pattern for identifying soybean 
proteins, where larger S (Svedberg units) numbers correspond to a larger protein. 
By ultracentrifugation under appropriate buffer conditions (0.5 ionic strength and 
pH 7.6), soybean proteins can be separated into four main groups, 2S, 7S, 11S, and 
15S fractions [84]. While the 2S fraction (20% of total proteins) contains the most 
albumins, such as 2S globulin, cytochrome C, Kunitz trypsin inhibitor, and Bowman-
Birk trypsin inhibitor, both the inhibitors are associated with delayed growth in 
children [84, 85]. The globulins are mainly present in 7S, 11S, and 15S fractions 
of soybean proteins. Like the 2S fraction, the 7S fraction (40% of total protein) is 
also highly heterogeneous, containing β-conglycinin, α-amylase, lipoxygenase, and 
hemagglutinin [86], and the 11S fraction (30% of total protein) consists of only the 
glycinin, which is the major protein in soybean seeds. The β-conglycinin and the 
glycinin correspond to the major component of storage proteins. The minor compo-
nent, typically about 10% of the total proteins, the 15S fraction, maybe be a polymer 
(possibly a dimer of glycinin) [84].

3.1 Soybean-based meat

The plant-based meat industry is focused on developing burgers, patties, mince, 
and sausages. Besides that, at the moment, the production of the primary meat cuts, 
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such as steak, is not the primary search worry, due to their structure composition 
complexity, many groups have progressed in the research of synthetic beef. Between 
the commercially available plant-based meat, the Beyond Burger (BB) and the 
Impossible Burger (IB) can be highlighted. The main ingredients of this burger can 
vary, but usually, it contains soy protein, wheat gluten, egg protein, or milk proteins. 
In the specific case of BB, non-genetically engineered ingredients such as beetroot are 
incorporated to give red color to meat analogs and promote the feeling of a “bleeding” 
meat when cooked [87, 88].

At the beginning of the 21st century, meat analogs entered the mainstream due to 
the demand for healthy foods, and the worry about the sustainability implications of 
the consumer’s diet continued to increase. Also called meat substitute, meat alterna-
tives, fake or mock meat, and imitation meat, the meat analog is, for definition, the 
product of replacing the main ingredient with meat [89]. The search for sustainable, 
healthy, and tasty meat analogs started in the early 1960s [90].

Usually, the meat analogs found in the markets are advanced plant-based meat. 
The texture and taste are like the conventional meat, which uses plant-derived 
ingredients that have attributed almost exactly to animal-derived meat and can be 
indistinguishable from their animal-based equivalents. The biggest challenge for food 
producers is developing acceptable quality meat analogs because their characteristics 
depend on the ingredients used. Plant-based meat needs to be unfolded, cross-linked, 
and realigned to form microscopic and macroscopic fibers [89]. Different techniques 
are applied to plant-based meat proteins to improve their “meat qualities” to texture, 
processes such as extrusion, spinning, and simple shear flow have been used [91]. To 
solidify the structure, following the previous treatment, heating, cooling, drying, or 
coagulation can be applied [92].

Among the vegetables used to produce plant-based meat, the soybean stands out 
due to the presence of the leghemoglobin protein that mimics animal myoglobin. 
The soybean-based meat was the first kind of plant-based meat; in the early 1960s, 
traditionally, soybean proteins were used as ingredients for food analogs such as tofu 
and tempeh (fermented soybean cake). These products were made basically by simple 
processing/fermentation techniques and have been highly consumed in southeast 
Asia countries for centuries since 965 BCE [93]. In addition to these traditional Asian 
products, in the mid to late 20th century, the Texturized Vegetable Protein (TVP) was 
introduced as meat alternative, obtained from the extruded defatted soybean meal 
soybean proteins concentrates or wheat gluten, made most from soybeans [94, 95].

Meanwhile, Soybean Leghemoglobin (SLH) is used in IB, whose function is not 
only to provide red-colored liquid mimicking the ‘bleeding’ of minced meat but can 
also impart a meat flavor profile in plant-based products of meat [96]. SLH is a close 
structural ortholog of animal myoglobin that plays a crucial role in the consumption 
of animal-based meat because, during the cooking, this especially abundant heme 
protein unfolds and exposes the heme cofactor, responsible for the catalyzes the 
transformation of the amino acids, nucleotides, vitamins, and sugars naturally pres-
ent in animal muscle tissue, into a mainly specific and diverse set of flavor and aroma 
compounds, which combination creates the distinctive and unmistakable meat flavor 
[96]. SLH, in your turn, acts the parallel role of unfolding under cooking, releasing 
their heme cofactor to catalyze the transformation of the same ubiquitous biomol-
ecules, isolated from plant sources, into a wide range of compounds that mimic the 
unique meat flavor and aroma [97].

Besides all these advantages, in many cases, the plant-based meat can present 
insufficient rates of essential amino acids and trace elements, which can become more 
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challenging to produce plant-based products that perfectly mimic the meat’s nutri-
tional values, such as the meat flavor and aroma [89]. The SynBio rises like an efficient 
approach that will allow the perfect plant-based meat production. By engineering 
the plant’s existing compounds, like SLH, into more “animal-like” compounds and 
by creating and introducing artificial and synthetic compounds that can improve the 
meat quality. This development can be achieved by protein and metabolic engineering 
with the aim to produce the needed ingredients to create a synthetic mimic of plant-
based meat.

3.2 Proteomics studies in soybean

Proteomics is a useful tool for examining changes in protein profile generated 
by the response to various external or internal stimuli such as salt concentration, 
drought, desiccation, cold, heat, mineral toxicity, mineral deficiency, mutations, 
and gene introduction or silencing. In addition, proteomics can analyze differences 
in nutrition-relevant food proteomes, such as identifying marks for the quality of 
processed foods [98].

It is safe to work with soybean because several materials about their genetic 
information are available in the literature. A high-quality soybean genome (Wm82) 
is currently available in databases and is used as a reference for several studies involv-
ing omics [12]. Genomes of wild and cultivated soybeans are also available. Recently, 
the genome and proteome of a highly productive tropical Brazilian species (BRS 537) 
(EMBRAPA, 2021) are deposited in NCBI in accession GCA_012273815.2. In addition, 
data from several soybean proteomes under several conditions are also available for 
prospecting proteins. All these data provide solid information about the genetics and 
behavior of the crop, facilitating the identification of targets of interest with preci-
sion. Species proteomic sets are one of the richest materials for finding these targets, 
as they indicate that genes present in the genome are being translated into functional 
proteins.

The fact that soybean is naturally rich in protein content (40%) demonstrates a 
wide range of protein material to be explored, which is why soybean proteomes are 
widely studied worldwide. The search for new targets and potential uses is getting 
bigger every day. Currently, with large-scale proteomics, the isolation of a greater 
number of proteins is made possible, and much remains to be explored in this crop 
[99]. In addition to the genetic variability and availability of data on the culture, its 
importance in producing recombinant proteins for industrial purposes is also due to 
several other factors. How reducing production costs, easy cultivation in the green-
house, high protein/biomass ratio, production safety, dosage accuracy allow generat-
ing of marketable formulations that may not require purification, low technology 
sustainability for the production line, reducing the risk of contamination, scalability, 
and minimal waste production. No other protein expression technology is as efficient 
as the soybean system [7].

The state-of-the-art studies involving proteomic analysis of soybean seeds in the 
last 16 years are described in Table 2. Since 2005, 50 articles that evaluated the set 
of proteins in soybean seeds were computed, these studies involve a wide range of 
proteomic scenarios that come helping in the screening for proteins that can play roles 
in metabolic pathways for the synthesis of essential amino acids, bioactive proteins, 
tolerance to various environmental factors, production of sustainable fuels, and 
 others [139], besides providing increasingly solid knowledge about the behavior of 
the crop under different conditions and stages of development.
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Objective Tissue Methodology Ref.

Protein profile in 
conventional soybean

Mature Seed 2-DE; MALDI-TOF-MS; LC/MS-MS [100–104]

All seed stages 2-DE; MALDI-TOF-MS [105]

Mature Seed 2-DE; MALDI-TOF-MS [106–108]

NanoUPLC-MS [109]

SDS-PAGE; MALDI-TOF-MS; ESI-Q-
TOF MS

[110]

NanoHPLC-MS/MS [111]

SDS-PAGE; LC-MS/MS [112]

Seed in 
development

2-DE; LC-ESI-MS/MS [113]

2-DE; nESI-LC-MS/MS; Sec-MudPIT [114]

2-DE; LC-MS-MS [115]

MS/MS [116]

Seed cotyledons 2-DE; MALDI-TOF-MS [117]

Germinating 
Seeds

2-DE; MALDI-TOF/MS [118]

SDS-PAGE; LC-MS/MS [119]

Protein profile in soybean 
with high protein content

Mature Seed 2-DE; MALDI-TOF-MS [120–122]

2-DE; SDS-PAGE; LC/MS-MS [123]

Tandem Mass Tag -TMT; LC-MS/MS [124]

Protein profile in 
transgenic soybean

Mature Seed 2-DE; MALDI-TOF-MS [125]

SDS-PAGE; 2-D PAGE; MALDI-QTOF 
MS/MS

[126]

SDS-PAGE [127]

Seed Cotyledons ITRAQ; LC-MS/MS [128]

Germinating 
Seeds

LC-MS-MS [129]

Protein profile of mutated 
soybean

Mature Seed SDS-PAGE [130]

2-DE; MS/MS [131]

Tandem Mass Tag -TMT [132]

Protein profile of 
Chernobyl area soybean

Mature Seed 2-DE; MS/MS [133]

Protein profile under High 
temperature

Mature Seed DIGE; MALDI-TOF MS; MS/MS [134]

Protein profile under salt 
stress

Germinating 
Seeds

2-DE PAGE; MALDI-TOF-MS [135]

Protein profile under high 
temperature and humidity 
stress

Seed in 
development

2-DE; MALDI-TOF-MS [136]

Protein profile under 
biological fermentation

Meal – SBM 2-DE; LC-MS-MS [137]

Protein profile under 
chilling temperature

Germinating 
Seeds

2-DE; MALDI-TOF/MS [138]

Table 2. 
Studies involving proteomics analysis in soybean seeds.
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Proteomes for studies of nutritional factors are also widely observed in the 
literature, as they directly influence protein digestibility. Natarajan and team [107]
investigated protein and genetic profiles of Kunitz trypsin inhibitors (KTIs) in 
seeds of 16 different soybean genotypes that included four groups consisting of wild 
soybean (Glycine soja), ancestor of cultivated soybean. They identified that KTI exists 
as multiple isoforms in soybean. The authors noted that the number and intensity of 
proteins between wild and cultivated genotypes varied. These data suggest that the 
greatest variation in protein profiles occurred between wild and cultivated soybean 
genotypes rather than between genotypes in the same group. However, genetic 
variation of genes related to KTI1, KTI2, and KTI3 was detected within and between 
groups (Figure 2).

A proteomic study on developing soybean seeds (G. max var. Mindou 6) showed 
48 differentially expressed proteins [109]. Among these proteins, 25% were related 
to protein destination and storage, 42% to energy and metabolism, 15% to disease/
defense, 6% to transporters, 4% to secondary metabolism, 4% to transcription, 2% 
to the synthesis of proteins and 2% for cell growth/division. It was observed that 
with the maturity of the seeds, the number of proteins varied, some decreased, and 
others increased their concentrations. The sucrose-binding protein (SBP) 2 precur-
sors, which can contribute to improving the digestibility, nutritional value, and food 
quality of seeds, were increased with maturity (Figure 2).

4. Soybean functional proteins

The function proprieties of proteins are physicochemical aspects that influence 
the behavior of proteins in food preparations, for example. Based on epidemiological 
studies, soybean consumption has been associated, for many years ago, with several 
potential health benefits in reducing chronic diseases such as insulin resistance/type 
II diabetes, cardiovascular disease, obesity, certain types of cancer, and immune 
disorders [76]. Nowadays, it is already proven that soybeans are a rich source of 

Figure 2. 
Examples of conventional soybean seeds are characterized by functional annotation. Label: BR16; BRS 257, BRS 
258, Embrapa 48, BRS 267; Mindou 6; Maverick. Numbers represent the percentage of protein in each category.
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phytochemicals, and many of these compounds have important benefits to human 
and animal health. Among these phytochemicals, phytoestrogens, mainly isoflavones 
(genistein and daidzein) and lignans, usually get more attention [140]. Nonetheless, 
in recent years, those physiological functions have been attributed to soybean proteins 
intact or more commonly bioactive and functional peptides derivate from soybean 
processing. These bioactive peptides are small protein fragments produced by enzy-
matic hydrolysis, fermentation, food processing, and gastrointestinal digestion of 
larger soybean proteins [141], showing multiple beneficial metabolic effects [78, 142].

The soybean seeds contain ~38% protein, ~18% oil, ~30% carbohydrates, ~14% 
moisture, ash, and secondary metabolites, are a considerable source of vitamins (A, 
thiamin, riboflavin, pyridoxine, and folic acid) and minerals (Fe, Zn, Mg, K, Ca, Mn, 
and Se), phytoestrogens and fibers, as well as a widely important source of protein 
[143]. More important than quantity is the quality of the proteins found in soybean, 
all eight essential amino acids, which are necessary to human nutrition, but are not 
produced by the human body, are found in soybean. While the sulfur-containing 
amino acids (methionine and cysteine) are a limiting factor with a chemical score of 
47, compared to 100, as ideal protein for human nutrition [144], soybean proteins are 
an extraordinary source of lysine.

The two major storage proteins, glycinin (11S) and β-conglycinin (βCG, 7S), are 
considered naturally bio-inactive, but different ratios of βCG and glycinin may have 
other nutritional and physiological effects. However, many bioactive peptides are 
inert while still constituting a larger protein but become activated when released 
from the original structure by gastrointestinal digestion, enzyme and food process-
ing, or fermentation. These peptides common are 2 to 20 amino acids in length and 
can be absorbed by the human intestine, falling into the bloodstream, where they 
can exercise systemic or local physiological effects in target tissues [76]. It has shown 
a difference in the human intestinal absorption of 11S peptides compared to 11S 
globulin or amino acids mixture, being that the 11S peptides take to a significantly 
greater increase in venous blood amino acids concentration. This difference is more 
notable for aromatic and branched-chain amino acids, which could indicate that 
hydrolyzed soybean proteins are faster and more efficiently absorbed in the human 
intestine [145].

Thus, in the last decade, the focus of research on the functionality of soy-based 
foods has shifted from proteins to bioactive peptides. Moreover, numerous bioac-
tive soybean peptides have been identified with widespread beneficial physiological 
effects, such as anti-diabetic, anti-cancer, hypotensive, anti-inflammatory, antioxi-
dant, and lipid-lowering (hypocholesterolemic, hypotriglyceridemic, anti-obesity) 
(Table 3) [76]. Among these is the lunasin, one chemopreventive peptide that 
consists of 43 amino acids residues with a C-terminal of nine aspartic acid and cell 
adhesion motif, enabling the binding to non-acetylated H3 and H4 histones, prevent-
ing their acetylation, which gives they the anti-carcinogenic activity [160, 169].

Lectin (hemagglutinin or agglutinin), a highly specific carbohydrate-binding pro-
tein with an important role in biological recognition, can be founded in soybean seed, 
~0.2–1% of total protein [171]. Trypsin and protease inhibitors encompass several 
proteins and peptides, such as the Bowman-Birk protease inhibitor (BBI), the Kunitz 
trypsin inhibitor (KTI), and lunasin. BBI is a small protein of ~10 kDa, belonging 
to the serine protease inhibitor family, that mightily interacts with trypsin and/or 
chymotrypsin and strongly inhibits their enzymatic function [172]. The soybean KTI 
consists of a protein of ~20 kDa, with a single polypeptide chain cross-linked by two 
disulfide bridges, which inhibits trypsin and, at a lesser rate, chymotrypsin [171]. 
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Both soybean lectins and protease inhibitors usually have been classified as antinu-
trients because they may lower the nutritional value of soybean. Therefore, their 
consumption has shown preventing effects against many diseases, such as cancer. The 
BBI already demonstrated an anti-inflammatory function that prevents the develop-
ment of cancer and coronary diseases [171, 173].

In addition to these proteins with known functions and characteristics, several 
aspects of human health are attributed to soybean proteins. The proteins of many 
animal species show a high-fat content that can be implicated in increasing blood 
cholesterol, triglycerides, and Low-Density Lipoprotein (LDL-c), which stimulated 
the search for other protein sources [143]. Studies about the soybean protein con-
sumption effect on subjects with hypercholesterolemia concluded that it could reduce 
total blood cholesterol, triglycerides, and LDL-c levels [174]. In 1999, the US Food and 
Drug Administration (FDA) approved the label for foods containing soybean proteins 
as protection against coronary heart disease. Its potential role in reducing risk fac-
tors for cardiovascular disease is one of the highest causes of death worldwide [143]. 

Soybean 
Protein 
Source

Bioactive Peptide Properties Ref.

βCG YVVNPDNDEN Hypocholesterolemic [146, 147]

YVVNPDNNEN

LAIPVNKP ACE inhibition [77, 148]

LPHF

Glycinin IAVPGEVA Hypocholesterolemic 
Anti-diabetic

[147, 149–151]

IAVPTGVA [147, 149, 152, 
153]

LPYP [146, 147, 150, 
154, 155]

VLIVP ACE inhibition [77]

SPYP

WL

SFGVAE Hypocholesterolemic [150]

HCQRPR Phagocytosis stimulatory peptide [155–157]

QRPR

Lunasin SKWQHQQDSCRKQKQ 
GVNLTPCEKHIMEKIQ 
GRGDDDDDDDDD

Antioxidative Anti-inflammatory 
Anti-cancer Hypocholesterolemic

[77, 141, 
157–159]

Bowman-
Birk 
Inhibitor

Anti-cancer Proteinase inhibition 
Chemoprevention

[160–168]

Soybean 
Protein

YVVFK; IPPGVPYWT; 
PNNKFPQ; NWGLPV; TPRVF

Hypotensive [157, 169, 170]

WGAPSL; VAWWMY; 
FVVNATSN

Hypocholesterolemic [77, 155, 157]

Table 3. 
Some examples of the principal soybean bioactive peptides and their properties. Adapted from [76].
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Soybean proteins can positively impact the angiotensin-converting enzyme (ACE) 
activity, acting as ACE inhibitor peptides that can be released enzymatically from a 
larger protein precursor in vivo during gastrointestinal digestion and in vitro by food 
processing. These peptides can reduce blood pressure by limiting the effects of ACE 
II in vasoconstriction and improving the vasodilatory effects of bradykinin, a potent 
endothelium-dependent vasodilator and mild diuretic [175, 176].

4.1 Synthetic biology applied to functional proteins

Being a wide broad domain with many new and emerging fields, SynBio can give 
the necessary tools to face many of the challenges of the modern world. The inherent 
complexity and redundancy of the plant genome represent a problem to be solved by 
SynBio, too, for this, it applies the most important engineering principles: decoupling, 
abstraction, and standardization [177]. Decoupling is the simplification of complex 
problems into smaller ones that can be solved individually. Abstraction divides the 
topology of information into hierarchical levels, allowing limited and selected data to 
be exchanged between levels. Standardization is used to determine and characterize 
orthogonal parts and standardized conditions for testing. Engineering a biological 
system is one method to manipulate information, process chemicals, provide food, 
constructing materials, and help to maintain or enhance human health and our 
environment [178].

Plants are the great chemist of nature, being a perfect platform for SynBio 
approaches. The rise of SynBio broadened the horizons of plant engineering. 
However, as SynBio is still dependent on existing transformation techniques, the 
major challenge to implementing SynBio in the production of modified interest plants 
is the time and expense involved in the propagation, transformation, and screening 
of higher plants [39]. But with, the application of the SynBio approach in other fields 
of functional, protein production, like food production systems, will save water 
resources, improve land-use efficiency, and avoid the use of pesticides and fertilizers 
[179]. In addition, the SynBio based functional proteins and food manufacturing sys-
tems are less affected by uncontrollable environmental factors and are easier to carry 
out according to high-quality standards and scale at an industrial level. By construct-
ing cell-based food factories, foods such as plant-based meat analogs, animal-free 
bioengineered milk, and sugar substitutes can be created from completely renewable 
resources [179].

Soybean proteins have been widely used to produce many protein-based food 
formulations due to their excellent nutritional and functional properties. Physical 
modification, chemical modification, and enzymatic modification have been 
applied to improve the functional aspects of soybean proteins [80]. But to overcome 
the future food and global climate challenges, just improvement in processing 
techniques is not enough, it is a critical step in the development of new soybean 
varieties that can be able to meet both the demands of the consumer market and 
the producers. In many cases, the traditional plant breeding cannot attend to this 
demand, proving to be necessary classical and, mainly, new genetic engineering 
techniques to add value to the soybean crop, such as reduction of allergens and 
antinutrients factors along with the increase of quantity and quality proteins, oil, 
and carbohydrates [98].

The first option for the improved soybean crops in a “functional way” is the 
generation of genetically modified varieties. For example, the genetic engineering 
techniques, such as CRISPR-Cas9, represents a great opportunity to improve the 
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nutritional value of soybean-based foods, for instance, by developing carotenoid-
enriched functional crops and oilseeds crops with elevated levels of omega 3 fatty 
acid [39]. Besides the increment/silencing of the expression of target genes, soybean 
can also represent an important vehicle for the creation of bio fabric, to produce 
a wide range of bioactive compounds by the heterology expression of desirable 
genes or by the metabolic engineering of the plant. For example, based on classi-
cal genetic transformation techniques, soybean has already been used to produce 
functional human growth hormone and coagulation factor IX [180]; and anti-HIV 
Cyanovirin-N [181].

5. Conclusion

Soybean seeds are an excellent source of proteins, as they provide all essential 
amino acids and a promising source of biologically active proteins/peptides with a 
wide range of effects such as anti-diabetic, anti-hypertensive, anti-cancer, antioxi-
dant, anti-inflammatory, hypolipidemic, immunostimulatory, and neuromodulatory 
properties. However, soybean has a low content of sulfur amino acids, and many 
consumers may exhibit allergenic and antinutritional reactions due to the presence of 
certain proteins and peptides, such as protease inhibitors. But the same inhibitors, like 
KTI and BBI, show anti-cancer and anti-inflammatory activity, respectively. Thus, 
the future of soybean-based foods is not just about the classic plant breeding and/
or new processing techniques to remove undesirable characters because they may be 
interesting for other applications. SynBio rises as a modern solution to create a more 
“consumable” soybean, through protein and metabolic engineering, to remove just 
the exact allergenic and antinutritional factors. In addition, soybean can be a great 
platform to create biofabrics combined with SynBio techniques.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 12

Innovative Application of Soy 
Protein Isolate and Combined 
Crosslinking Technologies to 
Enhance the Structure of  
Gluten-Free Rice Noodles
Moses Ojukwu and Azhar Mat Easa

Abstract

Soy protein isolate (SPI) may serve as a health-enhancing functional ingredient in 
many food products due to the content of isoflavones. However, the high protein  
content may also be exploited as a structure modifier in gluten-free noodles. We 
applied Soy protein isolate to improve rice flour noodles’ structure, textural, and 
cooking properties by combining cross-linking and cold gelation of soy protein isolate 
using microbial transglutaminase and glucono-δ-lactone, respectively. The simultane-
ous cross-linking yielded noodles with improved structure and textural properties, 
mainly due to a more robust microstructure resulting from an increase in intermo-
lecular protein cross-linking promoted by microbial transglutaminase and glucono-δ-
lactone. However, the structurally enhanced noodles showed longer cooking time and 
reduced cooking yield upon drying. This was solved by employing pre-drying steam-
ing treatments for 5 or 10 min to yield noodles with shorter cooking times, lower cook-
ing losses, and improved cooking yield. We have also developed an alternative process 
technology using superheated steam (SHS) technology. The superheated steam 
technology made it possible to open up the structurally enhanced air-dried noodles by 
promoting faster gelatinization, as evidenced by reduced enthalpy, increased cooking 
yield, and sustained crystallinity of the starch granules noodle matrix.

Keywords: soy protein isolates, noodles, texture, cross-linking, cooking properties

1. Introduction

Soy protein contains all essential amino acids, and its consumption has been 
beneficial to human physiological needs as it lowers cholesterol and reduces the risk 
of coronary heart and cardiovascular diseases [1, 2]. Soy protein has been used in food 
systems for its excellent gelling, water-holding capacity, sensory and functional proper-
ties [3]. Soybeans have been an excellent source of proteins in Asia and are consumed in 
various forms, such as soymilk, soy curd (tofu), and fermented soy paste (miso).
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Soy protein isolates (SPI) are produced by removing the oil content of soy 
proteins. When the pH of aqueous soy proteins is reduced to pH 4.5–4.8, they are 
separated into whey fractions and storage globulins. SPI comprises different proteins, 
and the essential components are grouped into 2S,7S,11S, and 15S, representing 
their sedimentation coefficients when subjected to a centrifugal field, with the 
β-conglycinin (7S) and glycinin (11S) being the majority. While the former lacks 
disulfide bonds, glycine has a more compact structure equilibrated by disulfide bonds 
and thus possesses lower gelling, emulsifying, and foaming capacity when compared 
with β-conglycinin [1]. Because of this, SPI has been used to affect the textural and 
structural properties of noodles [2].

The consumer acceptability of noodles is dependent on the overall texture of rice 
noodles [3]. The texture of noodles is simply the surface mouthfeel and the resistance 
to chewing and the textural properties of noodles are influenced by various factors, 
such as the properties of the type of flour, such as amylose/amylopectin ratio of 
starch, the protein, and lipid composition, the processing conditions, and the thermal 
properties of the flour [4].

The Texture Profile Analyzer (TPA) proposed by Szczesniak [5] can be used to 
measure the textural properties of solid food materials, including rice noodles [6]. 
The TPA method is a 2-time compression type test from which parameters, such as 
hardness, chewiness, adhesiveness, cohesiveness, fracturability, springiness, gummi-
ness, chewiness, of the noodles can be obtained [7]. It is the most straightforward and 
frequent technique to relate instrumental measurement with sensory evaluation.

Hardness is the force required to cause a pre-determined deformation. It also 
measures the resistance of noodles to compressions which is the maximum force of 
the first compression [6]. The amount of energy required to break down the noodles 
while chewing before swallowing is expressed in chewiness. Cohesiveness demon-
strates how well the noodles withstand the second deformation and influence chewi-
ness by indicating the extent of the structure breakdown throughout chewiness [7]. 
While the degree of adherence of the noodle on the probe after the first compression 
is the adhesiveness of the noodle [5], the noodles’ ability to return to their original 
shape after compression is called the noodle’s springiness.

In noodles’ research, cooking parameters indicate the impact of the noodles’ 
structure on sustainability [8]. The cooking quality of noodles can be evaluated by 
measuring the length of cooking time, the cooking loss, and the cooking yield. The 
cooking quality of noodles is critical to noodles’ sensory and textural properties [8]. 
Starch gelatinization, protein coagulation, and other structural changes occur in pro-
teins during cooking. These account for how long it takes to get the noodles properly 
cooked, their water retention capacity, and their ability to withstand the cooking 
processes and maintain their structure.

Consumers show a preference for noodles with short cooking time, less cooking 
loss, and high cooking yield [8, 9]. Noodles are usually cooked in boiling water. The 
optimum cooking time is the time, it takes for the white core in the center of a noodle 
strand to disappear [10]. Rice noodles cook faster than wheat-based noodles. This is 
because the primary raw material for rice noodles, rice flour, does not contain gluten. 
Robust protein networks by gluten limit water ingress into the noodles, thus elongating 
the starch gelatinization, a precursor for the noodles to be cooked [8, 11]. The cooking 
time of rice noodles is influenced by the rice starch properties and other additives, such 
as hydrocolloids and starches. Rice noodles prepared by blending rice flour with other 
starches have a longer cooking time due to alteration in the starch’s gelatinization tem-
peratures, which ultimately expanded the water retention capacity of the noodles [12].
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The cooking loss of rice noodles shows the number of substances lost from the 
noodles during cooking. It is indicative of the structural integrity of the noodles. Rice 
noodles with high cooking loss are undesirable because they become sticky due to 
increased leaching of amylose and starch recrystallization. According to the Chinese 
standard for starch-based noodles, noodles with a maximum of 10% cooking loss 
are acceptable [13, 14]. Rice noodles prepared from rice flour with high amylose 
content have less cooking loss. Also, the inclusion of protein isolates and protein 
cross-linking impart some form of structural integrity on the noodles, minimizing 
the cooking loss [15].

Cooking yield can be used to estimate the water retention capacity of the noodles. 
During cooking, noodles absorbed water and increased weight [9, 16]. The differences 
in the cooking yield of rice noodles with noodles made from wheat and other flours 
are due to differences in amylose concentrations, swelling power, and the pasting 
properties of starches from different sources [12].

2. Gelation of soy proteins

The ability of SPI to form gel is an essential functional property for its use in 
noodle structure modification [17, 18]. Soy proteins are susceptible to denaturation 
when thermally treated. Heat exposes the hydrophobic groups in proteins, increasing 
hydrophobicity, decreasing net charges, thus promoting protein networks [19]. In the 
heat-induced process, aggregation, network formation, and the unfolding of the 
hydrophobic parts are interwoven (Figure 1). Cold gelation could be achieved by 
introducing an acidulant such as glucono-δ -lactone that releases gluconic acid slowly 
into the system to promote gelation of thermally aggregated protein molecules.

The gelation and coagulation of SPI have involved hydrophobic and covalent 
cross-links [20]. SPI gels can be enhanced using microbial transglutaminase (MTG), 
which is a well-known food-grade enzyme that utilizes the acyltransferase process 
to join the γ-carboxamide (acyl donor) of a glutamine residue to the γ-amine (acyl 
acceptor) of lysine residues along protein chains. The cross-linking action of MTG on 
SPI in noodles has been shown by Ojukwu et al. [18]. Upon examination using sodium 

Figure 1. 
Conversion of native globular protein into a protein network according to the heat-induced or cold gelation 
procedure (ΔT = change in temperature, [I] = iso-electric point).
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), it was evident that 
protein networks formed after incubating for 30 min.

3. Innovating functional (health-enhancing) noodles

In the beginning, we have innovated health-enhancing noodles by employing 
banana peel or banana pulp flours [21]. It was quite possible to use banana peel flour 
to replace that of wheat partially. Banana peels which make up almost 40% of the 
fruit can control starch hydrolysis in noodles. In this study, cooked noodles made 
from Cavendish banana peel flour were characterized for physicochemical properties, 
including elasticity, pH, tensile strength, and color. Banana peel noodles exhibited 
higher elasticity and lower glycemic index than the control (wheat noodles), while 
the tensile strength was similar. The addition of banana pulp or banana peel to the 
formulation lowers the predicted glycemic index of the cooked noodles. The effect is 
more evident in the banana peel formulation because of its higher dietary fiber and 
resistant starch contents. Overall, the substitution of banana peel or banana pulp can 
alter the physicochemical properties of the cooked noodles [22].

Yellow alkaline noodles prepared with green banana pulp flour effectively 
control starch hydrolysis, which can lower the ingestion rate and absorption of 
carbohydrates in noodles [21]. The green banana pulp can also be used as an effec-
tive flour substitute. Despite the potential of the banana peel or banana pulp flours 
as functional ingredients in noodles, partial substitution of the wheat flour at higher 
levels was not successful due to lack of protein network to impart structure and 
texture. We then sought plant protein isolates that could be cross-linked at relatively 
low application levels to enhance the noodles’ network. Consequently, it would also 
impart good cooking, handling, and eating quality. We evaluated soy protein isolate 
and achieved various functionalities to improve the quality characteristics of the 
noodles.

3.1 Structural modification of wheat flour noodles using SPI

Noodles are structurally altered for various purposes, such as to make them able 
to withstand processing and cooking and release glucose more slowly during diges-
tion. Alteration of structure in canned noodles can lower the cooking loss during the 
retort process. For instance, it was shown that cross-linking agents, such as MTG and 
ribose could prevent damage to canned SPI-yellow alkaline noodles’ during thermal 
processing [2]. Thus, partially substituted yellow alkaline noodles treated with MTG 
and ribose separately and in combination generated an enhanced structure that can 
withstand thermal processing.

3.2 Use of SPI in coating yellow alkaline noodles

Capsaicin is an antiobesity agent and an active component of chili powder. 
However, chili can cause pain, therefore attempts to affect the release of chili in the 
mouth were also tried using cross-linking agents, SPI, and layering technology.

For the capsaicin to be effectively delivered, the compound should enter the body 
in a considerable quantity. However, a higher dose can cause a burning sensation in 
the mouth. Noodles, one of the widely eaten products, can be used for safe delivery 
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inside the body. It is suggested that chili powder can be added to noodles by sand-
wiching the dough between layers of wheat dough. The addition of resistant starch 
flour or SPI and microbial transglutaminase to the sandwich layers can lower the 
glycemic index [23]. The capsaicin retaining ability of noodles formulated with SPI 
at the core was higher than that prepared using resistant starch flour. MTG was used 
to enhance the elasticity, while SPI was used as a texture enhancer. A combination of 
MTG and SPI had increased the network structure of “sandwiched noodles” that aids 
in capsaicin retention. Compared to other formulations, layered noodles prepared 
with 1.5 g MTG and 5 g SPI per 100 g mixture exhibited the best capsaicin retention 
and tensile parameters [24].

4.  Enhancing the textural, structural, and cooking properties of fresh rice 
noodles using SPI and combined cross-linking technologies

Glucono-δ -lactone (GDL) is a cyclic ester. It contains a lactone group and gradu-
ally dissolves in water to form gluconic acid, causing a reduction in pH in food 
systems (Figure 2). It is widely used as an acidulant in yogurts, sausages, and differ-
ent dessert mixes. GDL is used as a coagulant in the production of tofu, a soymilk curd 
[25, 26]. The introduction of GDL into protein alters the pH toward the isoelectric 
point and subsequently gels the proteins through electrostatic repulsion, salt-bridg-
ing, and noncovalent interactions, such as hydrogen bonding and van der Waals 
forces [27, 28]. The aggregation of protein in GDL-induced acidification of soymilk 
proteins occurred at pH 5.9 [29].

The combined control of the acidification and gelling of proteins by heat treat-
ment creates a “cold gelation” [20, 30]. In the cold gelation process, aggregates and 
the formation of a protein network are separated in time. Cold gelation is made of 
two steps. First, at neutral pH well above the isoelectric point, low concentrations of 
native globular proteins are thermally treated, causing the native proteins to unfold 
and form disulfide cross-linked aggregates. The soluble aggregates formed were 
made possible due to net surface charge proteins and repulsive forces, which prevent 
random aggregation. Depending on the denaturation conditions, a stable dispersion 
of aggregates is obtained after cooling to room temperature. Secondly, an alteration in 
the quality of the solvent causes gelation. Typically, cold-set gels by acidification are 
stronger than salt-induced cold-set gels for the same protein concentration [31].

Figure 2. 
Hydrolysis of GDL.
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SPI and MTG have been used to improve noodles’ texture and mechanical 
properties, but a mixture of SPI, MTG, and GDL has never been tested to improve 
the texture and other properties in rice noodles. Rice flour-SPI noodles contain-
ing MTG and GDL were tested for various parameters to develop a gluten-free 
alternative to wheat flour noodles with comparable or better characteristics. Rice 
noodles were prepared to contain 5% SPI, were cross-linked with MTG (1% w/w 
rice flour), and cold-gelled using GDL (1% w/w rice flour). This restructured 
fresh rice noodle termed RNS-COM (SPI-rice noodle formed via combined cross-
linking technology) showed heavier protein bands than a typical rice protein band, 
indicating the polymerization of proteins into bigger matrixes. The cooking time 
for RNS-COM was significantly lower than commercially available yellow alkaline 
noodles (YAN). No significant difference was found between the percentage 
cooking loss between the two. RNS-COM had better textural parameters, including 
hardness and chewiness, while compactness and tensile strength were comparable 
(Figure 3). Overall, the RNS-COM noodles performed better than regular rice 
noodles and can potentially be used in place of YAN [18]. The addition of SPI in 
rice noodles made them have better textural properties than the control (RN). 
Increased SPI cross-linking by MTG and GDL in RNS-COM gave a compact and 
robust protein matrix embedded with the starch granules within the rice noodles 
(data not shown).

SPI, MTG, and GDL are additives commonly used in the food industry to 
enhance foods’ texture and physiochemical properties. Adding these additives 
to rice noodles makes them more palatable and may mimic those of wheat flour 
noodles, such as YAN. It is crucial to optimize the values of such additives to make 
the product marketable. Optimization is required for factors, including hardness, 
springiness, chewiness, tensile strength, and cooking time. It is suggested that an 
addition of SPI, 68.32 (g/kg of rice flour), MTG, 5.06 g/kg of rice flour), and GDL, 
5.0 (g/kg of rice flour) improved the various parameters. The hardness of the final 
product with optimized values of SPI, MTG, and GDL was hardness (53.19 N), 
springiness (0.76), chewiness (20.28 J), tensile strength (60.35 kPa), and cooking 
time (5.15 min) [32].

Figure 3. 
Standardized textural properties of rice noodles (RN = rice noodles with 100% flour, RNS-MTG = rice 
noodles with 5% SPI, crosslinked with 1% MTG, RNS-GDL = rice noodles with 5% SPI, gelled with 1% GDL, 
RNS-COM = rice noodles with 5% SPI, crosslinked with 1% MTG and gelled with 1% GDL).
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5.  Improving the textural, structural, and cooking properties of air-dried 
rice noodles using SPI and combined cross-linking technologies

Despite having improved texture, taste, and flavor, fresh rice noodles deteriorate 
after preparation and are susceptible to spoilage due to their high moisture levels. 
Furthermore, fresh noodles are prone to discoloration, which is unappealing [33]. As 
a result, reducing the moisture content will extend the shelf life of the noodles while 
also preserving their texture and aroma, potentially increasing their market value 
[34]. Because of their less porous structure, air-dried noodles have been confirmed 
to shrink during processing, have poor rehydration characteristics, develop a tough 
texture, and have long cooking times [35, 36]. This problem could be solved by carry-
ing out a steaming process before drying.

Therefore, RNS-COM was steamed before drying to yield air-dried RNS-COM 
(Figure 4). Findings revealed that RNS-COM was chewier and springier than 
air-dried RN because of the improved swelling of starch molecules in the noodle 
framework. Furthermore, the protein cross-links formed by MTG and GDL rein-
forced covalent networks in the noodles, increasing the chewiness. The springier 
the noodles, the denser the cross-links between amylose and other network forming 
molecules in a noodle structure [37, 38]. The improved springiness of the RNS-COM 
could be attributed to increased polymerization prompted by the additional proteins 
and cross-linking agents. GDL may have prompted some cold protein gelation and 
better overall interactions between starch molecules, resulting in stronger and harder 
RNS-COM with enhanced starch retrogradation on the noodles’ surface [39].

Figure 4. 
Air-dried RNS-COM (RNS-COM = rice noodles with 5% SPI, crosslinked with 1% MTG and gelled with 1% 
GDL)
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Initially, the structurally optimized air-dried RNS-COM suffered a longer cooking 
time and a reduced yield; however, this was resolved by using pre-drying steaming 
treatments for 5 or 10 min. The subsequent air-dried RNS-COM had shorter cooking 
times, lower cooking losses, and higher yields. The microstructures of the steamed and 
dried combinedly-treated RNS-COM differed noticeably, but the relative crystalline 
structure of starch was preserved just after the steaming and drying treatments [40].

6. Our latest approach

Superheated steam (SHS) drying of food materials is a technological innovation with 
inherent benefits over hot air-drying processes, such as shorter drying rates due to higher 
temperatures, relatively low energy demand, little or emission of harmful pollutants in the 
atmosphere, and the absence of oxidation process owing to the unavailability of oxygen 
[41]. SHS enhanced the structurally improved dried RNS-COM (RNS-COM-SHS), 
 cooking, and textural properties. The SHS, generated with a superheated steam oven  
(31L SHARP Healsio AX1700VMR) set at 120°C was able to unlock the framework of 
RNS-COM-SHS, leading to faster gelatinization of starch granules and a 1-minute decrease 
in optimum cooking time. RNS-COM-SHS had a compact structure with starch granules 
tightly integrated with the proteins (Figure 5). More cavities and less tight areas in  
RNS-COM-SHS would offer less restriction to moisture penetration into the noodle 
structure, lowering the cooking time and improving cooking yield.

Superheated steam processing had no adverse effects on the essential textural 
properties of the noodles, but it resulted in noodles that took less time to cook due to 
faster starch gelatinization, as evidenced by lower enthalpy. As a result, superheated 
steam processing of RNS improves the cooking and textural properties of dried 
 rice-flour soy protein isolate noodles.

7. Conclusion

Fresh rice flour noodles with enhanced textural and mechanical properties were 
prepared by incorporating soy protein isolate, MTG, and GDL. Improvements in 
specific properties can be attributed to enhanced cross-linking of proteins due to 
MTG and GDL-induced cold gelation at reduced pH values.

Figure 5. 
Structural morphology of the noodles. (a) RN-SHS, (b) RNS-COM-SHS.
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Chapter 13

Biodiesel Production Using 
Reactive Distillation Column Based 
on Intensification Processes
Ana Kiesse Zeleme and António André Chivanga Barros

Abstract

Environment concerns related to the use of fossil fuels are reflected in proposals 
for new conversion technologies to produce biofuels from biomass. The biofuels pro-
duced in this context have the same characteristics as petroleum derivatives, however, 
with reduced greenhouse gas emissions and with no sulfur in their molecular struc-
tures. In this context, a reactive distillation (RD) column was designed, constructed, 
installed, and operated using process intensification principles. It was applied in the 
production of biodiesel, using residual frying oil as the raw material, by the trans-
esterification reaction, in a continuous regime. The process started with alcohol in 
excess in the reboiler, located in the bottom of the RD, which was heated through the 
combustion of liquefied petroleum gas (LPG) to produce ethanol vapor, which was 
recirculated in the column until stabilization. In this stage, the reagents were inserted 
into the feed tanks. Thus, the tank valves were opened for each reactant. The reaction 
products were recovered during the experiment from the bottom of the column and 
they were distilled to obtain two phases, biodiesel and glycerol. The results obtained 
from this study show that the use of an RD column can produce biodiesel in a con-
tinuous regime.

Keywords: reactive distillation, transesterification, biodiesel, column, process 
intensification

1. Introduction

Interest in fuel production from renewable sources has increased significantly 
in the recent years due to political issues and the economic instability of the oil 
market. This approach also brings environmental benefits associated with the lower 
levels of gaseous emissions from the combustion of fuels from non-renewable 
sources [1–3].

Thus, many procedures have been proposed for the production of biofuels, par-
ticularly biodiesel, which is a non-petroleum fuel produced by applying transesteri-
fication to break down the triglyceride present in fatty acids [3, 4]. In this reaction, 
the chemical structure of triglycerides in oil is broken down via the exchange of alkyl 
groups between an ester and alcohol, with the alcohol being used as a reactant.
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Biodiesel is a promising alternative to conventional diesel fuel due to its renewable 
nature and the associated reduction in the emission of particles and greenhouse gases 
[1, 4, 5]. Homogeneous catalysis can be applied in the transesterification reactions 
involved in biodiesel production to obtain high yields in a relatively short time. 
However, since the catalysts cannot be reused and must be neutralized after the reac-
tion, biodiesel does not compete favorably with fossil fuels [2]. This, together with 
environmental concerns, has led to the search for heterogeneous catalysts, which are 
eco-friendly and effective [2–7].

The use of a heterogeneous catalyst in the chemical reaction involved in biodiesel 
production can also reduce the time and cost of the process. In addition, it could be 
reused, resulting in a decrease in the level of impurities in the reaction products, and 
would allow continuous operation in a fixed bed reactor [4, 6].

The conversion efficiency is related to the catalytic activity of the heterogeneous 
catalyst used. In general, basic heterogeneous catalysts are more active than acidic 
heterogeneous catalysts, requiring shorter reaction times and relatively low reaction 
temperatures. Therefore, there are many advantages to performing the transesterifi-
cation of triglycerides using a basic heterogeneous catalyst [2].

The synthesis of biodiesel with a heterogeneous catalyst can enhance the produc-
tion and an economically feasible process can be achieved, mainly due to the lower 
costs related to the reuse of the catalyst and reduced levels of impurities in the 
products and byproducts of the reaction [6].

The methodology developed in this study facilitates a step change in the concep-
tual design process, offering a tool for the study of reactive distillation (RD) col-
umns, with distillation, extractive distillation, esterification, and transesterification 
being performed in the same equipment, to allow biodiesel production in a continu-
ous process.

The RD process is based on the process intensification concept, taking advantage 
of the synergy that occurs when combining the catalysis reaction and separation in 
a single unit, which allows the concurrent production and removal of products. This 
improves productivity and selectivity, reduces energy use, eliminates the need for 
solvents, and leads to highly efficient systems with improved environmental sustain-
ability [8].

The use of RD as a reactive separation technology has attracted considerable 
attention given its high levels of efficiency [9] and the advantages include energy 
and capital savings, increased reaction conversion, high selectivity, and the use of 
the reaction heat [10]. Therefore, RD processes have been previously examined for 
application in esterification and etherification reactions [11–14].

A study developed by Kousoulidou et al. [15], based on the tests on the engine 
and vehicle, concluded that blending of biodiesel in petroleum diesel at 10% (v/v) 
changes fuel properties to a degree that can affect combustion characteristics, such 
as the start of ignition and heat-release rate. For the authors, the limited evidence on 
the effects of such blends on the combustion and emissions of diesel engines was not 
originally designed to operate on biodiesel blends.

The authors made a number of experiments with 10% (v/v) (B10) biodiesel fuel 
of palm oil origin performed on a light duty. The measurements included in-cylinder 
pressure, pollutants emissions, and fuel consumption. Combustion effects were 
limited but changes in the start of ignition and heat-release rate could be identified. 
Emission effects included both higher and lower smoke and NOx, depending on the 
operation point. Others studies developed by others authors cited in the literature 
show the possibility to increase the biodiesel perceptual in the blend with diesel that 
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the results show the possibility to increase this perceptual without the modification of 
engine characteristics.

The complexity involved in improving the performance of this process is associated 
with the multi-feed positions and selection of the reactants, catalysts, and solvents.

In this study, the transesterification reaction was carried out with homogeneous 
catalysts, in a continuous distillation column reactor, and the operational perfor-
mance was evaluated in terms of biodiesel production quality. Experiments were also 
conducted using an RD column, where the reactant was supplied at the feed position.

The process intensification concept was adopted, using an RD column for the 
transesterification reaction, to recover the reactant (ethanol) used and to break the 
azeotrope point between ethanol and water, using the extractive distillation being 
performed in the top section of this equipment, as shown in Figure 1.

In this case, a homogeneous catalyst was used in the RD column. The same 
operational conditions were applied in all cases studied, including the residence time, 
the mass of reactant, and molar mass used in the reaction. The results obtained show 
good reaction efficiency, which was improved by applying the process intensification 
principles. This concept can be applied to other synthesis processes carried out in a 
continuous regime.

2. Experimental

2.1 Material

The use of residual frying oil for bio-fuel production is associated with advanta-
geous economic and environmental factors. In general, when food is processed, the 
vegetal oil or raw fats are exposed to environments with high temperatures, where 

Figure 1. 
Reactive distillation column proposed herein where (a) processing of raw material with high acid index and  
(b) processing of raw material with a reduced acid index.
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the thermal degradation of oil occurs. The residual frying oil produced can be used 
for biofuel production due to its potential for energy production through a chemi-
cal reaction. For this study, the residual frying oil (soybean oil), with an acid value 
of 0.2 mgKOH/g and average molecular weight of 884.65 g/mole, was used in all 
experiments.

2.2 Reactive distillation column

An RD column was designed, constructed and installed (Figure 1). It was 
composed of three modules, which incorporate internally packing to increase the 
interfacial area for vapor-liquid contact, mass transfer and chemical reaction. The 
module located in the intermediate part of the column (Figure 2a) receives the limit-
ing reactant (oil) and the excess reactant (ethyl alcohol) with dissolved sulfuric acid, 
used as a catalyst in the esterification reaction, based on the conversion of free fatty 
acids into biodiesel. The flow rate of the reagents is associated with the stoichiometric 
balance. In this module, the mixtures are fed vertically, downward, through the action 
of gravity, and interact strongly with the ascendant vapor of the alcohol used in 
excess coming from the reboiler, installed at the base of the equipment.

After the esterification reaction, the downward mixture flows to the trans-
esterification module (Figure 2b) where feeding with the basic catalyst occurs. In 
this case, the feed catalyst must neutralize the acid catalyst from the esterification 
and the remaining mass acts as a catalyst for the transesterification reaction in the 
bottom module. As previously mentioned, the transesterification reaction produces 
biodiesel and glycerol, which are collected in a decanting funnel installed at the bot-
tom of the column. In the decanting funnel, the separation of the products into two 
phases occurs, that is, a light phase of the crude biodiesel and a heavy phase of crude 
glycerol (Figure 3).

In the esterification reaction, with the dissolution of the catalysts in excess 
reagent, water is produced. This reduces the level of purity of the alcohol in the 

Figure 2. 
Modules that composed of the reactive distillation column: (a) Esterification module and (b) Transesterification 
module.
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vapor phase and thus the capacity of the chemical reaction. For this, a module for 
extractive distillation (Figure 4a) is therefore required at the top of the column to 
break the azeotrope point between ethanol and water and to produce the anhydrous 
ethyl alcohol.

In this process, the residual glycerol recovered at the bottom of the RD column is 
used as a solvent in the extractive distillation, being fed at the top of this equipment 
and flowing down through the action of gravity. Along its path, the solvent interacts 
with the ethanol vapor and the interaction between the flows modifies the thermody-
namic characteristics of the ethanol, breaking the azeotrope point and increasing the 
purity of this compound (Figure 4a).

The top products are condensed and flow downward to the reboiler where they 
are heated to produce the vapor needed for the RD column (Figure 4b). Based on 
this principle, the alcohol vapor in excess operates in the recirculation circuit, being 
involved in the esterification and transesterification reactions and the extractive 
distillation, and in the last step, the crude glycerol is used as a solvent. On the other 
hand, the steady-state characteristic of this process guarantees continuous feeding 
and removal of the products at the bottom of this equipment, with the recirculation 
of ethanol, used in this study as the reactant in excess.

Figures 2 and 4 are compressed into Figure 1, which represents the RD column, 
with the three modules described herein. There are four feed flows in the RD col-
umn. The operations involved in this process occur in the top condenser, the bottom 
decanting funnel, and the reboiler, used to produce the vapor flow, and vapor is used 
to allow effective chemical reactions to produce biodiesel and glycerol.

2.3 Experimental procedures

2.3.1 Reactive distillation column operation

To carry out the biodiesel production experiments in the RD column, the proce-
dures involved the following steps:

Figure 3. 
Decanting funnel installed at the bottom of the RD column.
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a. The limiting reactant was characterized to determine the acidity index. Under 
these conditions, the operational sequence can be defined with or without 
the esterification reaction. If the acidity index is lower than that established 
in the literature, only the transesterification reaction is used (Figure 1b);

b. After establishing the quality of the raw material, the stoichiometric equation is 
used to determine the masses of reagents needed for the chemical reaction. The 
calculated mass is then converted into flow rates;

c. The appropriate masses of limiting and excess reactants and the catalyst are 
weighed out. In this case, the catalyst mass was determined from a previous trans-
esterification reaction study performed in a laboratory batch-scale reactor. Under 
the study conditions, 1.2% catalyst mass in relation to the oil mass was defined;

d. In the next step, the mass of the limiting reactant was heated to the reaction 
temperature, in this case until reaching the boiling point of ethanol. The mass of 
alcohol in excess was heated and used to dissolve of catalyst mass;

e. The previously heated masses were inserted into the respective feed tanks. The 
use of heated mass minimizes the thermal barrier due to the temperature differ-
ence between the ascendant vapor and the feed flow;

f. The anhydrous alcohol, previously held in the reboiler tank, produces the vapor 
that flows into the RD column, based on the recirculation process described 
above. Thus, the valve of the reactant tank is open, and the flow rate is based on 
the values established in the stoichiometric balance. Since the acidity index value 

Figure 4. 
Description of streams associated with chemical reaction modules: a) Module of Extractive Distilation used to 
break the azeotrope point of mixture and; b) Reboiler used to vaporization of alcohol.
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was below that established in the literature, esterification and transesterification 
modules were used in the transesterification reaction, as described in Figure 1b 
and;

g. The feed flow rates and the operation temperature were adequately controlled, 
and the products were removed progressively until the end of the reaction.

2.3.2 Measuring the process performance

When the reaction was concluded, the products were purified using a batch 
distillation column to recover the excess alcohol. For this, phase separation into a 
light phase containing biodiesel and a heavy phase of glycerol occurred. The biodiesel 
recovered was used to determine the yield, in terms of biodiesel mass-produced in 
relation to the frying oil mass initially used in the process. The biodiesel was then 
neutralized and dried by evaporation to ensure appropriate quality for use in internal 
combustion to produce electricity.

2.3.3 Batch biodiesel production

Before the experiments were performed in the RD column, tests were performed 
in a batch reactor using the reagents under the same operational conditions, with the 
following methodology:

a. The acidity index of the frying oil was determined. As this parameter is below  
the limit established in the literature, only the transesterification reaction  
was carried out;

b. The stoichiometric balance was determined and the masses of reactants for the 
transesterification reaction were weighed out. For the excess reactant, an amount 
six times more than the stoichiometric mass was used;

c. The reagent masses previously weighed out were heated until the reaction 
temperature and the basic catalyst was dissolved in the heated alcohol;

d. The mass of alcohol with the catalyst was inserted in the reactor with the previ-
ously heated oil, starting the transesterification reaction, which proceeded for 1 h;

e. At the end of the reaction, the mixture was placed into a distillation flask to 
recover the alcohol in excess. The remaining mass was then placed in the decant-
ing funnel for the phase separation into biodiesel (light phase) and glycerol 
(heavy phase).

2.3.4 Characterization of reaction products

The characterization of the biodiesel was carried out through the analysis of 
the ester content, kinematic viscosity, acid index, and specific mass. The kinematic 
viscosity was obtained using an Ostwald viscometer based on the ABNT NBR 10441 
methodology and, to determine the acidity index, titration with potassium hydrox-
ide was carried out based on the ABNT NBR 14448 method. The specific mass was 
determined at room temperature (20± 2°C) using a 25-mL pycnometer calibrated 
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with distilled water. These procedures were also used in a study by Barros et al. [1], 
who experimented using a batch reactor.

3. Results and discussion

3.1 Batch experiments

The experiments in the RD column were carried out based on reference data 
obtained in a batch reactor, mainly related to the following parameters: (a) reaction 
time; (b) reagents and catalyst mass; (c) agitation degree; and (d) mass ratio. The 
transesterification data from the batch reactor were used to close the mass balances 
and to determine the conversion rates in terms of the biodiesel mass-produced. In this 
study, frying oil (92.352 g), anhydrous ethanol (88.9 g), and KOH catalyst (1.108 g) 
were used. The equivalent catalyst mass was 1.2% of the frying oil mass. The crude 
biodiesel produced was characterized to determine the quality of the biofuel and the 
results were as follows: density 0.8785 g/mL; kinematic viscosity 1.920 mm2/s; and 
acidity index 3.1668 mgOH/g. These parameters deviated from the specifications 
established by the ANP [16], but the biofuel needs to be purified before the final 
evaluation.

The operational parameters of the batch reactor were used to carry out the 
experiments in the RD distillation column, with the configuration shown in Figure 1b. 
Only two modules were used for the transesterification and the purification of the 
ascending and recycled alcohol vapor by extractive distillation (performed in the 
top module). The separation of the products from the RD column in the decanting 
funnel is shown in Figure 2, where biodiesel is the light phase and glycerol is the 
heavy phase.

3.2 Reactive distillation column operation

The experiments were performed in an RD column with the transesterification 
reaction carried out using two modules. Extractive distillation was conducted in the 
top module of the unit. During the experiments, the performance efficiency was 
monitored, with the ethanol vapor flowing into the column and passing through each 
module until stabilization (the steady-state) was reached. When the reagents are 
inside in the tank, the valves of the feed tank is open, there is an interaction between 
liquid and vapor phases, ensuring the turbulence necessary for effective mass and 
heat transfer and the chemical reaction to occur. The feed flow was previously heated 
to minimize the thermal barriers in the column, characterized by the condensation 
of the vapor flow, due to interaction between the phases. If this phenomenon occurs, 
there will be a decrease in the vapor flow rate toward the top of the equipment, which 
can limit the operational quality of the process. During the operation of the RD 
column, the bottom products are progressively recovery and after distillation, they 
are placed in the decanter tank where two phases are formed: a light phase (biodiesel) 
and a heavy phase (glycerol).

To obtain the results 1240.00 g of frying oil, 208.79 g of anhydrous ethanol 
(99.9%) and 14.888 g of catalyst (equivalent to 1.2% of the frying oil) were used. 
Based on the performance of the experiments over 1 h, the following feed flow rates 
were defined: (a) frying oil 20.67 g/min and (b) anhydrous ethanol with dissolved 
catalyst 3.728 g/min. Using these operational conditions, with the RD column in the 



253

Biodiesel Production Using Reactive Distillation Column Based on Intensification Processes
DOI: http://dx.doi.org/10.5772/intechopen.101928

steady state, the measured flow rate of the ethanol vapor in excess was 16.42 g/min, 
corresponding to 4.4 times less than the stoichiometric flow rate. During the experi-
ments, the products were collected from the bottom of the RD column, as shown in 
Figure 1 (a and b).

3.3 Characterization of products

The physico-chemical characteristics of the residual biodiesel from the batch reac-
tor and the RD column produced based on process intensification principles, were 
determined and the results were compared with international standards. The values 
obtained for the density, acidity index, refractive index, and kinematic viscosity can 
be seen in Table 1.

The international standard values for the biodiesel parameters were extracted 
from the Brazilian standards NBR 7148 and NBR 14065 for density at 20°C, NBR 
14448 for the acidity index, and NBR 10441 for kinematic viscosity at 40°C. A 
comparison between the data shows significant deviations, mainly for the acidity 
index and kinematic viscosity. In this study, purification of the product is required 
for the biodiesel to meet international standards. In general, the purification process 
is based on extraction with an acid solution followed by evaporation to dry the 
biodiesel [17].

In this context, for better qualification of the crude biodiesel, liquid-liquid 
extraction was carried out with an acid water solution, and the masses used were 
previously defined based on a titration procedure. An acid water solution was 
employed in association with the basic catalyst used in the transesterification reac-
tion. In this procedure, the acid mass required for the titration was determined, 
and the acid solution was prepared, heated up to 60°C, and then mixed with bio-
diesel under agitation. After this step, the mixture was transferred to a decanting 
funnel and left to stabilize for approximately 40 min. The phases were separated, 
and the biodiesel phase was transferred to a distillation flask to eliminate traces of 
water by drying.

When the purification step was finished, the biodiesel was characterized using the 
procedures described in the methodology section of this chapter, and the results are 
given in Table 2.

Table 2 shows the characteristics of the biodiesel samples obtained from the RD 
column and batch reactor. The acidity index for the former adheres to the established 
international standard, but this is not the case for the biodiesel from the batch reac-
tor. For both cases studied, the kinematic viscosity was below the value given in the 

Reference Processed 
mass (g)

Density 
20°C 

(kg/m3)

Refraction 
index at 

20°C

Acidity 
index 

(mgKOH/g)

Kinematic 
viscosity 
at 40°C 

(mm2/s)

Yield 
(%)

Batch reactor 92.352 878.5 1.453 3.1668 1.920 92.306

RD column 1240.0 876.7 1.454 2.0255 1.812 15.441

International 
standard

— 850.0–
900.0

1.45 ≤ 0.5 3.0–6.0 —

Table 1. 
Physico-chemical parameters for biodiesel obtained in this study.
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standard, probably due to the quality of the raw material used in this study. However, 
the refraction index and density of both samples lie within the ranges set by the 
international standard.

The results obtained in this study are similar to those reported by Colombo et al. 
[2, 5], Pitt et al. [6], and Barros et al. [1], who investigated biodiesel production by 
esterification and transesterification, in recirculation reactors and a batch reactor, 
using a raw material with a reduced acidity index.

A limitation of this study is related to the rate of conversion of the raw mate-
rial into biodiesel (approximately 15.441%). This could be due to the reduced 
residence time in the RD column and/or the turbulence resulting from the interac-
tion between the two phases involved in the process. Thus, further studies need 
to be conducted to determine the optimum feed reactant flow rate to maximize 
the residence time and increase the degree of conversion. Alternatively, the length 
or number of modules in the RD column could be increased to increase the reac-
tion rate.

However, the turbulence phenomenon involves strong interaction between the 
liquid and vapor phases and this should be further investigated to better understand 
the relevance in terms of conversion rates. In addition, the use of other types of 
internal packing may improve the yield or the degree of conversion of the raw mate-
rial to biodiesel.

4. Conclusions

The results reported herein can be used to conclude that:

a. The RD column developed and used in this study is an apparatus with high  
operational flexibility to carry out esterification, transesterification, and  
conventional and extractive distillation, under different conditions and evaluate  
the parameters that affect the conversion rate;

b. The batch reactor can be used to support continuous processes, characterized by 
the use of RD columns, with high operational flexibility;

c. The reduced residence time in RD columns limits the application of this technical 
process, which requires optimization to increase the conversion rate and obtain 
products with high purity;

Reference Processed 
mass (g)

Density 
20°C 

(kg/m3)

Refraction 
index at 

20°C

Acidity 
index 

(mgKOH/g)

Kinematic 
viscosity 
at 40°C 

(mm2/s)

Yield 
(%)

Batch reactor 92.352 876.387 1.456 1.1077 1.885 92.306

RD column 1240.0 880.682 1.455 0.5027 1.651 15.441

International 
standard

— 850.0–
900.0

1.450 ≤ 0.5 3.0–6.0 —

Table 2. 
Physico-chemical data for purified biodiesel.
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d. The RD column can be characterized as innovative, mainly when the reactant 
in excess is used as a circulating vapor, which is purified in the top module by 
extractive distillation and recycled to the bottom tank and;

e. The RD column promotes a continuous process with the potential to increase the 
production flow rate to meet industrial demand.
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Abstract

This chapter presents routes to aggregate value to soybean oil products by sustainable 
and economical sources for biofuels. The traditional production routes, such as pyrolysis, 
allows, by mixing oils and plastics, to generate bio-oils with high burning power. One 
example of an alternative route is single-step interesterification, where the methyl acetate 
reacts with the triglycerides in the oil, forming fatty acid methyl esters and triacetin as a 
by-product. This is a great advantage of this route, as in addition to its commercial value 
being greater than that of glycerol, it can be mixed with biofuel without changing its 
characteristics. The main objective is present routes that may reduce cost in general, in 
addition to generating co-products that allow an increase in the process added value.

Keywords: soybeans products, aggregated values, triglycerides, triacetin, methyl esters

1. Introduction

Originated from Asia, soy is the largest oilseed in volume, production and interna-
tional trade. In terms of food, soy is the main source of protein and the second most 
consumed oil in the world, only behind palm [1]. Furthermore, it has an importance 
that involves the development of a productive complex including the processing of 
the bean and its main products: crude oil and bran; also, its use for animal food edible 
oil and fuel (see Figure 1).

The soybean industrial processing can be summarized in two steps: (1) the crude 
oil production with soybean residue; (2) Crude oil refining to obtain other products 
(e.g.: refined oils, margarine, hydrogenated fat).

The volume of soy sold is extremely important for the economy, especially for 
the main world producers, such as Brazil. In order to have a positive trade balance, 
Brazil needs to export tons of primary products, which have low unit values to offset 
the import of value-added products, such as electronic appliances and machines. 
In addition, processing soybeans increases the job offer, further heating up the 
economy. Therefore, adding value to the soy production process is very important for 
a country’s economy.
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Based on this, this chapter aims to discuss and present routes for the processing of 
soy, especially the Deodorized Soybean Oil Distillate (DSOD) and viable options to 
produce biodiesel to add value to the soy chain.

2. Oil refining

Refining consists of a set of processes that aim to transform crude oils into edible 
oils. The refining process aims to improve the appearance, odor and taste of the oil, 
which occurs with the removal of certain components from the crude oil. There are 
two types of refining, chemical and physical. These names are related to the process of 
removing unwanted fatty acids in the oil. The main steps in the refining processes are: 
degumming (hydration), neutralization (deacidification), whitening (clarification) 
and deodorization.

The removal of traces of components responsible for undesirable odors and tastes 
occurs in the step called deodorization. According to Sangoi and Almeida [2], the 
reduction of free fatty acids contained in oils promotes the removal of flavors and odors, 
at a range of 0.01% to 0.03%, eliminating the undesirable characteristics of the oil. This 
step generates a residue known as a distillate from soybean oil deodorization. According 
to Ma and Hanna [3], this substance is concentrated in tocopherols (vitamin E), sterols 
and fatty acids. DSOD is obtained from the precipitation of an aqueous phase during 
deodorization, and the compounds of interest are insoluble in water [4].

According to Aranda and Morlock [5], to produce a ton of biodiesel 0.91 tons of 
fatty acids are needed. According to Fontana [6], 0.1% of DSOD are generated in the 
refining of soybean oil, which would provide a quantity of 6440 tons of fatty acids, 
considering a production of 9.2 million tons of oil, according to Abiove [7] and an 
average percentage of 75% of fatty acids in DSOD. These values show the potential of 

Figure 1. 
Soy production chain.
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the residue, increased by the logistical facility, as it is found in oil refining industries, 
unlike residual oils, which have a high logistical cost and variable production.

3. Sludge extraction

The most interesting components present in the sludge are fatty acids, however 
some works have evaluated the potential of other components such as sterols, 
tocopherols and squalene.

There are studies in the literature that evaluated the extraction of components 
from the deodorized distillate, such as sterols using supercritical extraction. The 
results show a recovery of 76% with a purity of 60%, both by weight. These sub-
stances are important because they act in the reduction of cholesterol in the blood, 
being of great interest to the pharmaceutical industry [8]. Similar works using 
enzymes are also presented and recovery of up to 87.7% of sterols [9].

4. Biodiesel

Biodiesel is currently an important biofuel of global interest, as it is considered 
a sustainable energy source of renewable origin [10]. As the most used raw material 
for production is refined soy oil, the production of fuel has the potential to close the 
carbon cycle [11]. In addition, the use of biodiesel generates less pollutants than fossil 
diesel, mainly CO2, CO and SO2, although it presents higher NOx emissions [12, 13].

Brazil is a major world producer of biodiesel, ranking second in production vol-
ume in 2021, totaling approximately 6.9 billion liters, only behind the United States, 
which will produce more than 8.5 billion liters [14].

Another option to add value with deodorized distillate is direct esterification, 
that is, the synthesis of fatty acids to esters. This pathway was evaluated in a subcriti-
cal environment, as fatty acids are miscible in ethanol, unlike triglycerides, which 
are constituents of refined oils. These conditions, even though they demand high 
temperatures, dispense with the catalyst separation step, allowing for greater gains 
in the process. Some studies point to a 97% conversion of fatty acids into esters using 
subcritical environments at 100°C [15].

The economic potential of a complete process is available in the literature [16]. 
The work evaluated the potential of DSOD for the supercritical synthesis of esters and 
recovery of squalene. The squalene recovered was 31 g per kg DSOD with 98% purity 
by weight, the esters had a purity of 88% plus a mixture of tocopherols and sterols. The 
results of the economic analysis show, for the worst scenario, that is, with higher raw 
material values and lower product sales, a gross margin (MB) of 35% and the contribu-
tion margin index (BMI) of 29% for DSOD. These indicators are presented in Eq. 1 and 2.

 ( ) ( )
( )

  
 

Product Revenue PR RawMaterial Cost RMC
MB

Product Revenue PR
−

=  (1)

 
( ) ( )
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MB
Product Revenue PR

−
=  (2)

Other alternative routes are discussed in this chapter. The focus is on the synthesis 
of biodiesel via chemical reactions other than transesterification via heterogeneous, 
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enzymatic and medium catalysis conventional supercritical, which promote the 
synthesis under different conditions.

As the formation of glycerol as a by-product is linked to the transesterification of 
triglycerides by alcohols, other supercritical routes propose to use other reagents for 
the same purpose – methyl acetate, acetic acid and dimethyl carbonate –, generat-
ing by-products of greater economic value than glycerol. These alternative routes, 
therefore, have all the advantages and disadvantages mentioned for the supercritical 
transesterification process, with the difference that they present more economically 
attractive by-products [13].

5. Interesterification with methyl acetate

This route consists of a single step, in which the interesterification between the 
methyl acetate and the triglyceride of the oil takes place, forming the fatty acid 
methyl esters and the triacetin as a by-product. The reaction, like the transesterifica-
tion, occurs in three reversible steps: in the first, a triglyceride molecule reacts with a 
methyl acetate molecule to form a FAME (fatty acid methyl esters) and monoacetyl 
diglyceride molecule. Then, one molecule of monoacetyl diglyceride reacts with the 
second molecule of methyl acetate to form another of FAME and diacetyl monoglyc-
eride; finally, diacetyl monoglyceride reacts with a methyl acetate molecule to form 
the third FAME molecule and triacetin, as can be seen in Figure 2.

If fatty acids are present in the oil, they are esterified by methyl acetate in FAME, 
generating acetic acid as a by-product. Other parallel reactions that can occur are 
the hydrolysis of triglycerides due to the presence of water, forming fatty acids and 
glycerol. This, in turn, reacts with acetic acid derived from esterification, forming 
triacetin and water [17, 18].

Triacetin formed as a by-product is the great advantage of this route. Although, its 
commercial value is greater than that of glycerol, the sale of biodiesel with this sub-
stance in its composition can be even more advantageous as it will increase the volume 
of biofuel generated, now a mixture of FAME and triacetin. Thus, there would be no 
need to purify triacetin in the process [18].

This final product alternative is only possible because triacetin, in addition to 
being miscible with fatty acid methyl esters, does not influence the fuel properties 
in a way that leaves them out of the pattern. Important properties of biodiesel as a 
fuel, such as kinematic viscosity, pour point, cloud point, cold filter plugging point, 

Figure 2. 
Overall FAME synthesis reaction from triglycerides and methyl acetate.
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flash point and cetane number, are not changed with the addition of the by-product, 
remaining within European and North American standards [19]. However, due to the 
influence on the heat of combustion and density of the biofuel, the ideal is a mixture 
with a maximum of 10% by mass of triacetin - the European standard establishes 
900 kg/m3 as a density limit, as well as the Brazilian legislation on ANP [18, 20, 21].

Figure 3 shows a preliminary scheme for the process was proposed by Saka and 
Isayama [18].

6. Acetic acid hydrolysis and methanol esterification

This route consists of two steps: in the first, triglycerides, when reacting with 
acetic acid, are converted into fatty acids, which are esterified by methanol to FAME. 
The main justification for this route is the adoption of reaction temperatures of up to 
300°C, avoiding thermal degradation of the esters.

6.1 Step 1: reaction with acetic acid

The route begins with the breakdown of triglycerides in the oil by acetic acid, a 
reaction in which one mole of triglyceride reacts with three moles of acid, forming 
one mole of triacetin and three moles of fatty acid, as shown in Figure 4. The reaction 
also takes place in three reversible steps: first, an acetic acid molecule reacts with a 
triglyceride molecule, forming a fatty acid molecule and a monoacetyl diglyceride 
molecule, which reacts with another acetic acid molecule to form the second fatty acid 
molecule and diacetyl monoglyceride; this reacts with the last acetic acid molecule to 
form again fatty acid and finally triacetin [22].

Regarding the cost of raw materials, acetic acid is a viable obtaining reagent 
because it is a commodity of the chemical industry, mainly used for the production of 
the acetate monometer of vinyl, for the production of polyvinyl acetate (PVA) [23].

6.2 Step 2: supercritical esterification with methanol

The second reaction of this route takes place in just one reversible step, in which a 
fatty acid molecule reacts with a methanol molecule, forming a FAME molecule and a 
water molecule, as shown in Figure 5.

Figure 3. 
Simplified diagram for the interesterification process with methyl acetate. Source: [18].
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After step 1, where the oil reacts with acetic acid through subcritical hydroly-
sis, the reaction products are separated by aqueous washing, from which triacetin 
and acetic acid are recovered in the step aqueous and fatty acids are taken to the 
second reactor with methanol under supercritical conditions for esterification. 
A phase separator is used to recover some of the excess methanol, followed by an 
unspecified scrubber that will separate the rest of the methanol and water from 
the FAME. The aqueous phase of the first stage is also subjected to unspecified 
purification to obtain triacetin, which will be mixed with FAME and, thus, com-
poses the biodiesel in the final product. Performing an intermediate separation 
between the two steps can be advantageous to reduce the size of equipment in the 

Figure 6. 
Diagram of the process of hydrolysis with acetic acid and esterification with methanol. Source: [22].

Figure 4. 
Hydrolysis reaction between triglyceride and acetic acid. Source: [22].

Figure 5. 
Esterification reaction between fatty acids and methanol.
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second step. However, this imposes successive heating and cooling on the process, 
increasing energy expenditure, which can be one of the biggest disadvantages of 
this route [22].

Literature reports a yield of 95% in mass compared to the oil used in the first step, 
with only 2 minutes of reaction at 300°C and 15 minutes of reaction at 270°C. This 
approach to this process is interesting because, in addition to avoiding the saturation 
of the triacetin market, a phenomenon observed for glycerol, it is possible to increase 
the net production of FAME [24]. Saka et al. [22] suggested a diagram for this route, 
shown in Figure 6.

7. Reaction with dimethyl carbonate (DMC)

The third route is to obtain FAME from a reaction between triglycerides and 
dimethyl carbonate. Unlike all the other pathways described, this reaction takes 
place in two reversible steps: in the first, a DMC molecule reacts with a triglyceride 
molecule, releasing two FAME molecules and an intermediate, the fatty acid glycerol 
carbonate (FAGC - fatty). acid glycerol carbonate). In the second step, the FAGC 
molecule reacts with the second DMC molecule to form a FAME molecule and the 
by-product of the route, glycerol dicarbonate [25]. The reaction and its stoichiometry 
are shown in Figure 7.

DMC is an attractive reagent because it can be considered a green alternative in 
the organic synthesis industry and has several applications as a methylation and 
carbonylation agent. It is a non-toxic and biodegradable substance, which is obtained 
by environmentally interesting routes. The most used industrial route today is the 
oxidative carbonylation of methanol with carbon monoxide and oxygen, catalyzed by 
copper(I) chloride. As methanol and carbon monoxide can be obtained from biomass 
synthesis gas, obtaining biodiesel using DMC from this route would only use reagents 
of renewable origin [26–28].

Another important point is the fact that DMC does not decompose at temperatures 
lower than 390°C, so using it as a reagent in supercritical processes is viable [29].

Figure 7. 
Two-step reaction with dimethyl carbonate. Source: adapted from [25].
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Biodiesel production by this route via supercritical process was studied using 
crude oils of Jatropha curcas and pongamia pinnata as raw material and DMC and 
diethyl carbonate as reagents, in a batch reactor, optimizing parameters such as molar 
ratio, temperature and reaction time. For all experiments, carried out at 15 MPa, the 
highest conversion obtained was for the system with pongamia oil and DMC, which 
shows that dimethyl carbonate is more reactive than diethyl carbonate [30].

The two-stage route, as well as for the methanol and acetic acid routes, has the 
advantage of being able to apply milder process conditions to avoid product degrada-
tion. However, this pathway generates glycerol as a by-product, although this can be 
converted to glycerol carbonate, a compound with greater added value, when reacting 
with DMC [29, 31].

The mixture of FAME and glycerol dicarbonate can be used as biodiesel, without 
harming its properties, as well as with triacetin. After the reaction to obtain FAME 
and the removal of excess dimethyl carbonate, the remaining product – FAME and 
DCG – was analyzed, showing that its properties were within the parameters estab-
lished by the American and European standards. However, as it is an intermediate for 
glycerol carbonate, a compound with a high market value, glycerol dicarbonate and 
FAME can also be separated in a distillation column, depending on the strategy and 
economic feasibility of the process [30]. The complete flowsheet for the described 
process is shown in Figure 8.

8. Conclusions

This chapter shows the potential of soy as a raw material for a biorefinery, that is, 
obtaining several high added value products through different technological routes. 
The residues of this oilseed can be used to obtain these products with high added 
value without competing with the food sector. Routes that make the production of 

Figure 8. 
Process using DMC as a reagent, producing FAME and glycerol dicarbonate (DCG) as products. Source: [30].
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biodiesel viable are real and technically feasible, in addition to the generation of 
co-products of greater interest such as: tocopherols, sterols, squalene, triacetin, DCG. 
Another interesting point is the flexibility that some products allow when generated 
together with the esters, as they do not interfere with the quality of the biofuel. Soy 
has a wide range of exploration possibilities, and its production follows the pace of 
industrial production. Studies that make its development economically viable are the 
biggest challenge, as the technical feasibility is well consolidated.

Acknowledgements

The authors are grateful to SENAI CIMATEC for their financial support.

Conflict of interest

The authors have no conflict of interest.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Soybean - Recent Advances in Research and Applications

268

[1] Hirakuri MH, Lazzarotto JJ. O 
agronegócio da soja nos contextos 
mundial e brasileiro. Embrapa Soja-
Documentos (INFOTECA-E). Londrina: 
Embrapa Soja; 2014. p. 2014

[2] Sangoi L, de Almeida ML. Avaliação 
de genótipos de girassol em duas épocas 
de semeadura no Planalto Catarinense. 
Revista da Universidade do Estado de 
Santa Catarina. 1994;2:154-164

[3] Ma F, Hanna MA. Biodiesel 
production: A review. Bioresource 
Technology. 1999;70:1-15

[4] Dohrn R, Brunner G. Correlations 
of pure-component parameters of the 
Peng–Robinson equation of state. In: 
Proceedings of Second International 
Symposium on Supercritical Fluids, 
Boston; 1991. pp. 471-478

[5] Aranda M, Morlock G. New 
method for caffeine quantification by 
planar chromatography coupled with 
electropray ionization mass spectrometry 
using stable isotope dilution analysis. 
Rapid Communications in Mass 
Spectrometry. 2007;21:1297-1303

[6] FONTANA. Refino de Óleos Vegetais 
Desodorização DDOS – Destilados de 
Ácidos Graxos. AUSTENBIO. 2015;1:1-6

[7] ABIOVE. Balanço de Oferta/Demanda 
SOJA [Internet]. 2021 [cited January 4, 
2022 ]. Available from: https://abiove.org.
br/wp-content/uploads/2019/10/2021-10-
01-Quadro-de-Oferta-e-Demanda.pdf

[8] Jafarian Asl P, Niazmand R, Jahani M. 
Theoretical and experimental assessment 
of supercritical CO2 in the extraction 
of phytosterols from rapeseed oil 
deodorizer distillates. Journal of Food 
Engineering. 2020;269:109748

[9] Maniet G, Jacquet N, Richel A. 
Recovery of sterols from vegetable oil 
distillate by enzymatic and non-
enzymatic processes. Comptes Rendus 
Chimie. 2019;22:347-353

[10] de Mello M, Young A, Villardi H, 
Pessoa F, Salgado A. Biodiesel production 
by the methylic-alkaline and ethylic-
enzymatic routes: Discussion of some 
environmental aspects. Journal of 
Cleaner Production. 2017;144:347-357

[11] Santos C, de Mello M, Gomes 
D’Amato Villardi H, Ferreira Young A, 
Luiz Pellegrini Pessoa F, Medeiros SA. Life 
cycle assessment of biodiesel produced 
by the methylic-alkaline and ethylic-
enzymatic routes. Fuel. 2017;208:329-336

[12] Kumar A, Nerella VK, v. 
Experimental analysis of exhaust 
emissions from transit buses fuelled 
with biodiesel. The Open Environmental 
Engineering Journal. 2009;2:81-96

[13] Ang GT, Tan KT, Lee KT. Recent 
development and economic analysis of 
glycerol-free processes via supercritical 
fluid transesterification for biodiesel 
production. Renewable and Sustainable 
Energy Reviews. 2014;31:61-70

[14] USDA. BICO Reports [Internet]. 
Foreign Agriculture Service. 2021 [cited 
January 5, 2022]. Available from: https://
apps.fas.usda.gov/Gats/BICOReport.
aspx?type=bico-hs10

[15] D’Amato Villardi HG, Leal MF, 
Pellegrini Pessoa FL, Salgado AM. 
Synthesis of methyl esters through 
residual feedstock using acid and free 
catalyst – Proposal of new reactor. 
Renewable Energy. 2019;131:1146-1155

[16] Bouriakova A, Mendes PSF, Elst K, de 
Clercq J, Thybaut JW. Techno-economic 

References



Routes to Aggregate Value to Soybean Products
DOI: http://dx.doi.org/10.5772/intechopen.102615

269

evaluation of squalene recovery from 
oil deodorizer distillates. Chemical 
Engineering Research and Design. 
2020;154:122-134

[17] Niza NM, Tan KT, Lee KT, Ahmad Z. 
Influence of impurities on biodiesel 
production from Jatropha curcas L. by 
supercritical methyl acetate process. 
The Journal of Supercritical Fluids. 
2013;79:73-75

[18] Saka S, Isayama Y. A new process 
for catalyst-free production of biodiesel 
using supercritical methyl acetate. Fuel. 
2009;88:1307-1313

[19] Casas A, Ruiz JR, Ramos MJ, Pérez Á. 
Effects of Triacetin on biodiesel quality. 
Energy & Fuels. 2010;24:4481-4489

[20] Campanelli P, Banchero M,  
Manna L. Synthesis of biodiesel 
from edible, non-edible and waste 
cooking oils via supercritical methyl 
acetate transesterification. Fuel. 
2010;89:3675-3682

[21] ANP. Resolução ANP No 45 DE 
25/08/2014 - Federal - LegisWeb 
[Internet]. [cited January 3, 2022]. 
Available from: https://www.legisweb.
com.br/legislacao/?id=274064

[22] Saka S, Isayama Y, Ilham Z, Jiayu X. 
New process for catalyst-free biodiesel 
production using subcritical acetic 
acid and supercritical methanol. Fuel. 
2010;89:1442-1446

[23] Yoneda N, Kusano S, Yasui M, 
Pujado P, Wilcher S. Recent advances 
in processes and catalysts for the 
production of acetic acid. Applied 
Catalysis A: General. 2001;221:253-265

[24] Ang GT, Tan KT, Lee KT. Recent 
development and economic analysis of 
glycerol-free processes via supercritical 
fluid transesterification for biodiesel 

production. Renewable and Sustainable 
Energy Reviews. 2014;31:61-70

[25] Farobie O, Matsumura Y. State of 
the art of biodiesel production under 
supercritical conditions. Progress 
in Energy and Combustion Science. 
2017;63:173-203

[26] Delledonne D, Rivetti F, Romano U. 
Developments in the production and 
application of dimethylcarbonate. Applied 
Catalysis A: General. 2001;221:241-251

[27] Fabbri D, Bevoni V, Notari M, 
Rivetti F. Properties of a potential biofuel 
obtained from soybean oil by 
transmethylation with dimethyl 
carbonate. Fuel. 2007;86:690-697

[28] Tundo P, Selva M. The chemistry 
of dimethyl carbonate. Accounts of 
Chemical Research. 2002;35:706-716

[29] Ilham Z, Saka S. Dimethyl carbonate 
as potential reactant in non-catalytic 
biodiesel production by supercritical 
method. Bioresource Technology. 
2009;100:1793-1796

[30] Rathore V, Tyagi S, Newalkar B, 
Badoni RP. Glycerin-free synthesis of 
Jatropha and Pongamia biodiesel in 
supercritical dimethyl and diethyl 
carbonate. Industrial & Engineering 
Chemistry Research. 2014;53:10525-10533

[31] Kim SC, Kim YH, Lee H, Yoon DY, 
Song BK. Lipase-catalyzed synthesis 
of glycerol carbonate from renewable 
glycerol and dimethyl carbonate through 
transesterification. Journal of Molecular 
Catalysis B: Enzymatic. 2007;49:75-78



Soybean 
Recent Advances in Research  

and Applications

Edited by Takuji Ohyama,  
Yoshihiko Takahashi, Norikuni Ohtake,  

Takashi Sato and Sayuri Tanabata

Edited by Takuji Ohyama,  
Yoshihiko Takahashi, Norikuni Ohtake,  

Takashi Sato and Sayuri Tanabata

Increasing population and the expected decrease in crop production due to climate 
changes and land damage in near future may be rescued by changing from animal 

meat to plant protein, especially soybean protein. Recently, meat substitutes 
produced from soybean have become popular This book discusses recent advances 
in research and applications of soybean. Soybean seeds contain an extraordinarily 

high concentration of protein and oil, and the demand for soybean is increasing due 
to their nutritional value for both humans and livestock. Also, soybean has been 

used as biofuel in the replacement of petroleum oil. This book gives a comprehensive 
overview of soybean in five sections: “Role of Soybean for Food Security”, “Physiology 

and Biochemistry of Soybean Plants”, “Cultivation and Productivity of Soybean”, 
“Breeding and Biotechnology of Soybean”, and “Food and Biodiesel Industry”.

Published in London, UK 

©  2022 IntechOpen 
©  popovaphoto / iStock

ISBN 978-1-80355-699-4

Soybean - Recent A
dvances in Research and A

pplications

ISBN 978-1-80355-701-4


	Soybean - Recent Advances in Research and Applications
	Contents
	Preface
	Section 1
Role of Soybean for Food Security
	Chapter1
Soybean and Sustainable Agriculture for Food Security

	Section 2
Physiology and Biochemistry of Soybean Plants
	Chapter2
Effects of Application of Various forms of Nitrogen on the Growth of Soybean Nodules and Roots Related to the Carbon and Nitrogen Metabolism
	Chapter3
Physiological and Biochemical Basis of StressTolerance in Soybean

	Section 3
Cultivation and Productivity of Soybean
	Chapter4
Nitrogen Budget in a Paddy-Upland Rotation Field with Soybean Cultivation
	Chapter5
Inoculant Formulation and Application Determine Nitrogen Availability and Water Use Efficiency in Soybean Production
	Chapter6
Optimization of ApplicationTechnology for Plant Protection Products in Soybean Crops in Brazil
	Chapter7
Climate-ResilientTechnologies for Enhancing Productivity of Soybean in India

	Section 4
Breeding and Biotechnology of Soybean
	Chapter8
Current Strategies and Future of Mutation Breeding in Soybean Improvement
	Chapter9
Breeding of Gene-Accumulated Soybean Genotypes and Their Availability for Improving Soybean Productivity
	Chapter10
Role of CRISPR/Cas9 in Soybean ( L.) Quality Improvement

	Section 5
Food and Biodiesel Industry
	Chapter11
Soybean Functional Proteins and the Synthetic Biology
	Chapter12
Innovative Application of Soy Protein Isolate and Combined Crosslinking Technologies to Enhance the Structure of Gluten-Free Rice Noodles
	Chapter13
Biodiesel Production Using Reactive Distillation Column Based on Intensification Processes
	Chapter14
Routes to AggregateValue to Soybean Products




