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Foreword

Agricultural growth is important to ensure food and nutritional security for the
growing population and also is a vital to boost economic prosperity. Globally,
scientists are challenged to achieve higher food production per unit of both land
and water from shrinking farm size, and biodiversity erosion facing climate change.
Currently, climate resilience forewarns significant threats to food security,
ecosystems, economic stability, and water resources worldwide. To overcome
such challenges, sustained agricultural research is needed through the judicious
blend of both conventional and innovative methodologies for sustainable food
production, nutritional food security, and socio-economic aspects. Crop improve-
ment is a continuous process for the evolution of promising and improved varieties
with specifically targeted traits by exploiting a wide range of spontaneous/natural
and induced greater genetic variability. Plant breeders are continuously striving to
sustain crop production and look for innovative technologies including mutagenesis
and molecular tools such as genome editing and transgenic plants.

Among many methodologies that have been and are being employed, mutation
breeding has made significant contributions and is poised to create useful genetic
variations to be employed in breeding strategies in different crop plants. Although
first natural mutant was reported about 2300 years ago in China, the use of
irradiations to induce mutations was pioneered in the early twentieth century by
Prof. Lewis John Stadler (1928), after the discovery of X-rays by W.K. Rontgen. In
1964, the Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture
was established in Vienna, and thereafter mutation breeding received greater atten-
tion as a tool by plant breeders around the globe. I had an opportunity to visit
FAO/IAEA division when Dr. Mohan Jain was working there. Application of
radiation (X-rays, Gamma rays, ion beams, fast neutrons) and use of chemical
mutagens (EMS) have played an important role in inducing novel genetic variability,
improving existing popular varieties, and developing promising varieties in different
crop plants. The application of mutation breeding has since shown great potential to
evolve climate-resilient crop varieties to mitigate the effects of climate change.
Various agricultural institutes have been engaged in induced mutagenesis research
in different crop plants including vegetatively propagated crops, ornamental, medic-
inal, and aromatic plants.
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vi Foreword

It is noteworthy to mention that mutation breeding has significantly contributed to
developing more than 3365 improved, mutant crop varieties globally. These
varieties have been cultivated extensively by millions of farmers and immensely
benefitted them by enhancing their farm income and the nation’s food security. New
technologies have also been developed in the last decade to create and identify useful
genetic variation. These include in vitro mutagenesis, heavy ion beam and space
mutation breeding, mutagenomics, and TILLING (Targeting Induced Local Lesions
in Genomes).

In view of all the new developments and an important role of mutation breeding
in agriculture, horticulture, floriculture, etc., it is very pertinent to bring out a book
on this topic. This book presents the techniques of creating mutants for utilization
towards developing improved crop varieties. It also emphasizes on the basic muta-
tion methodologies and success stories in different countries in food crops, horticul-
tural plants, and plantation crops. In this context, it is timely that the editors of this
illustrious volume, Drs. P. Suprasanna and S. Mohan Jain have made dedicated
efforts for the compilation of this book that covers the latest information on basic and
applied mutation breeding in various crops. Their efforts are highly commendable to
kindle thoughts among researchers and students to encourage them to exploit
mutation technologies and molecular tools in crop improvement. I compliment all
the scientists for their valuable contributions in this book, which will serve as an
excellent source of reference material to researchers, commercial seed companies,
teachers, young breeders in new genomic era to undertake induced mutagenesis in
respective crops in their future programs aimed at crop improvement.

International Centre for Genetic
Engineering and Biotechnology
New Delhi, India

Sudhir K. Sopory



Preface

Food security continues to be on the center stage of agriculture development. Several
factors including climate change, growing population, and dwindling natural
resources continue to mount pressure on finding sustainable solutions. In this
backdrop, it is imperative to enhance and sustain food production in the present
and future. Genetic variation is the mainstay for plant breeding and methods to
enhance genetic variability are essentially needed for developing new improved crop
varieties. Breeding of crop plants has been practiced over several decades and
considerable progress has been made to evolve high yielding varieties with enhanced
quality and stress tolerance. The success in the development of high-yielding crops
using different breeding methods like selection, hybridization, and associated breed-
ing strategies led to the Green Revolution. However, since induction of new and
novel genetic variability has to be exploited for improving a wide range of self and
cross-pollinated plants including vegetatively propagated plant species, there has
been a continued implementation of alternative breeding strategies including induc-
tion of mutations.

Since the initial experiments with ionizing radiations in 1920s, several studies
have been conducted to isolate useful mutations for plant traits culminating into
improved mutant varieties for cultivation. More than 3365 mutant varieties are
officially registered in a database curated by the FAO/IAEA. The success can be
very well appreciated in the economic impact that these varieties have created
globally in different countries. There has been tremendous progress in fine tuning
the crucial processes of mutation induction, mutant selection, and mutant character-
ization. Innovative breeding strategies are in place to tackle the issues surrounding
food and nutritional security. Novel genomics tools are opening up new avenues for
the induction and characterization of genetic variation.

This book has covered different facets of mutation breeding in crop plants and has
chapters right from relevance of mutation breeding, historical account, mutagens,
mutant selection, molecular tools, and targeted mutagenesis techniques. The book
also presents successful examples of “application of induced mutations” in different
crop plants, horticultural crops, ornamentals, commercial crops including tuber
crops. It is also an attempt to collate seminal contributions of pioneering researchers
of international repute who are engaged in the trade of art of mutation breeding. Each
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chapter has an introduction with the background of the respective mutation breeding
area and gives in-depth account of the topic.

viii Preface

The book will be an excellent reference source for plant biologists, breeders,
biotechnologists, and geneticists engaged in mutation breeding programs as well as
for seed companies and policy makers. We profusely thank and appreciate the
contributions from all authors, for their cooperation and patience during the publi-
cation process. Their contributions have been a big source of success and quality of
this book. We are happy that this collaborative work has chapters from 74 scientists
and 11 countries. Big thanks to Springer and their team for continuous support and
for the opportunity to bring out this book.

Mumbai, India Suprasanna Penna
Helsinki, Finland S. Mohan Jain



9

Contents

1 Mutation Breeding to Promote Sustainable Agriculture
and Food Security in the Era of Climate Change . . . . . . . . . . . . . . 1
Suprasanna Penna, Siamak Shirani Bidabadi, and Shri Mohan Jain

2 History of Plant Mutation Breeding and Global Impact
of Mutant Varieties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
M. C. Kharkwal

3 Physical and Chemicals Mutagenesis in Plant Breeding . . . . . . . . . 57
S. Bado, B. P. Forster, and F. Maghuly

4 Mutagenesis and Selection: Reflections on the In Vivo
and In Vitro Approaches for Mutant Development . . . . . . . . . . . . . 99
Suprasanna Penna and Suresh G. Bhagwat

5 Haploid Mutagenesis: An Old Concept and New Achievements . . . 12
Monika Gajecka and Iwona Szarejko

6 Strategies for Screening Induced Mutants for Stress Tolerance . . . . 151
Fatma Sarsu, Suprasanna Penna, and Ganesh C. Nikalje

7 Induced Mutagenesis for Developing Climate Resilience
in Plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Mithlesh Kumar, Kirti Rani, and Suprasanna Penna

8 Molecular Markers for Mutant Characterization . . . . . . . . . . . . . . 205
R. S. Bhat, M. P. Brijesh Patil, I. S. Tilak, and K. Shirasawa

9 Application of TILLING as a Reverse Genetics Tool to Discover
Mutation in Plants Genomes for Crop Improvement . . . . . . . . . . . . 233
M. I. Siddique, A. Younis, M. A. Gururani, and J. Venkatesh

10 Plant Mutagenesis Tools for Precision Breeding: Conventional
CRISPR/Cas9 Tools and Beyond . . . . . . . . . . . . . . . . . . . . . . . . . . 269
Rahul Mahadev Shelake, Dibyajyoti Pramanik,
Rajesh Ramdas Waghunde, and Jae-Yean Kim

ixix



9

x Contents

11 Crop Improvement Through Induced Genetic Diversity
and Mutation Breeding: Challenges and Opportunities . . . . . . . . . . 293
Sobhana Sivasankar

12 Induced Mutations for Development of New Cultivars
and Molecular Analysis of Genes in Japan . . . . . . . . . . . . . . . . . . . 301
Hitoshi Nakagawa

13 Role of Mutation Breeding in Crop Improvement
with Special Reference to Indian Subcontinent . . . . . . . . . . . . . . . . 355
M. C. Kharkwal

14 Success of Mutation Breeding of Sorghum to Support
Food Security in Indonesia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429
Soeranto Human, Wijaya M. Indriatama, and Sihono

15 Potential of Mutation Breeding in Genetic Improvement
of Pulse Crops . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445
Souframanien Jegadeesan and Dhanasekar Punniyamoorthy

16 Advances in Mutation Breeding of Groundnut
(Arachis hypogaea L.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 487
Anand M. Badigannavar and Suvendu Mondal

17 Mutation Breeding for Sustainable Food Production in Latin
America and the Caribbean Under Climate Change . . . . . . . . . . . . 521
María Caridad González Cepero, Luz Gómez Pando,
Alexander De Andrade, Juan Felix Arguello Delgado,
Héctor Nakayama Nakashima, Alejandra Landau,
Alberto Prina, Mayra Rodríguez García, Aura Suchini Farfan,
and Eulogio de la Cruz Torres

18 Mutation Breeding Studies in the Indian Non-basmati Aromatic
Rice: Success and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 539
N. B. Gaikwad and V. A. Bapat

19 Induced Mutagenesis in Chrysanthemum . . . . . . . . . . . . . . . . . . . . 565
S. K. Datta

20 Mutation Breeding Research in Sweet Pepper . . . . . . . . . . . . . . . . . 599
A. Popatanasov, O. Timina, and N. Tomlekova

21 Induced Mutation Technology for Sugarcane Improvement:
Status and Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 645
Suprasanna Penna, S. J. Mirajkar, M. V. Purankar, A. A. Nikam,
S. G. Dalvi, E. R. Vaidya, and R. M. Devarumath

22 Induced Mutations for Developing New Ornamental Varieties . . . . 66
M. Tütüncü, K. Y. Kantoğlu, B. Kunter, and Y. Y. Mendi



Contents xi

23 Improvement of Fruit Crops Through Radiation-Induced
Mutations Facing Climate Change . . . . . . . . . . . . . . . . . . . . . . . . . 693
S. S. Maan, V. Sharma, and J. S. Brar

24 Induced Mutations for Genetic Improvement of Banana . . . . . . . . . 719
H. Tak, S. Bhakta, S. Negi, and T. R. Ganapathi

25 Mutation Breeding in Date Palm (Phoenix dactylifera L.) . . . . . . . . 735
Djamila Yatta El Djouzi, Hafida Khelafi, Shri Mohan Jain,
and Jameel M. Al-Khayri

26 Mutation Breeding in Tropical Root and Tuber Crops . . . . . . . . . . 779
A. V. V. Koundinya, Arindam Das, and Vivek Hegde



About the Editors

Editors and Contributors

Suprasanna Penna Ph.D. (Genetics), is formerly Head of Nuclear Agriculture and
Biotechnology Division, Bhabha Atomic Research Centre, Mumbai, and Professor
at Homi Bhabha National Institute, Mumbai. Currently he is Professor and the
Director, Amity Institute of Biotechnology, Amity University of Maharashtra,
Bhatan, Mumbai, India. He has made significant contributions to plant science
covering plant biotechnology, mutation breeding, stress biology, genomics, and
novel biopolymers. His work on technology development for radiation
depolymerized oligo-chitosan has been successfully used in enhancing plant pro-
ductivity in crop plants and vegetables. He has also led research on molecular
understanding of plant abiotic stress tolerance in crop plants including salinity-
adaptive mechanisms in halophytes. He has served as an expert with International
Atomic Energy Agency (IAEA), Vienna (Austria). Dr Penna is on the editorial board
of national and international journals and published over 350 publications and has
edited books on salinity tolerance, plant nutrition and climate change, plant genetic
diversity, and plant-metal interactions. He is the guest editor with various publishers.

Shri Mohan Jain is a Consultant and Plant Biotechnologist, Department of Agri-
cultural Sciences, University of Helsinki, Helsinki, Finland. He received his M.Phil.
in 1973 and Ph.D. in 1978 from Jawaharlal Nehru University, New Delhi, India. He
was a postdoctoral fellow in Israel, USA, and visiting scientist/Professor in Japan,
Malaysia, Germany, and Italy. He was a Technical Officer, Plant Breeding and
Genetics, International Atomic Energy Agency (IAEA), Vienna, Austria, 1999–
2005. He is a member of International Association of Plant Tissue Culture and
Biotechnology and an editorial board member of Euphytica, In Vitro, Propagation of
Ornamental Plants, Emirates Journal of Food and Agriculture, and a series on
Forest Biotechnology. His has more than 160 publications in peer-reviewed journals,
book chapters, and conference proceedings, and edited 55 books, is an invited
speaker, and acted as a chairperson in several international conferences worldwide.
He was awarded Nobel Peace Prize, in commemoration of the awarding to IAEA of
the Nobel Peace Prize for 2005; He was also former consultant to IAEA, the
European Union, the Government of Grenada and the Egyptian Government.

xiiixiii



Contributors

Currently his research interests are somatic embryogenesis, organogenesis, hap-
loidy, somatic cell hybridization, somaclonal variation and mutagenesis mainly in
medicinal plants, date palm, and banana genetic improvement, genetic diversity,
erosion, conservation, and utilization in the context of climate change and food and
nutritional security.

xiv Editors and Contributors

Jameel M. Al-Khayri Department of Agricultural Biotechnology, College of
Agriculture and Food Sciences, King Faisal University, Al-Ahsa, Saudi Arabia

Anand M. Badigannavar Nuclear Agriculture and Biotechnology Division,
Bhabha Atomic Research Centre, Mumbai, India

S. Bado Department of Plant Science, PHYTOPRISE GmbH, Oberwart, Austria
Département de Biochimie-Microbiologie, Unité de Formation et de Recherche en
Sciences de la Vie et de la Terre, Université Ouaga I Professeur Joseph KI-ZERBO,
Ouagadougou, Burkina Faso

V. A. Bapat Department of Biotechnology, Shivaji University, Kolhapur, India

S. Bhagwat Nuclear Agriculture and Biotechnology Division, Bhabha Atomic
Research Centre, Mumbai, India

S. Bhakta Plant Cell Culture Technology Section, Nuclear Agriculture and Bio-
technology Division, Bhabha Atomic Research Center, Trombay, Mumbai, India

R. S. Bhat Department of Biotechnology, University of Agricultural Sciences,
Dharwad, India

J. S. Brar Department of Fruit Science, College of Horticulture and Forestry,
Punjab Agricultural University, Ludhiana, Punjab, India

M. P. Brijesh Patil Department of Biotechnology, University of Agricultural
Sciences, Dharwad, India

Alexander de Andrade Company of Agricultural Investigations and Rural Exten-
sion (Epagri), Experimental Station of Itajai, Itajai, Brazil

María Caridad González Cepero National Institute of Agricultural Science
(INCA), Mayabeque, Cuba

Eulogio de la Cruz Torres National Institute of Nuclear Investigations (ININ),
Mexico City, Mexico

S. G. Dalvi Plant Tissue Culture Section, Vasantdada Sugar Institute, Pune, India

Arindam Das Department of Vegetable Science, Uttara Banga Krishi
Viswavidyalaya, Cooch Behar, West Bengal, India



Editors and Contributors xv

S. K. Datta CSIR-National Botanical Research Institute, Lucknow, India
Bose Institute, Kolkata, India

Juan Felix Arguello Delgado National University of Costa Rica, Heredia, Costa
Rica

R. D. Devarumath Molecular Biology and Genetic Engineering Division,
Vasantdada Sugar Institute, Pune, India

Dhanasekar Punniyamoorthy Nuclear Agriculture and Biotechnology Division,
Bhabha Atomic Research Centre, Trombay, Mumbai, India

Djamila Yatta El Djouzi I.N.R.A. Biotechnology and Plant Breeding Division
CRP Mehdi Boualem, Alger, Algeria

Aura Suchini Farfan Science and Agricultural Technology Institute (ICTA),
Guatemala, Mexico

B. P. Forster Biohybrids Ltd, Reading, UK

N. B. Gaikwad Department of Botany, Shivaji University, Kolhapur, India

Monika Gajecka Institute of Biology, Biotechnology and Environmental Protec-
tion, Faculty of Natural Sciences, University of Silesia in Katowice, Katowice,
Poland

T. R. Ganapathi Plant Cell Culture Technology Section, Nuclear Agriculture &
Biotechnology Division, Bhabha Atomic Research Center, Mumbai, India
Homi Bhabha National Institute, Mumbai, India

Mayra Rodríguez García Genetic and Engineering and Biotechnology Center
(CIGB), Havana, Cuba

M. A. Gururani Department of Biology, College of Science, UAE University, Al
Ain, United Arab Emirates

Vivek Hegde Division of Crop Improvement, ICAR-Central Tuber Crops Research
Institute, Thiruvananthapuram, Kerala, India

Soeranto Human Research Center for Isotopes and Radiation Application, Indo-
nesian Research and Innovation Agency (BRIN), Jakarta, Indonesia

Wijaya Murti Indriatama Research Center for Isotopes and Radiation Applica-
tion, Research Organization of Nuclear Technology (BATAN), Indonesian Research
and Innovation Agency (BRIN), Jakarta, Indonesia

S. Mohan Jain Department of Agricultural Sciences, PL-27, University of
Helsinki, Helsinki, Finland

K. Y. Kantoğlu Turkish Energy Nuclear and Mineral Research Agency, Nuclear
Energy Research Institute, Ankara, Turkey



xvi Editors and Contributors

M. C. Kharkwal Division of Genetics, ICAR-Indian Agricultural Research Insti-
tute, New Delhi, India

Hafida Khelafi I.N.R.A. Biotechnology and Plant Breeding Division CRP Mehdi
Boualem, Alger, Algeria

J. -Y. Kim Division of Applied Life Science (BK21 Four Program), Plant Molecu-
lar Biology and Biotechnology Research Center, Gyeongsang National University,
Jinju, South Korea

A. V. V. Koundinya Division of Crop Improvement, ICAR-Central Tuber Crops
Research Institute, Thiruvananthapuram, Kerala, India

Mithlesh Kumar AICRN on Potential crops, ARS Mandor Jodhpur Agriculture
University, Jodhpur, Rajasthan, India

B. Kunter Turkish Energy Nuclear and Mineral Research Agency, Nuclear Energy
Research Institute, Ankara, Turkey

Alejandra Landau Genetic Institute “Edwal A. Favret”, Buenos Aires, Argentina

S. S. Maan Department of Fruit Science, College of Horticulture and Forestry,
Punjab Agricultural University, Ludhiana, Punjab, India

F. Maghuly Plant Functional Genomics, Institute of Molecular Biotechnology,
Department of Biotechnology, BOKU-VIBT, University of Natural Resources and
Life Sciences, Vienna, Austria

Y. Y. Mendi Horticulture Department, Agriculture Faculty, Çukurova University,
Adana, Turkey

S. J. Mirajkar School of Nanoscience and Biotechnology, Shivaji University,
Kolhapur, India

Suvendu Mondal Nuclear Agriculture and Biotechnology Division, Bhabha
Atomic Research Centre, Mumbai, India

Hitoshi Nakagawa Hamamatsu Photonics K.K., Central Research Laboratory,
Hamamatsu, Shizuoka, Japan
Institute of Radiation Breeding, National Institute of Agrobiological Sciences,
Tsukuba, Ibaraki, Japan

Héctor Nakayama Nakashima Multidisciplinary Center of Technological
Investigations, Asuncion National University, San Lorenzo, Paraguay

S. Negi Department of Biotechnology, University of Mumbai, Mumbai, India

Ganesh C. Nikalje Seva Sadan’s R. K. Talreja College of Arts, Science and
Commerce, Mumbai, India

A. A. Nikam Plant Tissue Culture Section, Vasantdada Sugar Institute, Pune, India

Luz Gómez Pando Agrarian National University, Lima, Perú



Editors and Contributors xvii

A. Popatanasov Institute of Neurobiology, Bulgarian Academy of Sciences, Sofia,
Bulgaria

D. Pramanik Division of Applied Life Science (BK21 Four Program), Plant
Molecular Biology and Biotechnology Research Center, Gyeongsang National
University, Jinju, Korea

Alberto Prina Genetic Institute “Edwal A. Favret”, Buenos Aires, Argentina

M. V. Purankar Molecular Biology and Genetic Engineering Division,
Vasantdada Sugar Institute, Pune, India

Kirti Rani Division of Crop Improvement, ICAR-Directorate of Groundnut
Research, Junagadh, Gujarat, India

Fatma Sarsu Joint FAO/IAEA Centre of Nuclear Techniques in Food and Agri-
culture, International Atomic Energy Agency Vienna, Vienna, Austria

V. Sharma Faculty of Applied Sciences and Biotechnology, Shoolini University,
Bhajol, Solan (HP), Himachal Pradesh, India

R. M. Shelake Division of Applied Life Science (BK21 Four Program), Plant
Molecular Biology and Biotechnology Research Center, Gyeongsang National
University, Jinju, Korea

S. Shirani Bidabadi Department of Horticulture, College of Agriculture, Isfahan
University of Technology, Isfahan, Iran

K. Shirasawa Department of Frontier Research and Development, Kazusa DNA
Research Institute, Chiba, Japan

M. I. Siddique Vegetable Research Division, National Institute of Horticulture and
Herbal Science, Rural Development Administration, Jeonju, Republic of Korea

Sihono Research Center for Isotopes and Radiation Application, Indonesian
Research and Innovation Agency (BRIN), Jakarta, Indonesia

S. Singh Department of Fruit Science, College of Horticulture and Forestry, Punjab
Agricultural University, Ludhiana, Punjab, India

Sobhana Sivasankar Plant Breeding and Genetics Section, Joint FAO/IAEA Cen-
tre of Nuclear Techniques in Food and Agriculture, Vienna International Centre,
Vienna, Austria

Souframanien Jegadeesan Nuclear Agriculture and Biotechnology Division,
Bhabha Atomic Research Centre, Mumbai, India

Suprasanna Penna Nuclear Agriculture and Biotechnology Division, Bhabha
Atomic Research Centre, Mumbai, India
Amity Centre for Nuclear Biotechnology & Amity Institute of Biotechnology,
Amity University, Mumbai, Maharashtra, India



xviii Editors and Contributors

Iwona Szarejko Institute of Biology, Biotechnology and Environmental Protec-
tion, Faculty of Natural Sciences, University of Silesia in Katowice, Katowice,
Poland

H. Tak Plant Cell Culture Technology Section, Nuclear Agriculture & Biotechnol-
ogy Division, Bhabha Atomic Research Center, Mumbai, India

I. S. Tilak Department of Biotechnology, University of Agricultural Sciences,
Dharwad, India

O. Timina Faculty of Natural Sciences and Geography, Transdnistrian State Uni-
versity, Tiraspol, Transdnistria, Moldova

N. Tomlekova Agricultural Academy, Maritsa Vegetable Crops Research Institute,
Plovdiv, Bulgaria

M. Tütüncü Horticulture Department, Agriculture Faculty, Ondokuz Mayıs Uni-
versity, Samsun, Turkey

E. R. Vaidya Pulses Research Unit, Dr. Panjabrao Deshmukh Krishi Vidyapeeth,
Akola, India

J. Venkatesh Department of Plant Science and Plant Genomics and Breeding
Institute, Seoul National University, Seoul, Korea

R. R. Waghunde Department of Plant Pathology, College of Agriculture, Navsari
Agricultural University, Bharuch, India

A. Younis Institute of Horticultural Sciences, University of Agriculture,
Faisalabad, Pakistan



1

Mutation Breeding to Promote Sustainable
Agriculture and Food Security in the Era
of Climate Change

1

Suprasanna Penna, Siamak Shirani Bidabadi, and Shri Mohan Jain

Abstract

Globally, sustainable agriculture and food production systems face unprece-
dented challenges from population expanse, declining land, and water resources
besides climate change. Climate change-driven factors like variation in tempera-
ture and precipitation patterns, the spread of drought and salinity on farmlands,
increasing soil and water pollution, global warming due to rising carbon dioxide
concentrations and extreme temperatures have shown tremendous impact on
plant growth, development, and productivity of crop plants. Utmost attention is
needed to develop and adopt effective, novel plant breeding technologies includ-
ing mutation breeding, molecular marker-assisted selection, and genetically
modified and gene-edited crops. Induced mutations have played an influential
role in meeting challenges of food security through the development and adoption
of new mutant varieties by the farming community in several countries. As on
date, 3402 mutant varieties have been released worldwide as registered on the
IAEA mutant variety database. A wide range of genetic variability for attributes
related to plant type, yield, and stress tolerance has been induced for use in plant
breeding and crop improvement programs. The mutant resources are now contin-
ually developed for creating new mutant germplasm for use in cro improvement

S. Penna (✉)
Nuclear Agriculture and Biotechnology Division, Bhabha Atomic Research Centre, Mumbai, India

Amity Centre for Nuclear Biotechnology & Amity Institute of Biotechnology, Amity University,
Mumbai, Maharashtra, India

S. Shirani Bidabadi
Department of Horticulture, College of Agriculture, Isfahan University of Technology, Isfahan, Iran

S. M. Jain
Department of Agricultural Sciences, University of Helsinki, Helsinki, Finland
e-mail: mohan.jain@helsinki.fi

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2023
S. Penna, S. M. Jain (eds.), Mutation Breeding for Sustainable Food Production
and Climate Resilience, https://doi.org/10.1007/978-981-16-9720-3_1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-9720-3_1&domain=pdf
mailto:mohan.jain@helsinki.fi
https://doi.org/10.1007/978-981-16-9720-3_1#DOI


and, in functional genomics studies. In the past few years, advanced mutagenic
tools of gene discovery and genome editing have emerged as the novel plant
breeding technologies. The introduction of precise genetic changes in the target
genes using genome editing has been fairly successful in the improvement of crop
plants. Continued research and prioritization will foster further development of
efficient mutagenesis, screening protocols and high-throughput phenotyping
methods for use in crop improvement programs aimed at sustainable agriculture
and climate resilience.

2 S. Penna et al.

Keywords

Food security · Climate resilience · Mutation breeding · Induced mutations · Plant
stress

1.1 Introduction

Since prehistoric time, more than 10,000 years ago, plant cultivation and agriculture
have been associated with human evolution. Food security has become a priority as
the human population continued to grow with the land and water becoming inade-
quate. Global population is anticipated to increase from the present 7.6 billion to 9.7
billion by 2050 demanding massive increase in the yield of the major food crops
(FAO 2017). An estimate from FAO (2020) states that 8.9% of the world population
is facing hunger, three billion people are facing under nutrition problems and two
billion people are facing food insecurity. Thus, both global food security and
nutritional demands have to be met with innovative agricultural practices. Plant
breeding practices have significantly contributed for enhancing plant growth and
productivity of several major crops (Cai et al. 2017); however, it has also become a
challenge to meet the global food demands and crop yields without increasing the
cultivatable area. Additionally, climate change has posed a serious challenge to food
security including food availability, food accessibility, food utilization, and food
system stability (Fig. 1.1).

In this scenario, supply chains are disrupted, market prices increase, assets and
livelihood opportunities are lost, purchasing power falls, human health is
endangered, and affected people are unable to cope. Therefore, finding a way to
reduce the risks of food security caused by climate change is a prime concern (Lobell
et al. 2011). The lack of knowledge about the climate impact presents a formidable
challenge that needs to be overcome by designing, developing, and adopting appro-
priate technologies to prevent the adverse impact of climate change on agriculture
(Campbell et al. 2016). In a recent study, Fedick and Santiago (2022) argued that
during the drought periods of Mayan period (ca. 750–900/1000 CE) although
drought situation impacted the obtainability of plant food, plant diversity could
have prevented famine. This emphasizes the essentiality of “plant genetic diversity”
to cope with climate change-driven stress factors like drought. Therefore, the
limitations on climate forecasting as well as the reduction of harmful factors related
to climate change such as drought, salinity, and heat stress are among the important



challenges that must be addressed in the future (Vermeulen et al. 2013; Raza et al.
2019). One of the most important challenges is to identify and assess “options and
systems” that will ensure the production of food using sustainable approaches in a
cost-effective, environment friendly, and feasible routes. Figure 1.2 has enlisted
some of the climate change-driven challenges for agriculture and food systems (FAO
2020).
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Fig. 1.1 The fundamental
tenets of food security

Fig. 1.2 Some of the climate change-driven challenges for agriculture and food systems (FAO
2020)
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1.2 Climate Change and Food Security

The major factors affecting food production are occurrence of severe salinity,
drought and temperature stresses and environmental pollutants. Furthermore, issues
related to crop, livestock and fisheries production, as well as global trade, popula-
tion, and human behavior, all of which are economic and socioeconomic aspects of
agricultural systems, are affected by climate change, which ultimately affects food
security (Tirado et al. 2010; Oppenheimer et al. 2014; Campbell et al. 2016). Climate
change-associated factors such as high levels of CO2, methane, and N2O, extreme
temperature, varying precipitation patterns, and erratic weather occurrences can have
a greater impact on the incidence of biotic and abiotic stresses which include pests,
pathogens, weeds, water paucity, etc. (Myers et al. 2014). Climate change enhances
the prevalence of pests and diseases which risk agricultural crop performance
(Bebber et al. 2013) and likely to reduce food safety due to the higher rate of
microbial growth as temperatures rise, particularly regarding fresh fruit and vegeta-
ble crops (Hammond et al. 2015).

The genetic resources, climatic factors, diseases, pollination, soil formation as
well as water and nutrient cycling that are directly or indirectly related to the
ecosystem, are very closely linked to food security (Cabell and Oelofse 2012).
Oppenheimer et al. (2014) reported that an increase in temperature and environmen-
tal stresses caused a significant reduction in biodiversity and shifts in relationships
within communities that threatened productivity and resilience of current food
systems (Khoury et al. 2014). Thornton and Herrero (2015) suggested that interac-
tion of plants with climate change will have a significant impact on managing the
risk on sustainable food production and nutrition security which increase the effi-
ciency of inputs and reduced food losses in agroforestry. The interactive effects of
climate change on food security and relevance of sustainable agricultural practices
and mutation breeding are presented in Fig. 1.3. In this chapter, we have provided an
overview of food security, climate change, and relevance of mutation breeding to
improve agricultural crops for sustainable food production.

1.2.1 Traits/Responses for Coping with Climate Change

Climate change is a very complex process and consists of several factors, including
changes in the concentration of greenhouse gases in the atmosphere, increasing
temperatures, changes in precipitation patterns and increasing the frequency of
severe weather events (Gray and Brady 2016). Plant responses to climate change
can be studied from a developmental perspective. For example, the initiation of
lateral roots in response to water scarcity can be considered as a developmental
response (Babe et al. 2012; Gray and Brady 2016). Carbon dioxide (CO2) is one of
the gases in the atmosphere that is increasing and affects plant development and
morphology both directly by affecting the process of photosynthesis and indirectly
through the production of greenhouse gases that cause global warming induced
changes in plants (Ainsworth and Long 2005; Meehl et al. 2007). One of the



important developmental responses of plants to the enhanced level of CO2 in the
environment is increasing plant fresh and dry weight (Hatfield et al. 2011; Madhu
and Hatfield 2013; Bishop et al. 2014; Gray et al. 2016). Kühn et al. (2021) analyzed
several global studies and found eight plant functional traits of plant performance
which can be considered significant to thrive under conditions of climate change.
These include, specific leaf area, plant height, water-use efficiency, resprouting
ability, growth rate, clonality/bud banks/below-ground storage, wood density, and
rooting depth (Kühn et al. 2021). Such information on plant traits and associated
attributes will help in predictive pre-breeding decision(s) to identify and select
varieties/mutants that exhibit resilience or susceptibility to climatic change-
associated impact (Garnier et al. 2016).
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Fig. 1.3 Consequences of climate change on food security and using mutation breeding technique
along with sustainable agricultural practices to help improve food security for humans

Plants show different physiological, biochemical, and molecular responses to
increasing CO2 level in the atmosphere, depending on whether they are plant species
with C3, C4, and crassulacean acid metabolic (CAM) pathways. A noticeable
enhancement in photosynthesis can be used as an important strategic adaptation to
alleviate the global rise in atmospheric CO2 (Reddy et al. 2010). However, the
mechanisms related to the developmental processes in plants that interact with
CO2 are still unclear and will need to be addressed in the future. In addition to
causing physiological and developmental changes in plants, temperature also affects
their yield (Hatfield et al. 2011). Enhanced temperature could change plant physiol-
ogy via modification of photosynthetic carbon assimilation in which the enzyme
responsible for CO2 fixation from the atmosphere into organic compounds (Rubisco)
in the plants (Crafts-Brandner and Salvucci 2000; Sage et al. 2008; Raza et al. 2019).
Developmental processes in leaf such as leaf initiation ratio, leaf expansion as well
as duration of expansion are also influenced by temperature (Granier et al. 2002; Du
et al. 2018). Leaf initiation requires auxin-induced expression of a KNOX gene
(KNOTTED-LIKE HOMEOBOX transcription factor) in the incipient leaf



primordium (Du et al. 2018). The effect of soil temperature on root developmental
and functional processes such as respiration, nutrient uptake, and lateral root
branching have also been previously reported (Awal et al. 2003; Nagel et al. 2009;
Hanzawa et al. 2013; Kumagai and Sameshima 2014). Temperature also affects
reproductive developmental process such as acceleration of flowering and even
regulation of flower time (Zinn et al. 2010; Burghardt et al. 2016). High temperature
stress also reduces plant yield by reducing the rate of photosynthesis and also
inducing oxidative stress (Siebers et al. 2015). Leaf developmental programs such
as cell division and elongation are affected by drought stress (Baerenfaller et al.
2012; Clauw et al. 2015). One of the major causes drought stress results downward
angle of root growth and role of auxin (Rellán-Álvarez et al. 2015). Lateral root
growth stops in the face of drought due to the production of abscisic acid (ABA), and
suberin is produced in root tissues (Seo et al. 2009; Babe et al. 2012; Barberon et al.
2016). Changes in the anatomy of root cells, including the formation of aerenchyma
as well as reduced levels of cortical cells, is associated with an improved plant
performance when exposed to drought leading to maintain optimal root growth in the
absence of water (Lynch 2015). Reproductive development in the plants is also the
stage that is most sensitive to drought stress (Saini and Westgate 1999; Ma et al.
2014). Su et al. (2013) asserted that reproductive development responses of plants to
drought include early detention of floral development. They reported that water
stress during reproductive development leads to abnormal anther phenotypes. Tol-
erance to some abiotic stresses such as drought and heat during reproductive
development is very critical for high yield potential and better yield stability of
wheat and soybean under climate change (Stratonovitch and Semenov 2015; Ma
et al. 2017; Tricker et al. 2018; Senapati et al. 2019; Du et al. 2020). This necessitates
that further research is needed in the focus on inducing desirable variability for novel
traits and trait associations for plant responses to climate change-driven stresses.
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1.3 Induced Genetic Variation

Plant genetic diversity, both natural and induced, has contributed to improvement of
crop plants. Natural plant populations have rich genetic diversity, but it is opined that
the process of domestication has rather reduced genetic diversity relative to the wild
ancestor(s) across the genome, and severely reduced genetic diversity for genes
targeted by domestication (Flint-Garcia 2013). Moreover, it is possible that domes-
tication has opted for favorable haplotypes for selected genes leading to low genetic
diversity (Smýkal et al. 2018). In such a scenario, these populations can be analyzed
to study and/or induce genetic diversity to sustain the impeding climate change and
environmental stresses. Studies have shown that microevolutionary factors like
mutation, genetic drift, and gene flow can influence existing genetic variation in
plant populations over generations, and that this could configure genetic responses to
climate change (Fu et al. 2019). The new breeding approaches in the past several
decades have contributed to the induction of novel genetic variability, albeit in a
random mode, through tools of in vitro-induced variation and mutagenesis



(Songstad et al. 2017). It has been viewed that the generation of climate-smart
varieties will require novel plant breeding technologies including induced mutations;
biotechnological interventions and plant genetic engineering (Ahloowalia et al.
2004; Shu 2009; Suprasanna et al. 2021), and such genetically enhanced germplasm
should contribute to climate-smart agriculture.
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Fig. 1.4 Development of induced mutagenesis technology-chronological view. (Modified after
Suprasanna et al. 2015)

The use of mutation techniques by plant breeders has a long history, dating back
to 1920, which peaked from 1950 to 1960 (Oladosu et al. 2016). Several experimen-
tal advances have emerged in the area of induced mutagenesis (Fig. 1.4). During this
period, a significant number of mutants have been obtained, and the chronological
evolution of the advances is shown in Fig. 1.4. New tools mutation induction such
as, ion beam mutagenesis has been successfully employed for the development of
70 new crop varieties in Japan and China (Abe 2021). Mutation breeding also had a
great impact on the economies of countries to maintain genetic diversity by
providing new alleles to the genome and preventing gene erosion caused by the
replacement of local varieties by modern varieties, environmental degradation,
urbanization, and land clearing through deforestation and brush fires (Oerke 2006;
Kozjak and Meglic 2012; Ahuja and Jain 2015). Some notable examples include,
highly fertile aromatic rice mutants, lettuce mutants having low polyphenol oxidase,
peanut mutants lacking major allergens, good shelf-life mandarin oranges, cherry
mutants without cold vernalization, high oil productivity mutants of microalgae,
mosses with high bioremediation ability for heavy metals.
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1.3.1 Mutation Breeding for Sustainable Food Production

Induced mutations are being efficiently used to create genetic variability to improve
various traits in crop plants. The data collected clearly shows that induced mutations
have played a very significant role in solving food and food security problems in
many countries (Kharkwal and Shu 2009; FAO/IAEA 2020). The purpose of
inducing mutations in agricultural crops is to increase the frequency of genetic
variability in order to more easily select plant species with desired traits for use in
plant breeding programs (Jain 2010, 2012; Suprasanna et al. 2012, 2014; Suprasanna
and Jain 2021). Mutation breeding offers considerable scope for sustainable agricul-
tural development and food security (Jain and Suprasanna 2011; Mir et al. 2020). It
can help to further increase yields, while addressing the shortcomings of green
revolution technologies in landscape, water resources and environment towards
agrochemicals, agricultural practices, and management (Aguilar-Rivera et al.
2019). Mutation breeding has also the ability to enhance crop diversity, provide
better resistance to pests and diseases, increase nutrient use efficiency, make crops
more resilient to climate shocks, and improve nutritional quality (Jain and
Maluszynski 2004; Jain 2010; Suprasanna et al. 2017; Suprasanna and Jain 2017).
Therefore, the problems of yield gap, low vigor, narrow gene pool, complex
genomes, reduced fertility, and the lengthy breeding/selection cycle could very
well be addressed using induced mutations (Sharma and Sharma 2004; Suprasanna
et al. 2012).

According to FAO report (FAO 2019), more than 800 million people worldwide
are in dire need of food. Considering that fertile land and water are becoming scarce,
fundamental strategic changes, and novel breeding technologies will have to be
implemented to address problems facing agriculture and food production systems
(Jain 2010; Cai et al. 2017; Meemken and Qaim 2018; FAO 2019; Qaim 2020). Over
the past century, plant breeding has played a major role in enhancing food produc-
tion (Evenson and Gollin 2003). However, climate change is having negative impact
on sustainable food production as evident in Asian and African countries mostly
dependent on agriculture and livestock (Jain 2010; Wheeler and von Braun 2013).
Qaim (2020) suggested that, sustainable agriculture and food security cannot be
realized without new breeding technologies (NBTs) as these could contribute to
higher crop yields, lower use of chemical fertilizers and pesticides, better crop
resilience to climate stress, reduced postharvest losses, and more nutritious foods
(Bailey-Serres et al. 2019; Eshed and Lippman 2019; Zaidi et al. 2019). The NBTs
offer considerable scope for transforming crop improvement with more precision
and resolution and, developing highly productive and improved crop varieties for
achieving food security under climate resilience (Suprasanna et al. 2021).

Mutagenesis introduces new, novel variation into crop plants for use in plant
breeding (Holme et al. 2019), and the mutant germplasm developed in the past few
decades is still part of the gene pool used in modern plant breeding (Bradshaw 2017).
Irradiation and treatment with chemical mutagens are the two major methods used to
induce mutations in plants (Mba et al. 2011). X-rays and gamma radiation cause a
mixture of bigger chromosome deletions and point mutations, i.e., single base



substitutions or deletions, whereas the most commonly used chemical mutagens
(e.g., NaN3, EMS, MNU) almost exclusively cause single base substitutions (transi-
tive, i.e., from G/C to A/T; see Table 1.1). Selection of stable mutants with good
agronomic traits in a short period of time is highly beneficial for developing new
improved plant varieties. However, one of the benefits of mutation breeding is that
many mutants for different traits can be identified and can be screened under
conditions of climate change (Jain 2010). Jain et al. (2010) considered nuclear
technology is more cost-effective than any new technique. In vitro mutagenesis
enhances genetic variability which is highly beneficial in plant breeding (Suprasanna
et al. 2012; Sarsu et al. 2018). The rate of spontaneous mutations is very low and
can’t be used by breeders for crop improvement. Hence it is necessary to enhance
mutation rate with physical and chemical mutagen treatment for generating genetic
diversity to utilize in plant breeding programs (Jain 2010, 2012). The advantage of
mutation breeding depends on efficient selection of premier variants in the second or
third or further generation (Priyadarshan 2019). Mutated plants can be caused by
errors that occur internally in cellular function or as a result of either external factors
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Table 1.1 Some of the major plant varieties developed by the use of induced mutations
(FAO/IAEA 2020)

Variety name Latin name Common name Country Registration

IIyou 623 and
IIyou 673

Oryza sativa L. Rice China 2007 and
2008,
respectively

ABHIMANYU Bougainvillea sp. Paper flower India 2010

AL-BEELY Musa sp. Banana Sudan 2007

ALDAMLA Prunus avium L. Cherry Turkey 2014

Albisoara Glycine max L. Soybean Republic of
Moldova

2010

Ana Delia Hibiscus sp. Hibiscus Cuba 2013

ARTIpurple and
ARTIqueen

Dendranthema
grandiflorum (Ramat.)
Kitamura

Chrysanthemum Republic of
Korea

2011

Beinong 103 Glycine max L. Soybean China 2009

Binadhan-19 Oryza sativa L. Rice Bangladesh 2017

Binachinabadam-
7

Arachis hypogaea L. Groundnut Bangladesh 2014

Binamasur-11 Lens culinaris Medik. Lentil Bangladesh 2017

Binagom-1 Triticum aestivum L. Wheat Bangladesh 2016

Binasarisha-9 Brassica napus L. Rapeseed Bangladesh 2013

Binamoog-9 Vigna radiata (L.) Wil. Mung bean Bangladesh 2017

Binapiaz-1 and 2 Allium cepa L. Onion Bangladesh 2018

Binatomato-13 Lycopersicon
esculentum M.

Tomato Bangladesh 2018

Binatil-4 Sesamum indicum L. Sesame Bangladesh 2016

Binasola-10 Cicer arietinum L. Chickpea Bangladesh 2016

BURAK Prunus avium L. Sweet cherry Turkey 2014



such as ultraviolet radiation or chemical compounds. As a result of these mutations,
very important traits include increased crop yield, ease of harvesting, and so on can
be selected. Figures 1.5 and 1.6 shows the success of mutation breeding in different
agricultural crops and in major cereals (IAEA mutant database 2021).
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Fig. 1.5 Distribution of officially released mutant crop varieties (IAEA mutant database 2021)

Fig. 1.6 Officially released
mutant varieties—major
cereals (IAEA mutant
database 2021)

Using mutations, traits for yield, quality, taste and disease, and pest resistance
have been improved in several horticultural crops such as legumes, peppermint,
peanut, citrus, banana, and cassava. Mutation-breeding is generally suitable in
species with a narrow genetic base or those that are recalcitrant to traditional
breeding methods (Jain and Suprasanna 2011; Suprasanna et al. 2014; Krasileva
et al. 2017). Breeding of many agricultural crops by mutation induction has been
widely used successfully in most species (Suprasanna et al. 2015). According to the
database of Food and Agriculture Organization of the United Nations (FAO)/IAEA,
many plant species of agricultural crops and ornamentals (more than 3365 mutant



varieties) such as wheat, rice, grapefruit, rapeseed, sunflower, cotton, and banana
have been included in breeding programs through induction of mutations (Jain 2005;
Jain 2010; Suprasanna et al. 2015; Suprasanna and Jain 2021). These mutant
varieties have also been categorized based on the basis of their development viz.
(1) direct use of mutant lines, (2) indirect use of mutant lines, (3) use of a mutant
gene allele (trait), and (4) use of wild species’ genes translocated into plant genome
via irradiation-enabled translocations (Oladosu et al. 2016).
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New mutant germplasm generation must be continued in crop improvement
programs in order to better cope with environmental stress conditions in the era of
climate change (Suprasanna et al. 2014). Among all agricultural crops, the highest
number of mutants is produced in rice, followed by barley, wheat, maize, durum,
wheat, oat, millet, sorghum, and rye. By induced mutations, useful mutants have
been produced in Solanaceae family plants with traits including high yields,
increased vitamin C, and also higher antioxidant capacity as well as increased
resistance to stressful conditions (Ozturk et al. 2012; Tomlekova et al. 2009;
FAO/IAEA 2020). In vegetable crops, new mutants of pepper, tomato, potato,
cucumber, eggplant, lettuce, onion, radish, and watermelon enhanced total produc-
tion (Maluszynski et al. 2009; Anonymous 2013). Successful breeding programs by
inducing mutations in ornamental plants also include breeding traits such as
increased tolerance against abiotic stresses (Datta 2014). Among the tropical
ornamentals, mutation breeding has been successfully attempted mainly in orchids,
red ginger, torch ginger, and Anthurium (Sheela and Sheena 2014).

Induced mutations have contributed to global food security by increasing global
food production, yield potential, and stability. A large number of mutant varieties in
rice, banana, wheat, and cotton have been released in developing countries
(Table 1.1). These varieties have been cultivated over hundreds of millions of ha
of agricultural land, while the impact on national economies of these countries is
measured based on billions of dollars (Jain 2005, 2010; Shu 2009; Hertel et al. 2010;
Rosegrant 2011; Mba 2013; Suprasanna and Jain 2017; Priyadarshan 2019;
FAO/IAEA 2020; Mir et al. 2020; Sarsu et al. 2021). Successful impact of mutation
breeding includes the case of rice in China, Thailand, Vietnam, and the USA; barley
in European countries and Peru; durum wheat in Bulgaria and Italy; wheat in China;
soybean in China and Vietnam; and some other food legumes in India and Pakistan.
Accordingly, mutant crop varieties continue to contribute significantly to addressing
the food and nutritional securities of many countries in different continents across
the globe (Fig. 1.7) especially in view of the potentials for harnessing novel traits in
enhancing the adaptabilities of crops to climate change and variations (Mba 2013).
China covers more than 30 million hectares of mutant cultivars and earns US$ 4.9
billion to boost the country’s economy. In India and Bangladesh, 80% of the area
under rice cultivation is being covered by the mutant varieties. In Indonesia, an
approximate amount of US$ 2 billion has been received from a single top rice
variety. In Peru, mutant varieties of barley have enabled farmers to earn up to
seven million anodes, providing them with food and livelihoods through food
security and economic benefits. In Vietnam, mutant varieties of rice and soybean
helping poor farmers to improve their livelihood and a top rive mutant cultivar



earning US$ 3.3 billion with an increase of US$ 537.6 million over old varieties.
While soybean mutant varieties bring about US$ 3 billion with 3.5 million farmers
get a 30% increase in the economy. In Pakistan, 43 mutant varieties showed an
economic impact with earnings of US dollars 6 billion during 2018 (Mir et al. 2020).
In India, mutation breeding of groundnut has contributed through some notable high
yielding cultivars like TG 39, TPG 41, TLG 45, TG 47, TAG 24, TG 37A, and TG
51 which have gained popularity and cultivation in several groundnut growing
regions of the country.
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Fig. 1.7 Development of mutant varieties in different continents

Several successful examples of the effect of mutated genes on commercial crops
have been reported (Table 1.1) which have significantly increased the nutritional
value of those crops as well as enhanced biotic and abiotic stress tolerance. Increas-
ing the quality of protein in corn, low phytic acid (LPA) barley, rice, wheat, and
soybean production and oilseeds with optimized fatty acid compositions are
examples of successful applications of mutations in plant breeding programs (Shu
2009; Mba 2013). According to the FAO/IAEA database, 1825 mutants have been
successfully created to improve agronomic and botanical traits; of which,
577 mutants (18%) are created for increase in yield, 321 mutants (10%) for better
quality and nutritional content, 200 mutants (6%) for biotic, and 125 mutants (4%)
for abiotic stress tolerance (Suprasanna et al. 2015) (Fig. 1.8).
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Fig. 1.8 Mutant varieties for major agronomic traits

1.3.2 Plant Mutant Resources

Plant mutant repositories serve as platforms for basic and applied research in crop
improvement (Suprasanna and Jain 2017). Plant mutant libraries which are generally
developed through physical or chemical mutagenesis are now available and are
being maintained as mutant genetic resource hub for multitude of roles in functional
genomics, gene mapping and understanding the nature of mutation, the physiologi-
cal and metabolic alterations (Lundqvist 2009). Mutant libraries possessing high
mutation density are desirable for studies on functional genomics and mutant gene
discovery (Tsuda et al. 2015). For example, TOMATOMA (http://tomatoma.nbrp.
jp/) is a tomato mutant database offers phenotypic data of ethylmethane sulfonate
(EMS) γ-ray irradiation-derived tomato mutant lines (Shikata et al. 2015). EMS
mutant libraries were developed in tobacco for a wide range of phenotypes and for
the production of secondary metabolites. Jiao et al. (2016) established an EMS
mutagenized large-scale genomics resource for functional genomics studies for
drought tolerance in sorghum and observed that induced genetic variation was
distinct from natural variation. Using EMS mutagenesis, a mutant resource was
established in var. Nagina 22 for application in rice improvement (Amitha Mithra
et al. 2016). In wheat, Guo et al. (2017) developed an EMS based-mutant resource
with high-frequency phenotypic and genotypic variation for plant traits. Recently,
1504 FN-derived rice mutant lines were whole-genome sequenced and this resulted
in the identification of 91,513 mutations affecting 32,307 genes (Li et al. 2017). In
cotton, Lian et al. (2020) developed EMS mutant library for analyzing different
mutant phenotypes for screening traits related to leaf, flower, fruit, fiber, and plant

http://tomatoma.nbrp.jp/
http://tomatoma.nbrp.jp/


architecture. The mutant library was very useful to unravel EMS-induced site
mutation using high-throughput and high-resolution melting technology.
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1.3.3 Current Progress on Advances in Induced Mutagenesis

Crop breeding programs are more focused on achieving sustainability, nutritional
security and local environmental fitness to help reduce energy demands for crop
production while still providing adequate amounts of high-quality food (Fess et al.
2011; Mba 2013; Cowling et al. 2018; Roberts and Mattoo 2019). However, the
currently available cultivars of most staple crops do not fit into this expected highly
efficient yet low-input crop production systems and thus a new portfolio of crop
varieties will need to be bred (Mba 2013). Induced mutations have been used
extensively for functional genomics in plant mutation breeding of model crops
(Jankowicz-Cieslak et al. 2017).

“Plant mutagenomics” tools have been applied to characterize the mutational
events and mutant traits (Suprasanna and Jain 2017). Several high-throughput tools
such as cDNA-amplified fragment length polymorphism, single strand conforma-
tional polymorphism, serial analysis of gene expression, microarray, differential
display, TILLING, high-resolution melt analysis and next-generation sequenc-
ing have been used in the detection and molecular detailing of induced mutations
in different crop plants (Gady et al. 2011; Li et al. 2017). Such mutagenomics
investigations are useful in the analysis of gene functions using induced mutations
emphasizing the utility of mutations induced by physical and chemical mutagens
(Nawaz and Shu 2014). The techniques of forward and reverse genetics are now used
in such analyses (Fig. 1.9).

Molecular techniques such as targeting induced local lesions in genomes
(TILLING) are being used to detect specific sequential genomic changes in mutant
plants (Mir et al. 2020). TILLING is used for the production of stable genetic stocks
of mutant plant populations such as Arabidopsis, barley, soybean, tomato, and
wheat. These strategies can be used for many years and screened repeatedly for
different traits (Jankowicz-Cieslak et al. 2017; Suprasanna and Jain 2017; Taheri
et al. 2017). In this regard, TILLING as a reverse genetics strategy can be beneficial
to any species, regardless of genome size and ploidy level, to identify single
nucleotide mutations in a specific region of a gene of interest with a powerful
detection method resulted from chemical-induced mutagenesis, it could be a very
promising technique (Taheri et al. 2017). However, due to the laborious and time-
consuming process of TILLING and also slow development of suitable TILLING
targets, another faster, simpler, and less expensive technique with non-enzymatic
screening system known as high-resolution melting (HRM), has come up to assist
TILLING in mutation detection (Taheri et al. 2017). Efficient procedures are
required for the strict integration of induced mutations in breeding and functional
genomics studies (Jankowicz-Cieslak et al. 2017). Szurman-Zubrzycka et al. (2018)
developed a large TILLING population for barley referred to as HorTILLUS
(Hordeum—TILLING—University of Silesia), following mutagenic treatment



with sodium azide and N-methyl-N-nitrosourea. Authors suggested that this resource
will be useful for studies on functional genomics and selection of barley mutants.
T-DNA insertional mutagenesis projects are also very beneficial to support gene
discovery projects. The mutagenesis-based T-DNA insertion may also reveal gene
function via a gene knock-out and a gene knock-up (over-expression and miss-
expression) or through expression patterns revealed by modified insertion elements
(Pan et al. 2003). Discovery of mutant genes by using molecular and genomic
characterization of induced mutations has successfully contributed to understanding
the molecular nature of induced mutations and mutant traits. Further, genomic
prediction for agronomic traits can be useful in the speedy selection of superior
genotypes and step-up breeding gains for climate resilience in plants (Shirani
Bidabadi et al. 2012a, b, 2021). In this regard, the advent of advanced genomics
approaches and plant genome sequencing could benefit mutation discovery and
molecular regulation of plant traits.
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Fig. 1.9 A roadmap for mutagenomics studies in plants (Suprasanna and Jain 2017)

Biotechnological and genomics advancements have made the way for targeted
modification of plant genomes and thus the new era of “genome editing” began
(Zhang et al. 2018; Sharma and Vakhlu 2021) by using several tools such as ZFNs
(zinc-finger nucleases), TALENs (transcription activator-like effector nucleases),
and the CRISPR/Cas (clustered regularly interspaced short palindromic repeats)
system. These molecular editors employ sequence-specific nucleases (SSNs) to
recognize specific DNA sequence and create double-stranded breaks (DSBs). The
DSBs are then repaired by the endogenous repairing machinery through addition or
deletion of nucleotides resulting in mutants. Since the first report of genome editing
of bacterial blight susceptibility gene OsSWEET14 in rice (Li et al. 2018), several
plant species have been successfully modified to create “genome-edited plants” for a



wide range of traits (Wada et al. 2020). Recently, new innovations such as base
editing, DNA-free editing, CRISPR/Cpf1 system, and multiplex editing have been
developed to extend the potentials of genome editing tool-kit in plants (Pramanik
et al. 2021; El-Mounadi et al. 2020). Most traits may involve changes in one or few
base alterations, base editing of adenine, cytosine has also been achieved with high
editing efficiency (Mao et al. 2019). Therefore, the new tools of mutagenesis
continue to be a promising technology for the development of novel germplasm
with desired, precise modification in future.
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1.4 Conclusions and Prospects

Due to the challenges imposed by climate change and food security, utmost attention
is needed to establish sustainable food production systems and suitable technological
choices for improving crop plants. Mutation breeding has become an important field
in sustainable agriculture and a significant number of new mutants with desired traits
have been developed and the mutant varieties continue to have a tremendous impact
on improving crop productivity. A large majority of mutant varieties in cereals,
pulses, oil, root and tuber crops, and ornamentals have been released across the globe
contributing to significant economic impact. It could be predicted that induced
mutagenesis will remain a useful tool for isolating the desired mutants and develop-
ing resistance to biotic and abiotic stresses in various crops as it is a rapid and
relatively low-cost approach to create new alleles and phenotypes. Plant functional
traits such as specific leaf area, plant height, water-use efficiency, resprouting ability,
growth rate, clonality/bud banks/below-ground storage, wood density, and rooting
depth are considered important for climate resilience and hence, these can be useful
in pre-breeding decision(s) to identify and select varieties/mutants. In addition,
mutation breeding is complemented by new advanced technologies to enable the
detection of mutated alleles to create successful mutants, which in turn will elucidate
gene function and improvement. The novel techniques in breeding new cultivars
which are referred to as new breeding technologies (NBTs) such as genome editing
and could allow for the introduction of targeted, specific mutations into the genomes
for higher crop productivity and climate resilience. Plant mutation breeding technol-
ogy will undoubtedly play a greater role in plant improvement for diverse functional
traits for food security and sustainable agriculture in the coming years.

References

Abe T (2021) Ion beam mutagenesis for crop improvement. Plant Breed Genet Newsl 47:17–19
Aguilar-Rivera N, Michel-Cuello C, Cárdenas-González JF (2019) Green revolution and sustain-

able development. In: Leal Filho W (ed) Encyclopedia of sustainability in higher education.
Springer, Cham. https://doi.org/10.1007/978-3-030-11352-0_87

Ahloowalia BS, Maluszynski M, Nichterlein K (2004) Global impact of mutation-derived varieties.
Euphytica 135:187–204

https://doi.org/10.1007/978-3-030-11352-0_87


1 Mutation Breeding to Promote Sustainable Agriculture and Food Security. . . 17

Ahuja MR, Jain SM (2015) Genetic diversity and erosion in plants, vol 438. Springer International
Publishing, Switzerland. https://doi.org/10.1007/978-3-319-25954-3

Ainsworth EA, Long SP (2005) Tansley review: what have we learned from 15 Years of Free-Air
CO2 Enrichment (FACE)? A meta-analytic review of the responses of photosynthesis, canopy
properties and plant production to rising CO2. New Phytol 165:351–371

Amitha Mithra SV, Kar MK, Mohapatra T, Robin S, Sarla N, Seshashayee M, Singh K, Singh AK,
Singh NK, Sharma RP (2016) DBT propelled national effort in creating mutant resource for
functional genomics in rice. Curr Sci 110:543–548

Anonymous (2013) FAO/IAEA mutant variety database. http://www-mvd.iaea.org/
Awal MA, Ikeda T, Itoh R (2003) The effect of soil temperature on source-sink economy in peanut

(Arachis hypogaea). Environ Exp Bot 50:41–50
Babe A, Lavigne T, Severin JP, Nagel K, Walter A, Chaumont F, Batoko H, Beeckman T, Draye X

(2012) Repression of early lateral root initiation events by transient water deficit in barley and
maize. Philos Trans R Soc Lond B Biol Sci 367:1534–1541. https://doi.org/10.1098/rstb.2011.
0240

Baerenfaller K, Massonnet C, Walsh S, Baginsky S, Bühlmann P, Hennig L, Hirsch-Hoffmann M,
Howell KA, Kahlau S, Radziejwoski A, Russenberger D, Rutishauser D, Small I, Stekhoven D,
Sulpice R, Svozil J, Wuyts N, Stitt M, Hilson P, Granier C, Gruissem W (2012) Systems-based
analysis of Arabidopsis leaf growth reveals adaptation to water deficit. Mol Syst Biol 8:606.
https://doi.org/10.1038/msb.2012.39

Bailey-Serres J, Parker JE, Ainsworth EA, Oldroyd GED, Schroeder JI (2019) Genetic strategies for
improving crop yields. Nature 575:109–188

Barberon M, Vermeer JEM, DeBellis D, Wang P, Naseer S, Andersen TG, Humbel BM,
Nawrath C, Takano J, Salt DE, Geldner N, Barberon M, Engelbertus J (2016) Adaptation of
root function by nutrient-induced plasticity of endodermal differentiation article adaptation of
root function by nutrient-induced plasticity of endodermal differentiation. Cell 164:447–459.
https://doi.org/10.1016/j.cell.2015.12.021

Bebber DP, Ramotowski MAT, Gurr SJ (2013) Crop pests and pathogens move polewards in a
warming world. Nat Clim Chang 3:985–988

Bishop KA, Betzelberger AM, Long SP, Ainsworth EA (2014) Is there potential to adapt soybean
(Glycine maxMerr.) to future [CO2]? An analysis of the yield response of 18 genotypes in free-
air CO2 enrichment. Plant Cell Environ 38:1765–1774

Bradshaw JE (2017) Plant breeding: past, present and future. Euphytica 213:60. https://doi.org/10.
1007/s10681-016-1815-y

Burghardt LT, Runcie DE, Wilczek AM, Cooper MD, Roe JL, Welch SM, Schmitt J (2016)
Fluctuating, warm temperatures decrease the effect of a key floral repressor on flowering time
in Arabidopsis thaliana. New Phytol 210:564–576. https://doi.org/10.1111/nph.13799

Cabell JF, Oelofse M (2012) An indicator framework for assessing agroecosystem resilience. Ecol
Soc 17(1):18. https://doi.org/10.5751/ES-04666-170118

Cai Y, Golub AA, Hertel TW (2017) Agricultural research spending must increase in light of future
uncertainties. Food Policy 70:71–83

Campbell BM, Vermeulen SJ, Aggarwal PK, Corner-Dolloff C, Girvetz E, Loboguerrero AM,
Ramirez-Villegas J, Rosenstock T, Sebastian L, Thornton PK, Wollenberg E (2016) Reducing
risks to food security from climate change. Glob Food Sec 11:34–43

Clauw P, Coppens F, DeBeuf K, Dhondt S, VanDaele T, Maleux K, Storme V, Clement L,
Gonzalez N, Inzé D (2015) Leaf responses to mild drought stress in natural variants of
Arabidopsis. Plant Physiol 167:800–816. https://doi.org/10.1104/pp.114.254284

Cowling WA, Li L, Siddique KHM, Banks RG, Kinghorn BP (2018) Modeling crop breeding for
global food security during climate change. Food Energy Secur 8(2):e00157. https://doi.org/10.
1002/fes3.157

Crafts-Brandner SJ, Salvucci ME (2000) Rubisco activase constrains the photosynthetic potential of
leaves at high temperature and CO2. Proc Natl Acad Sci U S A 97:13430–13435

https://doi.org/10.1007/978-3-319-25954-3
http://www-mvd.iaea.org/
https://doi.org/10.1098/rstb.2011.0240
https://doi.org/10.1098/rstb.2011.0240
https://doi.org/10.1038/msb.2012.39
https://doi.org/10.1016/j.cell.2015.12.021
https://doi.org/10.1007/s10681-016-1815-y
https://doi.org/10.1007/s10681-016-1815-y
https://doi.org/10.1111/nph.13799
https://doi.org/10.5751/ES-04666-170118
https://doi.org/10.1104/pp.114.254284
https://doi.org/10.1002/fes3.157
https://doi.org/10.1002/fes3.157


18 S. Penna et al.

Datta S (2014) Induced mutagenesis: basic knowledge for technological success. In: Tomlekova
NB, Kozgar MI, Wani MR (eds) Mutagenesis: exploring genetic diversity of crops. Wageningen
Academic, Netherlands, pp 97–139

Du F, Guan C, Jiao Y (2018) Molecular mechanisms of leaf morphogenesis. Mol Plant 11:1117–
1134

Du Y, Zhao Q, Chen L, Yao X, Xie F (2020) Effect of drought stress at reproductive stages on
growth and nitrogen metabolism in soybean. Agronomy 10:302. https://doi.org/10.3390/
agronomy10020302

El-Mounadi K, Morales-Floriano ML, Garcia-Ruiz H (2020) Principles, applications, and biosafety
of plant genome editing using CRISPR-Cas9. Front Plant Sci 11:56. https://doi.org/10.3389/
fpls.2020.00056

Eshed Y, Lippman ZB (2019) Revolutions in agriculture chart a course for targeted breeding of old
and new crops. Science 366:eaax0025. https://doi.org/10.1126/science.aax0025

Evenson RE, Gollin D (2003) Assessing the impact of the green revolution, 1960 to 2000. Science
300:758–762. https://doi.org/10.1126/science.1078710

FAO (2017) The future of food and agriculture—trends and challenges. Rome, Italy, FAO
FAO (2019) The State of Food and Agriculture 2019. Moving forward on food loss and waste

reduction, Rome. Licence: CC BY-NC-SA 3.0 IGO
FAO-IAEA (2020). https://mvd.iaea.org/. Accessed 26 Aug 2020
Fedick SL, Santiago LS (2022) Large variation in availability of Maya food plant sources during

ancient droughts. Proc Natl Acad Sci U S A 119(1):e2115657118. https://doi.org/10.1073/pnas.
2115657118

Fess TL, Kotcon JB, Benedito VA (2011) Crop breeding for low input agriculture: a sustainable
response to feed a growing world population. Sustainability 3:1742–1772. https://doi.org/10.
3390/su3101742

Flint-Garcia SA (2013) Genetics and consequences of crop domestication. J Agric Food Chem 61:
8267–8276

Fu Y-B, Peterson GW, Horbach C, Konkin DJ, Beiles A, Nevo E (2019) Elevated mutation and
selection in wild emmer wheat in response to 28 years of global warming. Proc Natl Acad Sci U
S A 116(40):20002–20008

Gady ALF, Vriezen WH, Van de Wal MHBJ, Huang P, Bovy AG, Visser RGF, Bachem CWB
(2011) Induced point mutations in the phytoene synthase 1 gene cause differences in carotenoid
content during tomato fruit ripening. Mol Breed 29(3):801–812

Garnier E, Navas L, Grigulis K (2016) Plant functional diversity. Organism traits, community
structure, and ecosystem properties. Oxford University Press, Oxford, UK

Granier C, Massonnet C, Turc O, Muller B, Chenu K, Tardieu F (2002) Individual leaf development
in Arabidopsis thaliana: as table thermal-time-based programme. Ann Bot 89:595–604

Gray SB, Brady SM (2016) Plant developmental responses to climate change. Dev Biol 419:64–77
Gray SB, Siebers M, Locke AM, Rosenthal DR, Strellner RS, Paul RE, Klein SP, Ruiz-Vera UM,

McGrath J, Dermody O, Ainsworth EA, Bernacchi CJ, Long SP, Ort DR, Leakey ADB (2016)
Intensifying drought eliminates the expected benefits of elevated [CO2] for soybean. Nat Plants.
https://doi.org/10.1038/NPLANTS.2016.132

Guo H, Yan Z, Li X, Xie Y, Xiong H, Liu Y, Zhao L, Gu J, Zhao S, Liu L (2017) Development of a
high-efficient mutation resource with phenotypic variation in hexaploid winter wheat and
identification of novel alleles in the TaAGP.L-B1 gene. Front Plant Sci 8:1404

Hammond ST, Brown JH, Burger JR, Flanagan TP, Fristoe TS, Mercado-Silva N, Nekola JC, Okie
JG (2015) Food spoilage, storage and transport: implications for a sustainable future. Bioscience
65(8):758–768

Hanzawa T, Shibasaki K, Numata T, Kawamura Y, Gaude T, Rahman A (2013) Cellular auxin
homeostasis under high temperature is regulated through a SORTING NEXIN1–dependent
endosomal trafficking pathway. Plant Cell 25:3424–3433. https://doi.org/10.1105/tpc.113.
115881

https://doi.org/10.3390/agronomy10020302
https://doi.org/10.3390/agronomy10020302
https://doi.org/10.3389/fpls.2020.00056
https://doi.org/10.3389/fpls.2020.00056
https://doi.org/10.1126/science.aax0025
https://doi.org/10.1126/science.1078710
https://mvd.iaea.org/
https://doi.org/10.1073/pnas.2115657118
https://doi.org/10.1073/pnas.2115657118
https://doi.org/10.3390/su3101742
https://doi.org/10.3390/su3101742
https://doi.org/10.1038/NPLANTS.2016.132
https://doi.org/10.1105/tpc.113.115881
https://doi.org/10.1105/tpc.113.115881


1 Mutation Breeding to Promote Sustainable Agriculture and Food Security. . . 19

Hatfield JL, Boote KJ, Kimball BA, Ziska LH, Izaurralde RC, Ort D, Thomson AM, Wolfe D
(2011) Climate impacts on agriculture: implications for crop production. Agron J 103:351–370.
https://doi.org/10.2134/agronj2010.0303

Hertel TW, Burke MB, Lobell DB (2010) The poverty implications of climate-induced crop yield
changes by 2030. Glob Environ Change 20:577–585

Holme IB, Gregersen PL, Brinch-Pedersen H (2019) Induced genetic variation in crop plants by
random or targeted mutagenesis: convergence and differences. Front Plant Sci 10:1468. https://
doi.org/10.3389/fpls.2019.01468

IAEA mutant database (2021). https://mvd.iaea.org/
Jain SM (2005) Major mutation-assisted plant breeding programs supported by FAO/IAEA. Plant

Cell Tissue Organ Cult 82:113–123
Jain SM (2010) Mutagenesis in crop improvement under the climate change. Rom Biotechnol Lett

15(2):88–106
Jain SM (2012) In vitromutagenesis for improving date palm (Phoenix dactylifera L.). Emir J Food

Agric 24(5):400–407
Jain SM, Maluszynski M (2004) Induced mutations and biotechnology on improving crops. In:

Mujib A, Cho M, Predieri S, Banerjee S (eds) In vitro applications in crop improvement: recent
progress. IBH-Oxford, India, pp 169–202

Jain SM, Suprasanna P (2011) Induced mutations for enhancing nutrition and food production.
Gene Conserv 40:201–215

Jain SM, Ochatt SJ, Kulkarni VM, Predieri S (2010) In vitro culture for mutant development. In:
Prakash J (ed) Proc. IVth IS on acclim. and establt. of micropropagated plants, Acta Hort, vol
865. ISHS, pp 59–67

Jankowicz-Cieslak J, Mba C, Till BJ (2017) Mutagenesis for crop breeding and functional
genomics. In: Jankowicz-Cieslak J, Tai T, Kumlehn J, Till B (eds) Biotechnologies for plant
mutation breeding. Springer, Cham, pp 3–18. https://doi.org/10.1007/978-3-319-45021-6_1

Jiao Y, Burke J, Chopra R, Burow G, Chen J, Wang B et al (2016) A sorghummutant resource as an
efficient platform for gene discovery in grasses. Plant Cell 28:1551–1562

Kharkwal MC, Shu QY (2009) The role of induced mutations in world food security. In: Shu QY
(ed) Induced plant mutations in the genomics era. Food and Agriculture Organization of the
United Nations, Rome, pp 33–38

Khoury CK, Bjorkman AD, Dempewolf H, Ramirez-Villegas J, Guarino L, Jarvis A, Rieseberg LH,
Struik PC (2014) Increasing homogeneity in global food supplies and the implications for food
security. Proc Natl Acad Sci U S A 111(11):4001–4006. https://doi.org/10.1073/pnas.
1313490111

Kozjak P, Meglic V (2012) Mutagenesis in plant breeding for disease and pest resistance. In: Mishra
R (ed) Mutagenesis. IntechOpen, Rijeka, Croatia. https://doi.org/10.5772/50332

Krasileva KV, Vasquez-Gross HA, Howell T, Bailey P, Paraiso F, Clissold L et al (2017)
Uncovering hidden variation in polyploid wheat. Proc Natl Acad Sci U S A 114:E913–E921.
https://doi.org/10.1073/pnas.1619268114

Kühn N, Carolina TI, Carretero J, Vandvik V, Enquist B, Willis K (2021) Globally important plant
functional traits for coping with climate change. Front Biogeogr 13:e53774. https://doi.org/10.
21425/F5FBG53774

Kumagai E, Sameshima R (2014) Genotypic differences in soybean yield responses to increasing
temperature in a cool climate are related to maturity group. Agric For Meteorol 198:265–272

Li C, Zong Y, Wang Y, Jin S, Zhang D, Song Q, Zhang R, Cao C (2018) Expanded base editing in
rice and wheat using a Cas9-adenosine deaminase fusion. Genome Biol 19:59. https://doi.org/
10.1186/s13059-018-1443-z

Li G, Jain R, Chern M, Pham NT, Martin JA, Wei T, Schackwitz WS, Lipzen AM, Duong PQ,
Jones KS, Jiang L, Ruan D, Bauer D, Peng Y, Barry KW, Schmutz J, Ronald PC (2017) The
sequences of 1504 mutants in the model rice variety kitaake facilitate rapid functional genomic
studies. Plant Cell 29(6):1218–1231

https://doi.org/10.2134/agronj2010.0303
https://doi.org/10.3389/fpls.2019.01468
https://doi.org/10.3389/fpls.2019.01468
https://mvd.iaea.org/
https://doi.org/10.1007/978-3-319-45021-6_1
https://doi.org/10.1073/pnas.1313490111
https://doi.org/10.1073/pnas.1313490111
https://doi.org/10.5772/50332
https://doi.org/10.1073/pnas.1619268114
https://doi.org/10.21425/F5FBG53774
https://doi.org/10.21425/F5FBG53774
https://doi.org/10.1186/s13059-018-1443-z
https://doi.org/10.1186/s13059-018-1443-z


20 S. Penna et al.

Lian X, Liu Y, Guo H, Fan Y, Wu J, Guo H, Jiao C, Tang Z, Zhang L, Fan Y, Gou Z, Zhang C, Li T,
Zeng F (2020) Ethyl methanesulfonate mutant library construction in Gossypium hirsutum
L. for allotetraploid functional genomics and germplasm innovation. Plant J 103:858–868

Lobell DB, Schlenker W, Costa-Roberts J (2011) Climate trends and global crop production since
1980. Science 333(6042):616–620. https://doi.org/10.1126/science.1204531

Lundqvist U (2009) Eighty years of Scandinavian barley mutation research and breeding. In: Shu
QY (ed) Induced mutations in the genomic era. Food and Agriculture Organization of the United
Nations, Rome, pp 39–43

Lynch JP (2015) Root phenes that reduce the metabolic costs of soil exploration: opportunities for
21st century agriculture. Plant Cell Environ 38:1775–1784. https://doi.org/10.1111/pce.12451

Ma X, Sukiran NL, Ma H, Su Z (2014) Moderate drought causes dramatic floral transcriptomic
reprogramming to ensure successful reproductive development in Arabidopsis. BMC Plant Biol
14:164

Ma J, Li R, Wang H, Li D, Wang X, Zhang Y, Zhen W, Duan H, Yan G, Li Y (2017)
Transcriptomics analyses reveal wheat responses to drought stress during reproductive stages
under field conditions. Front Plant Sci 8:592. https://doi.org/10.3389/fpls.2017.00592

Madhu M, Hatfield JL (2013) Dynamics of plant root growth under increased atmospheric
carbondioxide. Agron J 105:657–669. https://doi.org/10.2134/agronj2013.0018

Maluszynski M, Szarejko I, Bhatia CR, Nichterlein K, Lagoda PJL (2009) Methodologies for
generating variability part 4: mutation techniques. In: Ceccarelli S, Guimaraes EP, Weltzien E
(eds) Plant breeding and farmer participation. FAO, Rome, Italy, pp 159–194

Mao Y, Botella JR, Liu Y, Zhu JK (2019) Gene editing in plants: progress and challenges. Natl Sci
Rev 6:421–437

Mba C (2013) Induced mutations unleash the potentials of plant genetic resources for food and
agriculture. Agronomy 3:200–231. https://doi.org/10.3390/agronomy3010200

Mba C, Afza R, Shu QY (2011) Plant mutation breeding and biotechnology. In: Shu QY, Forster
BP, Nakagawa H (eds) Mutagenic radiations: X-rays, ionizing particles and ultraviolet. CABI,
Wallingford, pp 83–90

Meehl GA, Stocker TF, Collins WD, Friedlingstein P, Gaye AT, Gregory JM, Kitoh A, Knutti R,
Murphy JM, Noda A, Raper SCB, Watterson IG, Weaver AJ, Zhao ZC (2007) Global climate
projections. In: Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M,
Miller HL (eds) Climate change 2007: the physical science basis. Contribution of Working
Group I to the fourth assessment report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK, pp 747–845

Meemken EM, Qaim M (2018) Organic agriculture, food security, and the environment. Ann Rev
Resour Econ 10(1):39–63

Mir AS, Maria M, Muhammad S, Ali SM (2020) Potential of mutation breeding to sustain food
security. IntechOpen, Rijeka, Croatia. https://doi.org/10.5772/intechopen.94087

Myers SS, Zanobetti A, Kloog I, Huybers P, Leakey ADB, Bloom AJ, Carlisle E, Dietterich LH,
Fitzgerald G, Hasegawa T, Holbrook NM, Nelson RL, Ottman MJ, Raboy V, Sakai H, Sartor
KA, Schwartz J, Seneweera S, Tausz M, Usui Y (2014) Increasing CO2 threatens human
nutrition. Nature 510:139–142

Nagel KA, Kastenholz B, Jahnke S, Van Dusschoten D, Aach T, Mühlich M, Truhn D, Scharr H,
Terjung S, Walter A, Schurr U (2009) Temperature responses of roots: impact on growth, root
system architecture and implications for phenotyping. Funct Plant Biol 36:947–959. https://doi.
org/10.1071/FP09184

Nawaz Z, Shu Q (2014) Molecular nature of chemically and physically induced mutants in plants: a
review. Plant Genet Resour 12:S74–S78

Oerke EC (2006) Crop losses to pests. J Agric Sci 144:31–43
Oladosu Y, Rafii MY, Abdullah N, Hussin G, Ramli A, Rahim HA, Miah G, Usman M (2016)

Principle and application of plant mutagenesis in crop improvement: a review. Biotechnol
Biotechnol Equip 30:1–16

https://doi.org/10.1126/science.1204531
https://doi.org/10.1111/pce.12451
https://doi.org/10.3389/fpls.2017.00592
https://doi.org/10.2134/agronj2013.0018
https://doi.org/10.3390/agronomy3010200
https://doi.org/10.5772/intechopen.94087
https://doi.org/10.1071/FP09184
https://doi.org/10.1071/FP09184


1 Mutation Breeding to Promote Sustainable Agriculture and Food Security. . . 21

Oppenheimer M, Campos M, Warren R, Birkmann J, Luber G, O’Neill B, Takahashi K (2014)
Emergent risks and key vulnerabilities. In: Field CB, Barros VR, Dokken DJ, Mach KJ,
Mastrandrea MD, Bilir TE, Chatterjee M, Ebi KL, Estrada YO, Genova RC, Girma B, Kissel
ES, Levy AN, MacCracken S, Mastrandrea PR, White LL (eds) Climate change 2014: impacts,
adaptation, and vulnerability. Part A: Global and sectoral aspects. Contribution of Working
Group II to the fifth assessment report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK, pp 1039–1099

Ozturk S, Kantoglu O, Ozmen D, Ic E, Kantoglu KY (2012) Phytonutrient analysis of gamma rays
mutated tomato. In: International conference nuclear science and its application abstracts book,
September 25–28, Samarkand, Uzbekistan, pp 398–399

Pan X, Liu H, Clarke J, Jones J, Bevan M, Stein L (2003) ATIDB: Arabidopsis thaliana insertion
database. Nucleic Acids Res 31:1245–1251

Pramanik D, Shelake RM, Kim MJ, Kim JY (2021) CRISPR-mediated engineering across the
central dogma in plant biology for basic research and crop improvement. Mol Plant 14(1):
127–150

Priyadarshan PM (2019) Plant breeding: classical to modern. Springer Nature Singapore Pte Ltd,
p 570. https://doi.org/10.1007/978-981-13-7095-3

Qaim M (2020) Role of new plant breeding technologies for food security and sustainable agricul-
tural development. Appl Econ Perspect Policy 42:129–150. https://doi.org/10.1002/aepp.13044

Raza A, Razzaq A, Mehmood SS, Zou X, Zhang X, Lv Y, Xu J (2019) Impact of climate change on
crops adaptation and strategies to tackle its outcome: a review. Plants 8:34. https://doi.org/10.
3390/plants8020034

Reddy AR, Rasineni GK, Raghavendra AS (2010) The impact of global elevated CO2 concentration
on photosynthesis and plant productivity. Curr Sci 99(1):46–57

Rellán-Álvarez R, Lobet G, Lindner H, Pradier PL, Sebastian J, Yee MC, Geng Y, Trontin C,
Larue T, Schrager-Lavelle A, Haney CH, Nieu R, Maloof J, Vogel JP, Dinneny JR (2015)
GLO-Roots: an imaging platform enabling multidimensional characterization of soil-grown root
systems. eLife 4:1–26. https://doi.org/10.7554/eLife.07597

Roberts DP, Mattoo AK (2019) Sustainable crop production systems and human nutrition. Front
Sustain Food Syst 3:72. https://doi.org/10.3389/fsufs.2019.00072

Rosegrant MW (2011) Impacts of climate change on food security and livelihoods. In: Solh M,
Saxena MC (eds) Food security and climate change in dry areas, Proceedings of an international
conference, Amman, Jordan, 1–4 February 2010. International Center for Agricultural Research
in the Dry Areas, Aleppo, Syria, pp 24–26

Sage RF, Way DA, Kubien DS (2008) Rubisco, Rubisco activase, and global climate change. J Exp
Bot 59:1581–1595. https://doi.org/10.1093/jxb/ern053

Saini HS, Westgate ME (1999) Reproductive development in grain crops during drought. Adv
Agron 68:59–96. https://doi.org/10.1016/S0065-2113(08)60843-3

Sarsu F, Spencer-Lopes MM, Sangwan R, Suprasanna P (2018) Specific techniques for increasing
efficiency of mutation breeding a) in vitro methods in plant mutation breeding In: Spencer-
Lopes MM, Forster BP, Jankuloski L (eds) Manual on mutation breeding, 3rd edn. FAO/IAEA,
Rome, Italy, pp 205–226

Sarsu F, Kofi IB, Jankuloski L (2021) Contribution of induced mutation in crops to global food
security. Aplicaciones Nucleares 12(22):2–11. https://doi.org/10.18272/aci.v12i3.2031

Senapati N, Stratonovitch P, Paul MJ, Semenov MA (2019) Drought tolerance during reproductive
development is important for increasing wheat yield potential under climate change in Europe. J
Exp Bot 70(9):2549–2560

Seo PJ, Xiang F, Qiao M, Park JY, Lee YN, Kim SG, Lee YH, Park WJ, Park CM (2009) The
MYB96 transcription factor mediates abscisic acid signalling during drought stress response in
Arabidopsis. Plant Physiol 151:275–289. https://doi.org/10.1104/pp.109.144220

Sharma B, Sharma SK (2004) Induced mutations and selection techniques for quantitative traits. In:
Jain HK, Kharkwal MC (eds) Plant breeding. Springer, Dordrecht, pp 647–656. https://doi.org/
10.1007/978-94-007-1040-5_27

https://doi.org/10.1007/978-981-13-7095-3
https://doi.org/10.1002/aepp.13044
https://doi.org/10.3390/plants8020034
https://doi.org/10.3390/plants8020034
https://doi.org/10.7554/eLife.07597
https://doi.org/10.3389/fsufs.2019.00072
https://doi.org/10.1093/jxb/ern053
https://doi.org/10.1016/S0065-2113(08)60843-3
https://doi.org/10.18272/aci.v12i3.2031
https://doi.org/10.1104/pp.109.144220
https://doi.org/10.1007/978-94-007-1040-5_27
https://doi.org/10.1007/978-94-007-1040-5_27


22 S. Penna et al.

Sharma S, Vakhlu J (2021) Evolution and biology of CRISPR system: a new era tool for genome
editing in plants. Bot Rev 87:496–517

Sheela VL, Sheena A (2014) Novel trends and achievements in breeding of tropical ornamental
crops especially orchids and anthuriums: the mutation breeding approach. In: Tomlekova NB,
Kozgar MI, Wani MR (eds) Mutagenesis: exploring genetic diversity of crops. Wageningen
Academic, Netherlands, pp 141–157

Shikata M, Hoshikawa K, Ariizumi T, Fukuda N, Yamazaki Y, Ezura H (2015) TOMATOMA
update: phenotypic and metabolite information in the micro-tom mutant resource. Plant Cell
Physiol 57(1):e11

Shirani Bidabadi S, Sariah M, Zakaria W, Subramaniam S, Maziah M (2012a) Induced mutations
for enhancing variability of banana (Musa spp.) shoot tip cultures using ethyl
methanesulphonate (EMS). Aust J Crop Sci 6(3):391–401

Shirani Bidabadi S, Sariah M, Zakaria W, Subramaniam S, Maziah M (2012b) In vitro selection and
characterization of water stress tolerant lines among ethyl methanesulphonate (EMS) induced
variants of banana (Musa spp., with AAA genome). Aust J Crop Sci 6(3):567–575

Shirani Bidabadi S, Sharifi P, Jain SM (2021, 2021) Plant breeding integrated with genomic-
enabled prediction. OBM Genet 5(3). https://doi.org/10.21926/obm.genet.2103137

Shu QY (2009) A summary of the international symposium on induced mutations in plants. In: Shu
QY (ed), Induced plant mutations in the genomics era. Food and Agriculture Organization of the
United Nations, Rome, 15–18

Siebers MH, Yendrek CR, Drag D, Locke AM, Rios Acosta L, Leakey ADB, Ainsworth E,
Bernacchi CJ, Ort DR (2015) Heat waves imposed during early pod development in soybean
(Glycine max) cause significant yield loss despite a rapid recovery from oxidative stress. Glob
Chang Biol 21(8):3114–3125. https://doi.org/10.1111/gcb.12935

Smýkal P, Nelson MN, Berger JD, VonWettberg EJB (2018) The impact of genetic changes during
crop domestication. Agronomy 8(7):119. https://doi.org/10.3390/agronomy8070119

Songstad DD, Petolino JF, Voytas DF, Reichert NA (2017) Genome editing of plants. Crit Rev
Plant Sci. https://doi.org/10.1080/07352689.2017.1281663

Stratonovitch P, Semenov MA (2015) Heat tolerance around flowering in wheat identified as a key
trait for increased yield potential in Europe under climate change. J Exp Bot 66:3599–3609

Su Z, Ma X, Guo H, Sukiran NL, Guo B, Assmann SM, Ma H (2013) Flower development under
drought stress: morphological and transcriptomic analyses reveal acute responses and long-term
acclimation in Arabidopsis. Plant Cell 25:3785–3807. https://doi.org/10.1105/tpc.113.115428

Suprasanna P, Jain SM (2017) Mutant resources and mutagenomics in crop plants. Emirates J Food
Agric 29(9):651–657. https://doi.org/10.9755/ejfa.2017.v29.i9.86

Suprasanna P, Jain SM (2021) Biotechnology and induced mutations in ornamental plant improve-
ment. Acta Hortic. https://doi.org/10.17660/ActaHortic.2022.1334.1

Suprasanna P, Jain SM, Ochatt SJ, Kulkarni VM, Predieri S (2012) Applications of in vitro
techniques in mutation breeding of vegetatively propagated crops. In: Shu QY, Forster BP,
Nakagawa H (eds) Plant mutation breeding and biotechnology. CABI Publishing, Wallingford,
pp 371–385

Suprasanna P, Mirajkar SJ, Patade VY, Jain SM (2014) Induced mutagenesis for improving plant
abiotic stress tolerance. In: Tomlekova NB, Kozgar MI, Wani MR (eds) Mutagenesis: exploring
novel genes and pathways. Academic, Wageningen, pp 347–376

Suprasanna P, Mirajkar SJ, Bhagwat SG (2015) Induced mutations and crop improvement. In:
Bahadur B, Rajam VM, Sahijram L, Krishnamurthy KV (Eds), Plant biology and biotechnol-
ogy. Vol. I. Plant diversity, organization, function and improvement Springer, India,
pp. 593–617

Suprasanna P, Ganapathi TR, Ghag SB, Jain SM (2017) Genetic modifications of horticultural
plants by induced mutations and transgenic approach. Acta Hortic 1187:219–232. https://doi.
org/10.17660/ActaHortic.2017.1187.22

Suprasanna P, Saddhe A, Ghuge SP, Ingle K (2021) New and novel genetic tools for improving
crops. CAB Rev 16:028. https://doi.org/10.1079/PAVSNNR202116028

https://doi.org/10.21926/obm.genet.2103137
https://doi.org/10.1111/gcb.12935
https://doi.org/10.3390/agronomy8070119
https://doi.org/10.1080/07352689.2017.1281663
https://doi.org/10.1105/tpc.113.115428
https://doi.org/10.9755/ejfa.2017.v29.i9.86
https://doi.org/10.17660/ActaHortic.2022.1334.1
https://doi.org/10.17660/ActaHortic.2017.1187.22
https://doi.org/10.17660/ActaHortic.2017.1187.22
https://doi.org/10.1079/PAVSNNR202116028


1 Mutation Breeding to Promote Sustainable Agriculture and Food Security. . . 23

Szurman-Zubrzycka ME, Zbieszczyk J, Marzec M, Jelonek J, Chmielewska B, Kurowska MM,
Krok M, Daszkowska-Golec A, Guzy-Wrobelska J, Gruszka D, Gajecka M, Gajewska P,
Stolarek M, Tylec P, Sega P, Lip S, Kudełko M, Lorek M, Gorniak-Walas M, Malolepszy A,
Podsiadlo N, Szyrajew KP, Keisa A, Mbambo Z, Todorowska E, Gaj M, Nita Z, Orlowska-
Job W, Maluszynski M, Szarejko I (2018) HorTILLUS—a rich and renewable source of
induced mutations for forward/reverse genetics and pre-breeding programs in barley (Hordeum
vulgare L.). Front Plant Sci 9(216). https://doi.org/10.3389/fpls.2018.00216

Taheri S, Lee Abdullah T, Jain SM, Sahebi M, Azizi P (2017) TILLING, high-resolution melting
(HRM), and next-generation sequencing (NGS) techniques in plant mutation breeding. Mol
Breed 37:40. https://doi.org/10.1007/s11032-017-0643-7

Thornton PK, Herrero M (2015) Adapting to climate change in the mixed crop and livestock
farming systems in sub-Saharan Africa. Nat Clim Chang 5:830–836

Tirado MC, Clarke R, Jaykus LA, McQuatters-Gollop A, Frank JM (2010) Climate change and
food safety: a review. Food Res Int 43:1745–1765

Tomlekova NB, Timina OO, Timin OY (2009) Achievements and perspectives of sweet pepper
breeding towards high beta-carotene. In: Krasteva L, Panayotov N (eds) IV Balkan symposium
on vegetables and potatoes, Acta Horticulturae, vol 830, pp 205–212

Tricker PJ, ElHabti A, Schmidt J, Fleury D (2018) The physiological and genetic basis of combined
drought and heat tolerance in wheat. J Exp Bot 69:3195–3210

Tsuda M, Kaga A, Anai T, Shimizu T, Sayama T, Takagi K, Machita K, Watanabe S, Nishimura M,
Yamada N, Mori S, Sasaki H, Kanamori H, Katayose Y, Ishimoto M (2015) Construction of a
high-density mutant library in soybean and development of a mutant retrieval method using
amplicon sequencing. MC Genomics 16:1014

Vermeulen SJ, Challinor AJ, Thornton PK, Campbell BM, Eriyagama N, Vervoort JM, Kinyangi J,
Jarvis A, Läderach P, Ramirez-Villegas J, Nicklin KJ, Hawkins E, Smith DR (2013) Addressing
uncertainty in adaptation planning for agriculture. Proc Natl Acad Sci U S A 110(21):
8357–8362. https://doi.org/10.1073/pnas.1219441110

Wada N, Ueta R, Osakabe Y, Osakabe K (2020) Precision genome editing in plants: state-of-the-art
in CRISPR/Cas9-based genome engineering. BMC Plant Biol 20:234. https://doi.org/10.1186/
s12870-020-02385-5

Wheeler T, von Braun J (2013) Climate change impacts on global food security. Science 341(6145):
508–513

Zaidi SS, Vanderschuren H, Qaim M, Mahfouz MM, Kohli A, Mansoor S, Tester M (2019) New
plant breeding technologies for food security. Science 363(6434):1390–1391

Zhang Y, Massel K, Godwin ID (2018) Applications and potential of genome editing in crop
improvement. Genome Biol 19:210. https://doi.org/10.1186/s13059-018-1586-y

Zinn KE, Tunc-Ozdemir M, Harper JF (2010) Temperature stress and plant sexual reproduction:
uncovering the weakest links. J Exp Bot 61:1959–1968. https://doi.org/10.1093/jxb/erq053

https://doi.org/10.3389/fpls.2018.00216
https://doi.org/10.1007/s11032-017-0643-7
https://doi.org/10.1073/pnas.1219441110
https://doi.org/10.1186/s12870-020-02385-5
https://doi.org/10.1186/s12870-020-02385-5
https://doi.org/10.1186/s13059-018-1586-y
https://doi.org/10.1093/jxb/erq053


25

History of Plant Mutation Breeding
and Global Impact of Mutant Varieties 2
M. C. Kharkwal

Abstract

Hugo de Vries coined the term ‘Mutation’ in his classical hypothesis known as
‘Mutationtheorie’. Immediately after the discovery of mutagenic effects of X-rays
on Drosophila by Muller and barley, maize by Stadler, about nine decades ago
extensive experiments on induced mutations were initiated. In the three decades
that followed the pioneering work of Muller and Stadler to understand the nature
of mutations, induction techniques and their role in evolution, genetics and plant
breeding, a great deal of work on basic aspects of induced mutation technique in
understanding the mechanism of gene mutations, mode of action of physical and
chemical mutagens was done world over. Several countries took up the task of
crop improvement through the use of mutation technique in their classical
breeding programmes as well as through molecular approaches. During
1950–1960, several countries took up the task of crop improvement through
mutation breeding approaches, particularly after the establishment of the Interna-
tional Atomic Energy Agency (IAEA) which started coordinated programmes on
the use of mutation breeding technique in a large number of crops in several
countries of the world. Over 3500 mutant varieties belonging to >240 plant
species including cereals, pulses, oilseeds, vegetables, fruits, fibres and
ornamentals that have been developed and released by 2022 are evidence of the
successful use of mutation technique in plant breeding. A wide range of
characters including yield, flowering and maturity duration, plant architecture,
quality and tolerance to biotic and abiotic stresses have been improved in the
mutant varieties developed so far. As per the IAEA records, majority of these
mutant varieties were developed and released as direct mutants, the rest were
released through cross-breeding with mutants. Most of the mutant varieties have
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been developed using physical mutagens, with gamma rays alone accounting for
the development of majority of the mutant varieties. Since induced mutagenesis is
gaining importance in plant molecular biology as a tool to identify and isolate
genes and to study their structure and function, interest in mutation techniques
and mutation breeding has increased recently in several area of biological
research. These studies have an enormous potential for future crop improvement
programmes. To redesign our crops by placing important traits on genetic maps
and to equip them with the genes and attributes that could meet the huge food
production challenges, there is an urgent need to use a combination of molecular
and induced mutation techniques. Large-scale use of mutation breeding methods
have made a significant contribution to the national economies of several
countries.
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2.1 Introduction

A heritable change in a genetic characteristic of an organism caused by mutation is a
natural process that creates new variants (alleles) of genes. Mutation is the ultimate
source of all genetic variations existing in any organism, including plants. The
variation so created by mutation provides the raw material for natural selection
and is a driving force in evolution. This variation created by mutation is further
amplified by recombination of alleles on homologous chromosomes and their
independent assortment. No mutations-no evolution is an established fact, as
mutations create new genes and, in this way, provides the raw material for natural
selection to act on. Natural selection operates to bring about evolution of new races
and species through the variability created by spontaneous natural mutations and
amplified by subsequent recombination of genes during sexual reproduction.
Mutations arising spontaneously are random events in terms of the time of their
occurrence and the gene in which they occur. In this way, mutant forms showing
both large and small effects on the phenotype arise for all kinds of traits. Many of the
lethal mutations may make the organism less adapted to its environment. Others may
confer no immediate advantage but may help to generate a wide range of useful
recombinant genotypes through the subsequent process of independent segregation
and crossing over of genes. Besides natural mutations that occur spontaneously due
to various kinds of radiations and cosmic rays received from the sun and also emitted
by several radioactive elements on the earth, mutation can also be artificially induced
by a number of physical agents like gamma rays and X-rays and several types of
chemical agents known as chemical mutagens.

Historically, it was in 300 BC in China that the first story of mutants in crop plants
was described in the book Lula. However, the first natural mutant plant in cereals



was found about 2317 years ago in China (Van Harten 1998). The earliest recorded
history of a practical example of dominant germinal mutation in domestic animals
and its use in cross-breeding is traced back to 1791, when an English farmer Seth
Write noted an unusually short-legged male sheep in his herd at his farm by the
Charles River in Dover, Massachusetts in the USA. This mutant sheep was further
used to develop a short-legged breed of sheep named ‘Ancon’ (Van Harten 1998).
Charles Darwin (1859) in his historical book Origin of Species postulated that
variations are created spontaneously in nature, and these naturally created variations
are responsible for the development and origin of different species from a single
common ancestor. Darwin reported that only those genotypes that create variations
and adapt themselves to the environmental condition prevailing will alone survive,
and he called this phenomenon as survival of the fittest by natural selection. He
further reported that these variations are heritable from one generation to another. He
called these factors that cause variation as sports or bud variation produced sponta-
neously by unknown causes that play a major role in speciation. Darwin did
recognize that mutant forms arose suddenly and spontaneously, but he was doubtful
about their role in evolution. Although Darwin originally used the word transmuta-
tion, he however, narrowly missed the discovery of the concept of mutation in his
theories as he largely rejected discontinuous variations as significant factors in
evolution.
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The fact that natural selection was a necessary condition for evolution was
recognized by Bateson (1894), but he also did not believe that it was a sufficient
explanation, primarily because so little was known about the facts of heritable
variation. Bateson published his monumental 598-page treatise Materials for the
Study of Variation, treated with special regard to Discontinuity in the Origin of
Species in 1894. Bateson’s Materials treatise bears a curious resemblance to
Darwin’s Origin of Species. Bateson tended to assume that there was a one-to-one
relationship between unitary genetic factors and their associated heritable traits. In
1905, Bateson coined the word ‘genetics’ to describe and establish a new scientific
academic discipline.

The genetic behaviour of variegation in the flowers of Antirrhinum, the snap-
dragon was studied by Hugo de Vries (1889). Here the flowers are white or yellow,
with red stripes, the variegation being recessive to the self red condition. On a
variegated plant, the size of the red areas is variable, and sometimes includes an
entire branch. He showed that the flowers on those red branches behave like the red
flowers on a wholly red F1, that is, on self-pollination they give 3 red:1 variegated.
The results were not given a Mendelian interpretation because, at the time the
experiments were done, de Vries did not knowMendelism. He did, however, suggest
that some kind of segregation was occurring, so that self colour was somehow split
off from the variegated element and that no true whites were produced.
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2.2 Discovery of Mutations

While experimenting for rediscovery of Mendel’s laws of inheritance, Hugo de Vries
in the late nineteenth century found variation in evening primrose (Oenothera
lamarckiana) that doesn’t follow mendelian pattern of inheritance (3:1), but it was
heritable. Mutation as a mechanism of creating variability was first identified by
Hugo de Vries in 1901, and he considered them as heritable changes by mechanisms
distinct from recombination and segregation. Credited with the discovery of
mutations, de Vries (1901, 1903) described them as suddenly arising changes in
the organisms, which were inherited and produced relatively large effects on the
phenotype. He coined the term ‘mutation’ and presented an integrated concept
concerning the occurrence of sudden, shock-like changes (leaps) of existing traits,
which led to the origin of new species and variation. He also clearly included in this
term mutations with ‘small effects’. In his experiments with evening primrose, de
Vries observed many aberrant types, which he called ‘mutants’. The notion of
mutation which was used by de Vries to indicate sudden genetic changes as a
major cause of evolution quickly became established after the publication of his
great ‘Mutationstheorie’ (1901–1903) in German. de Vries’s work was soon trans-
lated in English and appeared as ‘Species and Varieties, Their Origin by Mutation’.
A great service was rendered by de Vries in 1900 in the Netherlands, along with Carl
Correns (1900) in Germany and Erich Tshermak (1900) in Austria, as they simulta-
neously and independently re-discovered Mendel’s long forgotten work. de Vries
also had suggested that the new types of radiations like X-rays and gamma rays,
discovered earlier by scientists like Conrad von Roentgen (1895), Bequerel Pierre
and Marie Curie (1898) might be applied to induce mutations artificially. Because of
the ‘Mutation Theory of Evolution’ based on the concept of mutations as the source
of genetic variation and his early ideas about their potential use and value for plant
breeding, de Vries’s work around the turn of the century may be marked as the
starting point of the history of mutation techniques in the discipline of plant
breeding. The role of mutations in breeding was, however, first realized by H. J.
Muller (1927) and Stadler (1928) through their X-rays experiments with fruit fly
(Drosophila melanogaster) and maize and barley, respectively, for producing
genetic changes.

In the early nineteenth century, there was little to be said about the cause of
mutations except that they were rare, sudden, and discrete events that cause ‘genes’
as Johannsen (1909) called them to pass from one stable state to another. In his
experiments with common bean, Johannsen (1913) described not only spontaneous
drastic mutations, but also small mutations affecting the seed index (seed width
versus seed length proportion). This is a character which closely falls into the class of
continuous variation, and hence Johannsen may be regarded as the first who really
proved the existence of spontaneous small mutations. Baur (1924) also emphasized
repeatedly the importance of small mutations, which he called ‘Kleinmutationen’,
majority of which exert only slight effects. The difference in Darwinian evolution in
plant and animal breeding are not so different as the natural selection is substituted
by human selection in the hybrid progeny in the course of breeding.
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2.2.1 Muller’s Discovery of Induction of Mutations on Drosophila

The early work of Thomas Hunt Morgan (1910, 1912) and C. B. Bridges (1916) on
mutations on Drosophila, furnished several instances of the occurrence of new
dominant genes, and many new sex-linked recessives, in pedigree material. These
examples confirmed the conclusion that mutation occurs in a single gene in a single
cell, and that it can occur at any stage of development. However, as these results
were merely qualitative, since the frequencies were too low for a quantitative study
and were also strongly influenced by the personal equation of the observer, an
objective index was needed so that one would recognize a class of mutations that
was frequent enough to give significant numerical values. Both of these
requirements were met in the elegant mutation techniques devised by Muller for
the study of newly arisen sex-linked lethals in Drosophila.

Muller’s mutation technique depended on the study of the sex ratios from
individual females that were heterozygous for sex-linked ‘marker’ genes. This
technique made possible an objective and unambiguous determination of the fre-
quency of the sex-linked lethal. Muller published a brief report in Science (Muller
1927) on the use of mutation technique to establish priority for his discovery of X-
ray-induced mutagenesis on fruit fly (Drosophila melanogaster) before leaving for
Berlin in Germany to attend the fifth International Congress of Genetics (ICG) to
present the very first paper on X-ray-induced mutagenesis technique. It appeared
with the sensational title ‘Artificial transmutation of the gene’. This was an important
discovery with far reaching implications both for genetics and for crop improvement.
The first paper on the use of mutation technique and the discovery of induced
mutagenesis presented at the International Congress of Genetics, Berlin was
Muller’s first comprehensive report on his X-ray work on fruit fly (Drosophila
melanogaster). His pioneering work, which opened a new era in genetics and
plant breeding, was greatly appreciated. Muller presented the elegant mutation
techniques that he had developed for scoring mutations in Drosophila and in
determining their rates. He reported that mutation rates of sex-linked recessive
lethals could be greatly increased in Drosophila following treatment of sperms in
male flies with high doses of X-rays. It was his technique, which showed that genes
generally show a mutation rate of 10-5 to 10-6 per locus per generation. This means
that one out of a 100,000 copies of the wild type gene can mutate in the course of one
generation. He also introduced the concept of generation time while considering
mutation rates in different organisms. Muller’s discovery of induction of mutation
and rates of mutations, a breakthrough in the history of genetics, has contributed
enormously to our understanding of genes and their evolution.

2.2.1.1 ClB: An Elegant Technique
Muller (1930) then improved the mutation technique by using the ‘ClB’ chromo-
some that he found in his experiments. This is an X chromosome that carries a
crossover reducer, a lethal, and the dominant mutant gene ‘Bar’. As is well known
now, this chromosome made it possible to detect new sex-linked lethals without
anaesthetizing the flies or make counts—merely by rapid examination of individual



culture bottles. Through this technique one could test many more chromosomes than
possible ever before and thus could obtain adequate data on the lethal frequencies.
Crosses were made in the earlier mutation experiments between flies containing a
different collection of genes in their X-chromosomes. In most cases, only one parent
was subjected to the X-ray treatment. The female offspring from these crosses would
contain any new mutant gene that might have arisen in only one of their
X-chromosomes, and hence they would manifest no abnormality if, as usual, the
mutant gene were recessive.
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A major difference between the control and treated series was soon observed
when the offspring (‘F2’) from the above cultures were examined. The controls
showed a very low frequency of lethal mutations (1 in 947 fertile cultures), like that
usually found, whereas the treated series showed a surprisingly high frequency of
lethals (88 in 758 cultures), and all but three of these lethals were confined to the
chromosomes derived from the treated progenitor. Similar results were found with
regard to visible mutations and semi-lethals in these cultures though of course they
were not as numerous as the lethals. In later generations (‘F3’ and ‘F4’), only a small
number of new mutations were found, not significantly more in the treated than in
the control series. When Muller applied his ‘ClB’ technique to the study of gamete
treated with X-rays, it was apparent that there was a marked increase in the frequency
of newly arising lethals. This is the clear example of the use of mutation technique
for artificial induction of mutations.

2.2.2 Stadler’s Discovery of Induction of Mutations in Plant
Systems

The discovery of mutagenic action of X-rays demonstrated in maize, barley and
wheat by Lewis John Stadler in 1928 and 1930 started the use of mutation technique
for generating novel genetic variability through radiations in plants also. Stadler had
begun his studies with barley at about the same time that Muller’s work with X-rays
on Drosophila began, but since he was using an annual plant, his results were not
available until after Muller’s papers were published. His first paper did not furnish
independent confirmation of Muller’s result, on a different material studied with a
different mutation technique. Although Stadler also published data on induced
mutations in barley, he described them with much pessimism, stating that they
would be of no use for plant breeding (Stadler 1928). By 1930, Stadler had obtained
X-ray mutations by hundreds. Stadler reported the production of solitary mutations
and an increase in lethality by X-rays. His experimental designs were elegant and
critical, and the dimensions most impressive. Many geneticists believe the induction
of mutation in plants as a breakthrough in the history of genetics and plant breeding.
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2.3 Early Experiments with Induced Mutations

The exhaustive results of the mutation technique used byMuller and of Stadler at last
opened the way to an extensive experimental study on induced mutations that is still
being actively practiced. A great deal of work on basic aspects of induced mutation
technique in understanding the mechanism of gene mutations, mode of action of
physical and chemical mutagens was done world over to understand the nature of
mutations, induction techniques and their role in evolution, genetics and plant
breeding.

Hanson and Heys (1929) studied the induction of lethals in Drosophila by using
radium mutation technique. They interposed lead shields of different thickness and
recorded the ionization in each treatment. The curves for ionization and for mutation
rate were superposable, leading to the conclusion that ionization is responsible for
the mutations and that the relation is a simple, direct one—a ‘one hit’ phenomenon.
Oliver (1930) confirmed this conclusion by showing that varying the dose by
varying the duration of exposure to a constant X-ray source also gave a linear
curve relating dosage to mutation rate. Muller showed that in the same year that
the amount of background radiation is far less than would be required to produce the
normal ‘spontaneous’ frequency of mutations. It came to be very generally accepted
that the total ionization is all that need be considered in connection with radiation-
induced mutations, at least within a strain.

Altenberg (1934) discovered the mutagenic effect of ultraviolet light
(UV) through irradiation of the polar cap cells of fruit fly eggs. Stadler (1941)
introduced a new mutagenic agent, ultraviolet light, in plants into his laboratory.
The mutagenic potential of these rays has since been confirmed in many organisms
in which germ tissue could be easily exposed to the low-penetrating UV. While the
gamma radiation has become a very popular mutagen since the 1950s that has been
used extensively to induce mutations, various forms of neutron had also been studied
(Muller 1954) for their use in mutagenesis in the 1960–1970s though their applica-
tion in induced mutagenesis has been limited.

2.3.1 Classic Examples of Early Application of Induced Mutations

The two major discoveries of the induction of mutations made by Muller (1927) in
Drosophila and Stadler (1928) in maize and barley plants demonstrated that with the
help of these physical mutagenic agents, it was possible to obtain mutation rates that
were much higher than spontaneous rates. These discoveries lead to extensive works
on induced mutations and showed the practical potential of radiation as a plant
breeding tool and resulted almost immediately in the practical recovery of some
economically useful mutants in wheat (Delaunay 1931; Sapehin 1930, 1936). Stubbe
(1934) described ‘small mutations’ (now known as ‘point mutations’ or
‘micromutations’) for the first time in higher plants such as Antirrhinum. Knapp
(1950) presented clear suggestions about how to utilize the micromutations in
barley.
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Tollenaar (1934) was the first worker to isolate a light green ‘chlorina’ mutant in
tobacco which was released for commercial cultivation (Kharkwal 2012). The
lecture delivered by Nilsson-Ehle on polymorphic factors in barley in Halle in the
year 1939 opened a new era in the use of induced mutation in Germany. Timofeeff-
Ressovsky (1941) reviewed his extensive work on X-ray mutagenesis techniques in
Drosophila and his pioneering interpretation of mutagenicity data in terms of the
classical target theory (Timofeeff-Ressovsky and Zimmer 1947; Zimmer 1961).
Later, Freisleben and Lein (1942) reported the induction of mildew resistance in
barley by X-irradiation. Mutation is not a directed process as is evident from the
DNA structure which also suggested that mutations would occur in a randommanner
because basically they are unpredictable mistakes during the process of replication.
Luria and Delbruck’s mutation technique in 1943 provided convincing evidence in
support of random, non-adaptive nature of mutations in an experiment. According to
their mutation technique, they counted the number of mutant individuals showing
drug resistance in different cultures of wild type bacteria.

2.3.2 Gustafsson Builds Up the Momentum for Mutation Breeding

Swedish research on induced mutations in barley started in 1928 on a small scale at
Svalöf, Sweden, initiated by the eminent Swedish geneticists Herman Nilsson-Ehle
and Åke Gustafsson. The first treatments with irradiation commenced using the
Svalöf cultivar ‘Gull’, which was the most common barley cultivar grown in Sweden
at that time (Lundqvist 2009, 2021). A major stimulus for much of later work in
further practical refinement of mutation technique and the usefulness of mutation
breeding in crop improvement was demonstrated first in Sweden by the classic paper
of Gustafsson (1947) which demonstrated practical plant breeding of agricultural
plants by means of X-rays and ultraviolet rays induced mutations. Swedish plant
breeders found many distinct categories of chlorophyll mutations like albina, viridis
and xantha in barley by the use of X-rays. These chlorophyll mutations were always
the first indication of treatment success (Gustafsson 1938, 1940), and their abun-
dance served as the standard method for measuring the induced mutagenic effects. In
the mid-1930s, the first viable mutations appeared, and it was possible to distinguish
two subgroups: ‘Morphological’ and ‘Physiological’ mutations. They discovered
some morphological mutants characterized by dense heads, late maturity and very
stiff taller straw and resembled the erectum barleys, in comparison with the normal
spikes in most of the barley cultivars. These mutants named Erectoides were found
to yield higher and produce more straw than the maternal variety. A very large
number of mutations of barley were shown to respond in a variety of ways in
different genotypes (Lundqvist 2014). A variety of barley called ‘Pallas’ developed
from stiff strawed and early mutants of the variety ‘Bonus’ was released for
commercial cultivation in Sweden (Gustafsson 1963). These mutants represented
the first actual accomplishments of the production of superior varieties by the use of
radiation. Similar useful induced mutants reported included stem rust resistance
caused by Puccinia graminis in wheat (MacKey 1954) and in oats (Frey 1955)



and dwarf mutants in rice (Beachell 1957). The development of dwarf wheat and rice
varieties that led to the green revolution are classic examples of mutation breeding
achieved through successful exploitation of the natural mutant genes Rht-1 and Rht-
2—Norin in case of wheat and sd1—dee-gee-woo-gen in rice, which effect a large
constellation of characters responsible for their superior agronomic responses and
are called Green Revolution Genes.
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2.4 Techniques for Detection and Analysis of Induced
Quantitative Variation

Gaul (1961, 1965) classified mutations into ‘macro’ and ‘micromutations’ and used
a systematic approach for the selection of micromutations in barley. Swaminathan
(1963, 1965) in India broadly grouped induced mutations into four major types
according to the degree of change in the phenotype and method of detection:
(1) macro mutations, (2) mutations affecting single characters, (3) systematic
mutations, and (4) micromutations. While estimating the induced variability due to
micromutations, an increase in variance irrespective of character, symmetrical or
skewed, has been the general observation while the mean mostly remained
unchanged and sometimes even decreased. The hypothesis forwarded by Brock
(1965) to explain such behaviour of induced mutations in quantitatively inherited
traits is that random mutations are expected to increase the variance and shift the
mean away from the direction of previous selection history. However, Gaul and
Aastveit (1966) concluded that the mutations for quantitative characters are not
related to the genotype, and with random mutation a change in the mean value of
almost any quantitative character is to be expected. As a consequence of the nature of
phenotypic manifestation of quantitative characters, the only method available to
detect the induction of new variation for quantitative traits following mutagenic
treatment is the estimation of mean and variance by statistical methods. The mean
values of quantitative traits in populations derived from irradiated gametes (pollen)
or embryos (seeds) are in most instances lower in the treated than in untreated
populations. In a very extensive study, Scossiroli et al. (1966) reported a similar
effect in the same population for a large number of characters. The effect of radiation
on the means has been interpreted to be due to detrimental mutations which can be
removed through selection in subsequent generations.

2.5 Discovery of Chemical Mutagenesis

After establishing X-rays mutagenesis in both animals and plants, numerous new
mutagens, both physical like gamma rays, alpha and beta particles, neutrons,
protons, ultraviolet (UV) radiation and chemicals like ethyl methane sulphonate
(EMS), ethylineimine (EI), N-nitroso-N-methyl urea (NMU), sodium azide (SA),
etc. were found to be effective in generating genetic variability. The technique of
induction of mutations by chemical agents was attempted by many people over a



long period, but until 1941 there were no clear and convincing positive results until it
became established that certain chemicals could produce mutations. Auerbach
(1941) was the first to report that mustard gas had a mutagenic effect on Drosophila,
which was similar to that of X-rays on plants. Auerbach and Robson (1946) later
obtained clear evidence that mustard gas is mutagenic.
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The chemical mutagens were found to be highly effective in inducing true gene
mutations and this specificity of action could be analysed in terms of the mechanism
of their reaction with different DNA bases. The question, whether chemical agents
do indeed produce mutations with the same frequency as the physical mutagens, was
settled after the first paper published by Auerbach and Robson (1946). They used the
standard mutation technique devised by Muller to score recessive and visible gene
mutations in Drosophila following exposures of flies to a predetermined dose of the
gas. Their most important observation was that mustard gas is highly mutagenic and
capable of producing lethal and visible mutations at rates, which were comparable
with the effect of X-rays. Besides gene mutations, chromosomal aberrations in the
form of deletions, inversions and translocations were produced. In these diverse
ways, mustard gas was found to be highly mutagenic. Auerbach (1949) presented
her discovery of the mutagenicity of the ‘radiomimetic’ alkylating agent mustard gas
at the ICG held in Stockholm in 1948. Oehlker (1943), and Gustafsson and Mackey
(1948) also proved that mustard gas was mutagenic in barley as well.

Rapoport (1946, 1948) in Russia also discovered and demonstrated mutagenic
effects of mustard gas and several other chemicals such as formaldehyde,
diethylsulphate (dES), diazomethane, and other compounds and established that
alkylating agents are the most important group of chemical mutagens.

2.5.1 Mechanism of Gene Mutation

The future direction of work on chemical mutagens was determined mainly by rapid
advances in the understanding of gene structure and function following the demon-
stration of DNA as the genetic material. Watson and Crick (1953) while proposing
their model for the structure of DNA pointed out that both replication and mutation
of genes can be understood in terms of the new structure. Based on chemical studies
nitrous acid was expected to convert cytocine to uracil and adenine to hypoxanthine,
two of the known analogues of the nucleic acid bases. The modified bases mispaired
during replication of the treated DNA leading to mutation through transitions. Freese
(1959) reported extensive studies on reverse mutations resulting in wild type pheno-
type in rII mutants by two analogues—5-bromouracil (BU) and 2-amino-purine
(AP), found to be highly mutagenic in viruses of the T4 series through their action
in inducing A:T to G:C transitions.

The simplest kinds of base pair changes are due to transitions and transversions,
but they can result in a phenotypically visible mutation. There are no restrictions on
the different kinds of sequence changes in the DNA of a gene following different
types of misprints during replication. Addition or deletion of a nucleotide base pair is
another common error, when one of the bases manages to pair with two bases or fails



to pair at all. These kinds of sequence changes resulting in an alteration in the
reading frame of the gene’s DNA are known as frameshift mutations. Some of the
mutations occur from rearrangement of bases in the DNA. A small or large sequence
of bases may be inverted as a result of chromosome breakage, and reunion of the
broken ends may involve different DNA molecules in a reciprocal rearrangement or
in loss of a fragment. Duplication of a DNA sequence is another common mecha-
nism for change in the structure of a gene leading to gene mutation.
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2.6 Application of Mutation Technique in Crop Improvement

A great deal of work was done world over on basic aspects of induced mutation
technique in understanding the mechanism of gene mutations, mode of action of
physical and chemical mutagens to understand the nature of mutations, induction
techniques and their role in evolution, genetics and plant breeding (Kharkwal 2012).
By now extensive use of mutation breeding has already established itself as a
powerful plant breeding tool in its own right and made a significant contribution
to food and fibre production and to farmer’s incomes and national economies
worldwide. Several countries took up the task of crop improvement through the
use of induced mutagenesis technique and mutation breeding approaches during
1950–1970 and reported spectacular accomplishments of mutation breeding tech-
nique in evolving several superior crop varieties. Coordinated programmes were
initiated by IAEA in a large number of crops in several countries of the world on the
use of mutation breeding technique.

Significant contributions in understanding basic and applied nature of mutation
phenomenon and techniques on cereal and legume crops were successfully made in
several countries like Sweden (Gustafsson 1947, 1967 on barley), Germany (Gaul
1961, 1965; Gaul et al. 1969 on barley; Gottashalk and Wolff 1983 on peas), the
USA (Konzak 1954 and Frey 1955 on oats, and by Gregory 1955; Gregory et al.
1960 on peanuts, Konzak et al. 1984), and India (Swaminathan et al. 1968 on wheat;
Patil et al. 1995 on groundnut, and Kharkwal et al. 1988, 2005; Kharkwal and Shu
2009, Kharkwal 1998b, c on chickpea, lentil, pea and cowpea). Gregory et al. (1960,
1965) produced the first groundnut mutant variety NC 4x, about 5% better in total
production in the USA by exposing about 200 pounds (90 kg) of peanuts to high
doses of X-rays and planted one million M2 plants in 64 acres in the university’s crop
development fields. Mutant var. NC 4x possesses between 400% and 500% fewer
cracked pods than NC 2 and was released in January 1959 in the USA.

2.6.1 Ultra Modern Techniques of Mutation Breeding in Crop
Improvement

The discovery of structure of DNA by Watson and Crick (1953) had brought a
fundamental change in our understanding of gene mutations—transitions,
transversions, frameshift mutations and misrepair mutagenesis, particularly caused



by chemical mutagens. Recent advances in molecular biology have led to the
establishment of several ultra modern techniques, which have helped researchers
to redefine the scope, nature and applications of mutagenesis techniques. Induced
mutagenesis technique is gaining importance as a tool in the identification of plant
genes using molecular approaches. The main important established techniques are:
(a) in vitro mutagenesis, (b) double haploid (DH) techniques (c) transposon-
mediated mutagenesis, (d) site-directed mutagenesis (SDM), (e) random mutagene-
sis, (f) insertional mutagenesis, (g) systematic mutational analysis, and (h) targeting
induced local lesions IN genomes (TILLING) (Colbert et al. 2001). With the recent
advances in genomics, it has been documented that the use of high-throughput
platforms, such as TILLING (Targeting Induced Local Lesions in Genomes) and
EMAIL (Endonucleolytic Mutation Analysis by Internal Labelling) (Cross et al.
2008) in the rapid evaluation of mutant stocks for specific genomic sequence
alterations can be very much helpful in studying the genetic variability at molecular
level. With the advancement of molecular techniques, the mutation breeding comes
into the era that is called the ‘Molecular Mutation Breeding’ in which molecular or
genomic information and tools are used in the development of breeding strategies,
screening, selection and verification of induced mutants, and in the utilization of
mutated genes in the breeding process (Shu 2009). The latest rapid, high-throughput
method in this field ‘Mutagenomics’—the discovery of genes using the combination
of mutants and genome sequencing (Hodgens et al. 2020)—is becoming increas-
ingly useful in screening for point mutations. Some of the recently introduced ultra
modern innovative techniques presently used for induction and study of mutation
breeding parameters are briefly listed and introduced below.
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2.6.1.1 High Hydrostatic Pressure (HHP)
Defined as an extreme thermo-physical factor that affects the multiple cellular
processes like synthesis of DNA, RNA, proteins, cell survival (Ishii et al. 2004)
and high hydrostatic pressure (HHP) has been very effective in inducing mutagene-
sis in microorganisms. The usage of HHP, a cost-effective technique in mutation
breeding for creation of new mutant varieties has started since last few years only
and one of the examples is the creation of mutant varieties of rice (Zhang et al. 2013).

2.6.1.2 Ion Beam Technology (IBT)
Ion Beam Technology was found to show high relative biological effectiveness
(RBE) as compared to low linear energy transfer (LET) radiations, such as gamma
rays, X-rays and electrons (Feng et al. 2009). Mutation breeding with heavy ion
beams is unique technology wherein heavy ion beams are generated by accelerating
atomic ions using a particle accelerator. Ion beams have been used to develop
approximately 70 new crop varieties in Japan in the last two decades, and beneficial
mutants have been identified in a variety of species (Abe et al. 2007, 2012, 2015,
2021).
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2.6.1.3 Space Breeding Technology (SBT)
Space breeding technology, in which the growth cycle of the seeds could be
shortened (Li 2013), has now become a proven way and can be applicable in modern
mutation breeding strategies. The two parameters in combination i.e., presence of
cosmic rays and microgravity, affect the genetic diversity of the crops in space and
thus they are the main causes of the changes in breeding new crop varieties (Mei
et al. 1998; Gu and Shen 1989). China is the leader in the field of space breeding,
having more than 66 new varieties developed in the space breeding programme (Liu
et al. 2005, 2021; Liu 2021).

2.6.1.4 Targeting Induced Local Lesions IN Genomes (TILLING)
TILLING is a method that allows directed identification of the mutations in a very
specific gene. It is one of the most high-throughput, non-transgenic reverse-genetic
approaches, which combines mutagenesis with a sensitive DNA screening technique
and enables the recovery of individuals carrying allelic variants of candidate genes
(Sato et al. 2006). It is an efficient early-screening tool for specific point mutations in
genes of interest from a small population and enables geneticists to analyse gene
function and associate genotype with phenotype. TILLING combines traditional
mutagenesis followed by high-throughput mutation discovery, which can improve
the efficiency of using induced mutations and nucleotide polymorphism discovery
methods for a reverse genetic strategy that is high in throughput, low in cost and
applicable to most organisms, and in less than a decade will help to develop crops
with improved traits (Colbert et al. 2001; Till et al. 2009).

2.6.1.5 Endonucleolytic Mutation Analysis by Internal Labelling (EMAIL)
EMAIL has been developed by Cross et al. (2008) for detecting rare mutations in
specific genes in pooled samples using capillary electrophoresis. EMAIL, is an
alternate approach to mismatch detection, in which amplicon labelling is achieved
by incorporating fluorescently labelled deoxynucleotides. This technique which is
highly improved over TILLING, offers the plant breeder a new tool for efficient
screening of induced point mutation at an early stage for variants in genes of specific
interest before taking plants to field trials, offers increased sensitivity in gene-
specific mutant detection in pooled samples, enabling enlarged pool sizes and
improving throughput and efficiency (Lee et al. 2009).

2.7 Role of Mutation Breeding in Crop Improvement

The standard technique of creating variability by means of altering genes through
induction of mutations by physical or chemical mutagens and using the same
effectively through elaborate methods of selection techniques in various generations
for improvement of a particular crop species for desired objectives is called mutation
breeding and is frequently practiced by plant breeders all over the world for crop
improvement. Results of mutation breeding were more often useful in self-
pollinating plant species. Success has also been tremendous in ornamental plants



and in vegetatively propagated crops, which usually are heterozygous. Today,
mutation breeding for crop improvement is not based only upon classical physical
mutagens like X- or gamma rays or classical chemical mutagens such as EMS or
NMU, but also upon variation that occurs during in vitro culture (Suprasanna and
Nakagawa 2012) and has been termed ‘somaclonal variation’. Use of haploids
derived from anther culture has also found its best application in the
‘doubled-haploids-technique’, which leads faster to homozygosity for more effective
selection (Shu et al. 2012).

38 M. C. Kharkwal

The impact of induced mutation on crop improvement is reflected in the 3365
mutant varieties officially registered by FAO/IAEA (http://mvd.iaea.org) carrying
novel-induced variation. Moreover, about three-quarters of these are direct mutant
varieties derived from treatment with gamma rays, thus highlighting the importance
of peaceful usage of radiations that belong to the group of physical mutagens. All
this translates into a tremendous economic impact on world agriculture, poverty
alleviation, food security and food production that is currently valued in billions of
dollars and millions of cultivated hectares (Kharkwal and Shu 2009). A detailed
description of the economic impact of a large number of prominent mutant varieties
released in several countries of the world is given in Chap. 13 contributed by this
author.

2.8 Development of Crop Varieties Through Mutation
Breeding: Global Scenario

Ever since the discoveries of induction of mutations made by Muller and Stadler, a
large number of breeders in several countries followed mutation breeding, induced
and generated significant amount of genetic variability through various mutagens.
Because of the popularity, easy and safe access, majority of the genetic variability
has been induced through radiations, particularly gamma rays that have contributed
significantly to modern plant breeding. Among the mutant varieties released, the
majority are food crops and ornamentals. A detailed database on the mutation-
derived varieties developed and released in major crops all over the world is being
maintained by FAO/IAEA (http://mvd.iaea.org). The number of mutant varieties
officially released at the beginning of the year 2022 is >3365 belonging to >240
plant species. However, as the Mutant Variety Database of IAEA is perhaps not
being updated very regularly, as is evident from the number of mutant varieties
released in China (817), India (341) and Pakistan (56) reported in the MVD, whereas
China has already reported >1000 mutant varieties (Liu 2021), India has already
reported 542 (Table 2.1) and Pakistan has released 79 mutant varieties (Table 2.1—
T. M. Shah personal communication), the number of mutant varieties released in the
world from >240 plant species is expected to be >3500. Majority of the mutant
varieties have been released during the last three decades. The cumulative number of
officially released mutant varieties in six continents of the world indicates that Asia
tops the regional list with 2052 closely followed by Europe (960) and North America
(209). With more than 100 mutant varieties each, China, India, Japan, Russian

http://mvd.iaea.org
http://mvd.iaea.org


Federation, the Netherlands, Germany and the USA are the leading countries
engaged in the development and release of mutant varieties. A perusal of the data
on specific crops and number of mutant varieties released in the world (Table 2.1)
indicates that the top 20 ranks are occupied by some of the most important food
(cereals, pulses, oilseeds), fibre and ornamental plant species in the world agriculture
and economics.
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Table 2.1 Number of mutant cultivars released in top 20 countries and top 20 crops of the world

No. Country No. of mutants No. Crop No. of mutants

1 China 817 1 Rice 853

2 India 542a 2 Barley 311

3 Japan 479 3 Chrysanthemum 266

4 Russian Federation 216 4 Wheat 265

5 Netherlands 176 5 Soybean 181

6 Germany 171 6 Maize 96

7 USA 139 7 Groundnut 79

8 Pakistan 79b 8 Rose 67

9 Bulgaria 76 9 Common bean 57

10 Bangladesh 76 10 Cotton 48

11 Vietnam 58 11 Mung bean 39

12 Canada 40 12 Dahlia 36

13 South Korea 40 13 Durum wheat 31

14 France 39 14 Pea 34

15 Italy 35 15 Sesame 30

16 United Kingdom 34 16 Chickpea 27

17 Poland 31 17 Tomato 25

18 Sweden 26 18 Rapeseed 24

19 Guyana 26 19 Oat 23

20 Thailand 24 20 Faba bean 20

http://mvd.iaea.org (accessed in March, 2022)
a Detailed lists in Chap. 12 by this author
b Personal communication from T. M. Shah, Director, NIAB, Faisalabad, Pakistan

During the last five decades, several countries took up extensive crop improve-
ment programmes through the use of induced mutagenesis and mutation breeding
and made spectacular accomplishments in evolving several superior mutant varieties
in large number of important agricultural crop species including cereals, pulses,
oilseeds, vegetables, fruits, fibres and ornamentals. A wide range of characters
including yield, maturity, quality and tolerance to biotic and abiotic stresses have
been improved in the mutant varieties developed so far. Although an exact estimate
of the total area covered by commercially released mutant cultivars in a large number
of countries is not readily available, but they are being cultivated in millions of
hectares and have made a very significant contribution worth billions of dollars in
global agriculture addressing food and nutritional security problems in many
countries of the world (Kharkwal and Shu 2009; Kharkwal 2017).

http://mvd.iaea.org
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Most of the released induced mutant varieties belong to seed-propagated crop
plants species and nearly 25% are of the ornamentals. Of the total mutant varieties,
majority mutant varieties were developed ‘directly’ after mutagenic treatment and
selection in the subsequent generations. The remaining new mutant varieties were
developed ‘indirectly’ through cross-breeding of mutants or already released mutant
varieties as sources of desired characters in cross-breeding programmes. Among the
various mutagenic agents used for developing varieties, a great majority were
obtained with the use of physical mutagens like radiations, particularly gamma
rays as the mutagen.

Mutation breeding in rice has been very successful worldwide, probably due to its
diploid nature and self-fertilizing character. Out of 1616 mutant varieties of cereals,
rice alone accounts for 853 varieties. The first widely known rice mutant cultivar has
been cv. Reimei, a short straw (semi-dwarf) mutant from cv. Fujiminori, released in
Japan in 1966. Several important cultivars were developed thereafter through cross-
breeding with this cultivar (Van Harten 1998; Nakagawa 2021). The mutant cultivar
carried an allele that was allelic to the well-known sd1 [semi-dwarf allele in cultivar
Dee-geo-wu-gen (DGWG), a spontaneous dwarf mutant discovered by Chinese
scientists]. This mutant DGWG possessing dwarfness, stiff straw, fertilizer
responsiveness, non-lodging and day length insensitivity as its most important traits,
was the forerunner of green revolution. It was used in crossing programmes for
developing important cultivars like Taichung Native-1 and IR 8. In barley,
311 mutant varieties superior to best control lines for various plant characters have
been isolated and released by various countries, including Sweden (Gustafsson
1963). Some of the important mutant varieties of barley are ‘Pallas’ (Sweden),
‘Balder J’ (Finland), ‘Diamant’ (Czech Republic), ‘Trumpf’ (Germany), ‘Goldspear’
(UK), ‘Pennrad’ and ‘Luther’ (USA) and ‘Betina’ (France) (Van Harten 1998).

2.8.1 Mutants in Recombination Breeding

Although majority of mutant varieties out of the total of 3365 reported were released
as direct mutants and one third through crosses with various mutants, the trend of late
is changing towards more use of induced mutants in recombination breeding.
Mutants of no value often give promising recombinants when inter-crossed.
Nichterlein (1999) enlisted a large number of new and better varieties of common
bean (Phaseolus vulgaris L.) that were developed during 1960–1988 by using X-
ray-induced bush type mutants in the pedigree. Mutation breeding programme for
durum wheat in Italy involving extensive selection and hybridization work led to
11 registered varieties, five of which resulted from direct mutant selection and six
from the cross-breeding procedures (Scarascia-Mugnozza et al. 1991). Mung bean
variety NIAB Mung 98 was developed through hybridization between an induced
mutant and an exotic accession (Siddique et al. 1999). Most of the mutant varieties of
pulses, oilseeds, cereals and fibre crops released by Bhabha Atomic Research
Centre, Mumbai in India are developed primarily by using mutants in cross-
breeding.
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2.9 Major Plant Traits Improved by Induced Mutations

2.9.1 Yield and Yield Components Improvement

Stable and high yield potential over a range of environmental conditions is probably
the most important objective of most plant breeding programmes. One of the most
important characters for judging agronomic value of mutants is their yield potential.
Therefore, improvement in grain/seed yield has always been the main objective in
almost all the crops. The improvement in grain yield through induced mutations has
been brought about by alterations in yield contributing traits (Ahloowalia et al.
2004). Isolation of micromutations for higher yield coupled with some other desir-
able attributes like disease and pest resistance has been reported in chickpea
(Kharkwal 2001, 2003; Kharkwal et al. 2001, 2005; Kharkwal and Shu 2009).
Examples of important mutant cultivars with improved yield traits are listed in
Table 2.2.

2.9.2 Tolerance/Resistance to Abiotic and Biotic Stresses

2.9.2.1 Tolerance to Abiotic Stresses
Abiotic stresses encompass several unfavourable environmental conditions such as
drought, soil salinity, extreme pH, flooding and temperature. Induction of mutation
for abiotic stresses has been successfully attempted in several crops and mutants for
aluminium tolerance in banana (Matsumoto and Yamaguchi 1991), chlorate toler-
ance in barley and field pea (Kleinhofs et al. 1978), and salt stress in rice (Abe et al.
2007; Do et al. 2009), heat tolerance in rice (Poli 2013) and cold (harsh weather)
tolerance in Amaranth (Gómez-Pando et al. 2009) and several other abiotic stress
conditions have been obtained (Kharkwal and Shu 2009). Examples of important
mutant cultivars with improved abiotic stress tolerance traits are listed in Table 2.3.

2.9.2.2 Tolerance/Resistance to Biotic Stress
Some of the crop varieties improved for yield or yield components through induced
mutations have also shown improved tolerance to biotic and abiotic stresses. High
yielding chickpea mutant varieties, Pusa 408, Pusa 413, Pusa 417 and Pusa 547 with
resistance to Ascochyta blight, Fusarium wilt and other diseases and pests have been
released for commercial cultivation in India (Kharkwal et al. 1988, 2005; Kharkwal
and Shu 2009; Kharkwal 2017); similarly CM-72, CM-88, NIFA-95 and CM 1918
were released in Pakistan (Haq et al. 1988; Haq 2009). A number of mutants resistant
to specific diseases or insect pests have also been isolated and released in several
other crops. Examples of important mutant cultivars with improved biotic stress
tolerance/resistance are listed in Table 2.4.
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2.9.3 Grain Quality and Nutrition

In recent years, there has been greater emphasis on the improvement of protein
content and specific amino acids seed quality of cereals, pulses and oil content and
fatty acid composition in oilseeds through mutation breeding. The alteration of seed
colour and seed size for better acceptability has been achieved through induced
mutations in several crops. The change of wheat seed coat colour from red to amber
by gamma radiation resulting in the development of ‘Sharbati Sonora’
(Swaminathan et al. 1968) is a classical example. An increase in seed size and
protein content associated with high yield in several chickpea mutant cultivars has
been reported by Kharkwal (1998a). Chickpea variety Pusa 547 with large seed size,
attractive colour and thin testa has been developed through radiation induced
mutation (Kharkwal et al. 2005). Similarly, a high yielding early maturing chickpea
mutant with high protein content, named as Hyprosola has been released in
Bangladesh (Sheikh et al. 1982). Mutants with altered fatty acid composition have
been isolated in soybean, rapeseed, sunflower, linseed and minor oil crops
(Dribnenki et al. 1996). Examples of important mutant cultivars with improved
quality traits are listed in Table 2.5.

2.9.4 Mutation Breeding for Improvement of Agronomic Traits

2.9.4.1 Plant Type, Growth Habit and Architecture
Dwarf and semi-dwarf mutants with reduced plant height having positive effect on
yield via improved fertilizer response, increased tillering and lodging resistance was
selected in cereals. In grain legumes, several examples of improved plant architec-
ture, including dwarf or bushy mutants with increased lodging resistance, improved
agronomic traits like plant architecture with erect growth habit and higher harvest
index have been isolated (Kharkwal 1996, 1999, 2000) and released (Kharkwal et al.
2004, 2005; Kharkwal and Shu 2009). Semi-dwarfness and earliness are the
characters most frequently described in released rice, wheat and barley mutant
cultivars.

2.9.4.2 Flowering and Ripening Time
Changes in maturity period, leading to earliness, have been brought about by
induced mutations in several crops. Rice variety IIT 60, an EMS-induced mutant
of IR-8 matures 1 month earlier than IR-8 with same yield potential (Kharkwal 1996)
and the improved rice variety Yuanfengzao, released in China, matures 45 days
earlier than the original variety IR-8 (Wang 1991). In castor, the mutant variety
‘Aruna’ developed in India through neutron irradiation matures in 120 days com-
pared to 270 days of the parent cultivar, HC-6 (Ankineedu et al. 1968). Several
mutants showing extra-early maturity have been isolated and used in cross-breeding
in various crops. Examples of important mutant cultivars with improved agronomic
traits are listed in Table 2.6.
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Crop Mutagen Cultivar Country Reference
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Table 2.6 Examples of mutants with improved agronomic traits

Latin
name

Improved
trait

Rice Oryza
sativa

Semi-dwarf Gamma
rays

Reimei Japan Das et al.
(2017)

Rice Oryza
sativa

Short
stature and
semi-dwarf

Gamma
rays

Calrose
76

USA Rutger et al.
(1977), Letsari
et al. (2016)

Rice Oryza
sativa

Short
stature,
early
maturity

Gamma
rays

TNDB
100

Viet
Nam

MBNL
No. 45, 2001

Basmati
Rice

Oryza
sativa

Short
stature and
non-lodging

Gamma
rays

CRM
2007-1

India PMR No. 1 &
2, 2006

Bread
wheat

Triticum
aestivum

Short,
resistant to
lodging

X-rays Creso Italy MBNL
No. 6, 1973

Bread
wheat

Triticum
aestivum

Resistant to
lodging

Gamma
rays

Gergana Bulgaria MBNL
No. 37, 1991

Barley Hordeum
vulgare

Semi-dwarf X-rays Diamante Czech
Republic

Ahloowalia
et al. (2004)

Barley Hordeum
vulgare

Early
flowering

Gamma
rays

Mari Sweden Sigurbjörnsson
(1975)

Castor Ricinus
communis

Early
maturity

Gamma
rays

Aruna India Ankineedu
et al. (1968)

Rye Secale
cereale

Short lie
cycle

Gamma
rays

Soron Peru Gómez-Pando
et al. (2009)

Banana Musa
acuminata

Short
stature

Gamma
rays

Novaria Malaysia MBNL
No. 44, 1999;
Mak et al.
(1996)

Rice Oryza
sativa

Herbicide
resistance

Gamma
ray

Rice USA Maluszynski
et al. (1995)

Rice Oryza
sativa

Herbicide
resistance

Gamma
ray

IRAT
239

Guyana MBNL
No. 33, 1981

Corn Zea mays Herbicide
resistance

Gamma
ray

Corn USA Mabbett (1992)

2.10 Social and Economic Impact of Mutation Breeding
Technique in Crop Improvement

As the knowledge accumulated, it became clear that mutation technique was not a
magic wand that would create anything at any time. Therefore, following mutagenic
treatments, a mixed bag of induced variants is found and many of these may not be of
any value. Because of these reasons, it will be unrealistic to expect miracles out of
programmes using induced mutagenesis technique. Nevertheless, having already



developed and released more than 3000 mutant varieties in a wide variety of crop
species (Maluszynski et al. 2000), the accomplishments of induced mutagenesis
technique in evolving superior crop varieties and its role in basic studies confer on it
an honourable niche in the ever-growing crop improvement programmes and also
contributing significantly in providing food security in several countries
(Ahloowalia et al. 2004; Kharkwal and Shu 2009; Kharkwal 2017).
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The following selected examples illustrate the role that mutation breeding has
played and continues to play in plant breeding programmes for crop improvement.
The rapeseed cultivar ‘Regina II’ was developed by mutation in Sweden and was
released in Canada in 1953. ‘Redwood 65’ flax was derived and registered from a
mutation programme at the University of Saskatchewan (Larter et al. 1965) and is
present in the pedigrees of many western Canadian flax cultivars. Elsewhere in the
world, almost 70% of the durum wheat in Italy was mutant varieties and there are
200 rice cultivars derived from mutagenesis programmes. The economic impact of
mutant varieties of rice released with improved characters such as semi-dwarfness,
earliness, improved grain yield, and disease tolerance and improved grain quality
have been reviewed by Rutger (1992) and Maluszynski et al. (1995). Two improved
rice mutant varieties, ‘TNDB-100’ and ‘THDB’, with earliness and improved grain
yield were released within only 6 years after mutagenic treatment in Mekong Delta
of Vietnam. These varieties grown in millions of hectares have maintained tolerance
to acid sulphate soil or soil salinity (Do et al. 2009; Le et al. 2021). The economic
impact of short straw mutants in barley that are in the pedigrees of many cultivars
grown today derive from mutation programmes and have been of immense eco-
nomic value in several countries. Michelite, an X-ray-induced white bean mutant
with altered plant type, is in the pedigrees of most of the white beans grown in North
America (Ahloowalia et al. 2004; Kharkwal and Shu 2009; Kharkwal 2017).

Mutation-breeding programmes in China for crop improvement was a profitable
approach as the estimated output of cereals, fibre and oilseeds had substantially
increased and contributed to national economy of China (Wang 1991). High yielding
Chinese mutant varieties of wheat (Luyuan-502), rice (Ilyou-D069 and Zhefu-802),
soybean (Hefeng-25), groundnut (Luhua-11) and other crops like cotton, maize and
forage legumes are being cultivated in millions of hectares and their breeders have
won National Invention Awards (Liu 2021).

Commercial success and economic impact of mutant varieties of grapefruit in
Texas and pear in Japan has been highlighted by Nichterlein et al. (2000). Grapefruit
mutant varieties ‘Star Rubi’ and ‘Rio Red’ are grown in almost 75% of the total
grapefruit area in Texas, USA (Sauls 1999). The mutant variety ‘Gold Nijiseeiki’ of
Japanese pear is more resistant to black spot disease caused by Alternaria alternata
than its parent. The additional annual income by growing this variety is estimated to
be about US$ 50 million (Amano 1997; Nakagawa 2021). In peppermint, the mutant
variety, ‘Todd’s mitcham’ forms bulk of the world’s production of mint oil. Several
high yielding and disease-resistant mutant varieties of chickpea, mung bean, wheat,
rice and cotton released for commercial cultivation in Pakistan and grown in millions
of hectares have made significant impact on the total production and productivity of



these crops (Ahloowalia et al. 2004; Haq 2009; Kharkwal and Shu 2009; Kharkwal
2017).
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2.11 Conclusion

Spontaneous mutations were the only source of genetic diversity available for the
domestication and breeding of plants until the dawn of the twentieth century. It was
nine decades ago that Stadler first reported induction of mutation in plants like barley
and maize by X-rays to generate novel genetic diversity for crop improvement. The
successful application of radiation for the induction of plant mutations prompted a
flurry of research and development in its use to generate novel genetic diversity for
crop improvement in several countries. This also prompted and lead to discovery of
several new physical as well as chemical mutagenic agents. Since then, induced
mutations have been used to generate genetic variation in many food, feed, orna-
mental and cash crops, leading to the release of large numbers of mutant varieties for
cultivation across the globe. Global food and nutrition security in the coming years
will also depend heavily on the availability and cultivation of improved crop
varieties that can perform well under the pressures of increasing frequencies and
intensities of drought, flooding and coastal salinity, warming temperatures and the
transboundary spread of intensifying plant pests and diseases triggered by warming
temperatures. Recent years are witness to the increasing application of newer
mutagen sources and techniques such as High Hydrostatic Pressure, Ion Beams,
Electron beams, Targeting Induced Local Lesions in Genomes, Cosmic rays for
space mutagenesis and Endonucleolytic Mutation Analysis by Internal Labelling for
the improvement of plant species, and of functional genomics technologies that
establish gene-to-phenotype relationships for the discovery of molecular variants
underlying mutations to be used in marker-assisted breeding and gene editing. The
target of mutation breeding, therefore, will now get transferred from yield traits to
quality traits and stress tolerance for adapting to climate change. The glorious history
and outstanding achievements of mutation breeding during the past nine decades
indicates that it is going to play a major role in shaping the future research on
improvement of crop plants in twenty-first century and beyond.
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Abstract

World agriculture faces the challenge of food security because of the rapid growth
of human population, reduced arable land area, plant productivity and climate
change. Since the pioneering work on mutation of Thomas Hunt Morgan in 1910
(Am Nat 44:449–496) and the first release of an improved cultivar in tobacco in
the 1930s, plant mutation breeding has become an effective breeding method. It
has produced direct mutant cultivars and provided materials for further breeding.
It has contributed over 3330 cultivars in more than 220 plant species. Major
advantages of plant mutation breeding are: (1) mutation induction in elite
materials thus little or no additional breeding is necessary, (2) fastest way of
developing new improved lines, (3) applicability to all plant species and (4) gen-
eration novel traits. Today, plant mutation breeding is a much-needed weapon to
combat new challenges in agriculture such as direct and indirect effects of climate
change. This chapter outlines and compares methods used for physical and
chemical mutagenesis for crop plant improvement. The benefits of mutation
induction needed to be assessed and placed in context with respect to other
options (available resources, facilities, costs, pragmatism, etc.). In this chapter,
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the future of mutation breeding in the light of new and exciting advances in plant
sciences and technologies are discussed.
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3.1 Introduction

A mutation is a heritable change in the genetic material of an organism, which is
independent of genetic segregation or genetic recombination. Mutation may be
natural or induced. Deliberate mutation induction and selection has had a massive
impact on agriculture in providing improved cultivars. Plant mutation breeding
follows three strategies: induced mutagenesis, mutation detection and selection.
Mutations can be classified into three main categories based on where they
occur in: (1) genome, (2) chromosome and (3) gene mutation. Other types of
mutations also occur such as non-nuclear mutations and gene copy number
mutations, there are also mutation mimics, (reviewed by Lundqvist et al. 2012).
Mutation is a natural process and has been a primary driver for speciation and
evolution (Darwin 1868). Natural mutations have had a significant impact on the
domestication and cultivation of wild species by man’s selection of favoured traits in
plants and animals, and thereby the evolution of mankind (Bronowski 1973).
Mutation has been responsible for the abundant diversity of life on Earth.

Present agriculture is challenged by a massive world population, which is
estimated to peak at nine billion people by 2050, and declining areas for farming.
This bleak situation is further exacerbated by new environmental challenges: pests,
diseases, drought, salinity, water-logging and abnormal temperatures (Rosenzweig
et al. 2001; Roy et al. 2011; Islam et al. 2012). Thus, major crop plants have suffered
a decrease in production and productivity with yield reduction of over 50% resulting
in enormous economic losses worldwide and food shortages (Oerke et al. 1999; Rai
et al. 2011).

Classical plant breeding, the improvement of crop plants through hybridization,
transgressive segregation and heterosis to produce better genotypes has been
reviewed recently by Makay et al. (2020). However, conventional approaches are
slow and laborious, for annual crops it can take over 10 years to produce a new
cultivar, for perennial crops this is much longer (Maluszynski et al. 1995). In
addition, all plant breeding programmes are limited by the genetic variation avail-
able. Traditionally, this has led to germplasm collections which may be classed into
elite, breeding, landrace and wild species groups. The further a breeder has to go to
access a trait the longer and more complicated the breeding. Therefore, high genetic
variability within the elite and contemporary breeding materials is preferred, and
thus mutation induction in these groups is attractive.
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Plant mutation breeding is a form of accelerated plant breeding (Forster et al.
2015). In addition to the benefits listed above, plant mutation breeding is considered
a safe and accepted breeding method, which has been practiced since 1927 (Gager
and Blakeslee 1927; Muller 1927). It has led to new traits that have provided yield
and quality improvements and has revolutionized farming. Examples include:
(1) semi-dwarf small grain cereals crops allowed mechanical harvesting (combine
harvesters) and provided a yield advantage (Mlcochova et al. 2004; Rutger 2009),
(2) rust-resistant wheat (Bado et al. 2015), (3) salt tolerance rice (Do 2009; Vinh
et al. 2009), (4) high altitude farming of barley in Peru (Gómez-Pando et al. 2009),
(5) seedless citrus fruit (Spiegel-Roy 1990; Vardi et al. 2008; Sutarto et al. 2009),
(6) self-compatibility in apple, cherry and almond (Matthews and Lapins 1967;
Monastra et al. 1998; Spiegel-Roy 1990; Tehrani and Brown 1992), (7) resistance
to wilt disease and high yielding peppermint to sustain chewing gum production
(Sigurbjörnsson and Micke 1974), (8) red grapefruit (FAO/IAEA 1991), (9) 742
improved cultivars in vegetatively propagated crops (ornamentals, food and fruit
trees, Bado et al. 2017), (10) non-plant crops—high yielding and good quality fungi
(Sathesh-Prabu and Lee 2011) and high yielding extracellular polysaccharides from
the algae (Liu et al. 2015).

Currently, the stringent regulations imposed on genetically modified crops (that
use recombinant DNA technology) do not apply to cultivars produced by mutation
breeding. Mutation induction is particularly relevant to crops that do not have a
sexual reproduction system, i.e. cannot be improved by normal breeding. Induced
mutation has been an effective approach to broaden the genetic diversity to improve
vegetatively propagated crops (VPCs) and to develop successful cultivars in food
crops (banana, potato, sweet potato, cassava and wasabi), fruit trees (cherry, citrus,
apple, almond, peach, apricot), ornamentals (chrysanthemum, rose, dahlia and many
other flowers) and other crops (Bermuda grass, field mint, peppermint and tea) (van
Harten and Broertjes 1989; Jankowicz-Cieslak et al. 2012; Bado et al. 2017;
Chepkoech et al. 2019). An advantage of mutation breeding is that the starting
(target) genotype is usually a top-performing or popular line or cultivar; any
improvement is readily accepted, and the improved line may be developed into a
new cultivar directly.

This chapter provides an overview of the current knowledge of physical and
chemical mutagens and induced mutants, emphasizing their effectiveness in
improved traits for agriculture, food production and meeting market demands. The
principles of mutation breeding and genetics are not new though new methods in
mutation induction and detection have been developed. There are several enabling
biotechnologies, especially tissue culture that broaden the scope and make mutation
breeding more effective and targeted. These are described and discussed with respect
to need, available resources and the emergence of new and exciting plant
biotechnologies.
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3.2 History of Physical and Chemicals Mutagens in Plant
Breeding

Plant mutation breeding has a long history in technology development and optimi-
zation, and the development and release of mutant cultivars (Table 3.1). Currently,
over 3330 cultivars have been released worldwide with over 88% being derived from
physical and chemical mutagens (https://mvd.iaea.org/).

3.2.1 Physical and Chemical Mutagens

Since discovering the mutagenic effects of X-rays (Muller 1927; Stadler 1928a, b), a
large number of physical and chemical mutagens have been assessed in plant
breeding. From the mutant cultivars (officially) released worldwide and registered
in the IAEA database (>3330, https://mvd.iaea.org), the vast majority involved
physical mutagenesis (>77%) followed by chemical mutagens (>11%) and their
combinations (>1%) (Fig. 3.1). Other (>9%) mutant cultivars have been released
through further breeding using these induced mutants (9.85%).

3.2.1.1 Physical Mutagens
Physical mutagens have had the greatest impact in plant breeding (Table 3.2). They
can be classified into two groups: (1) Ionizing radiations and (2) Non-ionizing
radiation. The ionizing radiations are composed of particulate or densely ionizing
radiation (alpha ray, beta ray, heavy-ion beam and fast, slow and thermal neutrons),
and electromagnetic or sparsely ionizing radiation (X-rays, gamma rays, cosmic
rays, electron beams). This classification is mainly based on radiation capacity in
producing ions and their ability (enough energy) to affect the structure of atoms of
impacted materials, such as plant propagules (Mba et al. 2012).

With respect to mutation breeding, ionizing radiation causes biological injuries
through two main interactions (physical and chemical) with DNA. Physical action is
the result of the energy deposited which cause direct DNA damage. Chemical
reactions are mainly due to highly reactive free radicals that are generated (OH-

and H+) which cause indirect DNA damage (Rao et al. 1965; Reisz et al. 2014). Light
of various wavelengths can also cause photochemical damage, typically purine or
pyrimidine dimers, that result in point mutations in the DNA sequence (Kurowska
et al. 2012).

In the presence of oxygen, radiation-induced free radicals form peroxy radicals
that are highly damaging (Sparrow and Singleton 1953; Sparrow 1961; Esnault et al.
2010; Lagoda 2012). Thus, plant materials with high water content and/or some
biochemical composition (e.g. oil) are more sensitivity to radiation. This may result
in small to large mutations, from point mutations to deletion, single and double-
strand breaks, and chromosomal rearrangement.

Physical mutagens have been applied to a wide range of plant materials from
whole plants (in gamma fields) to single cells (in gamma cells). Soft materials such
as in vivo (excluding seed), in vitro materials (e.g. embryogenic callus and embryos)

https://mvd.iaea.org/
https://mvd.iaea.org
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Table 3.1 Historical milestones in physical and chemical mutagenesis in plant breeding

Milestone

Physical mutagenesis Chemical mutagenesis

1838–
1839

Description of the cell theory and suggestion of
totipotency of cells

Scheiden (1838)

1868 Introduction of the ‘histogen theory’ to explain shoot
apex behaviour in plants

Darwin (1868), van
Harten (1998)

1895–
1900

The discovery of various
kinds of radiation

Forster and Shu (2012)

1901–
1905

Suggestions and
promotion of radiation in
plant and animal mutation
breeding

de Vries (1901, 1903,
1905)

1907 Proposition of the word ‘chimera’ Cramer (1907)

1927 Attempts of induced
mutations in seed
propagated crops using
gamma and X-rays

Gager and Blakeslee
(1927), Muller (1927),
von Sengbush (1927)

1928 Successful mutation
induction and discovery of
mutagenic effects of
X-rays in barley and maize

Stadler (1928a, b)

1930s Continued of deliberated
mutation in plants
The first official mutation
breeding programmes: in
Sweden, Germany, United
States

Stadler (1929),
Goodspeed (1929),
Kharkwal (2012)

1931 Deliberate mutation
induction on potato

Asseyeva (1931)

1932 Attempts to induce
mutations using chemicals

Sakharov (1932), Klein
(1932)

1934 Release of physically
(X-rays) improved cultivar
tabak ‘Chlorina’
cv. (Indonesia)

Rana (1965)

1941–
1943

Description of the ability
of chemicals to induce
mutations, i.e. mustard gas

Auerbach and Robson
(1942), Oehlkers (1943)

1942 Report of induced disease
resistance in a crop plant;
X-ray-induced powdery
mildew resistance in
barley

Freislebe and Lein (1942)

1944 First report on the
deliberate use of chemical
mutagens

Auerbach and Robson
(1944)

1944–
1946

Continuation of the
demonstration of the
mutagenic effects of
chemicals

Auerbach and Robson
(1946), Oehlkers (1946),
Rapoport (1946)



Date References
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Table 3.1 (continued)

Milestone

Physical mutagenesis Chemical mutagenesis

1949 Start of the gamma
irradiation in plant
mutation breeding
Released of mutant in
vegetatively propagated
crop by X-rays: Tulip
cv. ‘Faraday’ in
Netherlands

Sparrow and Singleton
(1953), https://mvd.iaea.
org/

1954 Officially improved food
crop plant by X-rays, pea
mutant ‘Stral-art’ cv.

https://mvd.iaea.org/

1961 Officially released
introgressed mutant
cultivar Antirrhinum
cv. ‘Juliva’

https://mvd.iaea.org/

1963 Release of mutant from
gamma ray: mutant variety
‘Mori-hou-fu 3A’ cv. of
apple

https://mvd.iaea.org/

1964 Release of mutant cultivar
in sweet cherry
cv. ‘Compact Lambert’ in
Canada

Sigurbjörnsson and Micke
(1974)

1964 Set up of the FAO/IAEA Joint Division with a mandate
to support the production of induced mutations for food
security issues in developing countries

Forster and Shu (2012)

1966 UN Geneva Conference on ‘Peaceful Application of
Atomic Energy’

Donini and Sonnino
(1998)

1966 Official release of the
chemically (diethyl
sulphate, dES) improved
cultivar of barley,
cv. Luther in the United
States

Nilan and Muir (1967)

1968 Release of the mutant
cultivar (X-ray) potato
cv. ‘Mariline 2’ in
Belgium

van Harten (1989)

1969–
1970

The first FAO/IAEA international training course on crop
mutation breeding
Pullman Symposium on plant mutation breeding
• Publication of first classified list of mutant cultivars
• Publication of the first Manual on Mutation Breeding

IAEA (1970), Kharkwal
(2012)

1972 Start of ‘Mutation Breeding Newsletter’ published by
FAO/IAEA

Forster and Shu (2012)

https://mvd.iaea.org/
https://mvd.iaea.org/
https://mvd.iaea.org/
https://mvd.iaea.org/
https://mvd.iaea.org/
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Table 3.1 (continued)

Milestone

Physical mutagenesis Chemical mutagenesis

1975 Initiation of coordination research programme organized
by FAO and IAEA on ‘Improvement of vegetatively
propagated plants through induced mutations’

FAO/IAEA (1975)

1977 Publication of the second edition of Manual on Mutation
Breeding

IAEA (1977)

1978 Start of space mutation breeding in China Xianfang et al. (2004)

1980–
1981

• Introduction of tissue culture (biotechnology) for
in vitro mutation induction
• First mutation breeding report on VPCs
• FAO/IAEA first symposium on ‘Use of induced
mutations as a tool in plant research’ in Vienna, Austria

Broertjes (1982),
Kharkwal (2012)

1989–
1990

Use of RIKEN RI-Beam
Factory (ion beam) for
radiation biology research
and plant breeding

Abe et al. (2012)

1993 FAO/IAEA Mutant Variety Database (https://mvd.iaea.
org/)

Forster and Shu (2012)

1998 Release of the rice mutant cv. ‘Hangyu’ 1 from cosmic
irradiation

https://mvd.iaea.org/

2000–
2005

TILLING (Targeting Induced Local Lesion in Genome)
to induce and study mutation-phenotype association

McCallum et al. (2000),
Colbert et al. (2001)

2002 Release of ion beam commercial mutant cv. ‘Temari
Bright Pink’

Abe et al. (2012)

2005–
2010

Biotechnologies for targeted mutation discovery and
wide spectrum establishment:
• Direct genomic selection (DGS) method
• Exome capture sequencing for mutation screening
and functional genomic analysis
• High-throughput sequencing and mutation discovery
methods based on massive parallel sequencing
• Using next-generation sequencing (NGS) for rapid
detection of rare mutation in targeted gene

Basiardes et al. (2005),
Okou et al. (2007),
Mamanova et al. (2010),
Gilchrist and Haughn
(2010), Tsai et al. (2011)

2008 International Symposium on Induced Mutation in Plants
in Vienna, Austria. Induced Plant Mutation in the
Genomics Era.

Shu (2009)

2018 • IAEA/FAO International Symposium on Plant
Mutation Breeding and Biotechnology
• Publication of the third edition of the Manual on
Mutation Breeding
• New breeding techniques (e.g. genome editing) are
not exempted from the current EU GMO legislation
• Physical or chemical treatments are explicitly
exempted from the EU GMO legislation

FAO/IAEA (2018), Court-
of-Justice-of-
the-European-Union
(2018), Holme et al.
(2019)

2020 Emmanuelle Charpentier and Jennifer A. Doudna won
the 2020 Nobel Prize in Chemistry for the development
of a method for genome editing (CRISPR/Cas)

Wu et al. (2020)

https://mvd.iaea.org/
https://mvd.iaea.org/
https://mvd.iaea.org/


require relatively lower dosage of physical mutagens compared to seeds because of
their high water content. Other variables include: storage time, applied mutagen
dose, activity level of radioactive source and temperature influence physical muta-
genesis (Mba et al. 2010). The material treated and the treatment itself are critical
factors determining success.
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Fig. 3.1 Distribution of improved mutant crop cultivars developed by using different mutagenic
agents. (Data from IAEA mutants’ database: https://mvd.iaea.org/, accessed on 13 July 2020)

The efficiency and effectiveness of physical mutagens have been described and
are well known (Snyder et al. 1961; Lagoda 2012). A key feature is linear energy
transfer (LET) of various mutagens, such as fast neutrons, ion beams, X-rays,
gamma rays and UV light (in order of high to low LET) (Magori et al. 2010;
Tanaka et al. 2010). The effects from the same dosage of different types of mutagens
can be evaluated as relative biological effects (RBEs), which is a more pragmatic
indicator for plant breeding (e.g. post-treatment survival and growth).

Gamma rays have been the most widely used physical mutagens in plant muta-
genesis (Beyaz and Yildiz 2017; Li et al. 2019). Gamma rays are emitted from
radioactive isotopes, mostly commonly Cobalt, 60Co (with a half-life of 5.3 years)
and Caesium, 137Cs (with a half-life of 30 years). Because of their shorter wave-
length (3 × 10-14 m), and uniform penetrating power, they are capable of reaching
and changing DNA in many biological samples. Gamma rays gained popularity
(after 1970s) during the promotion of peaceful uses of radioactive elements (follow-
ing US President Dwight D. Eisenhower ‘Atoms for Peace’ speech on December
8, 1953), with an emphasis on world hunger concerns. Recently, gamma sources
have become a security risk, and strict international regulations are imposed on the
shipment and installation of new gamma sources and the refurbishment of old
gamma irradiators. However, interest in induced mutation has not waned and other
methods have been developed.

There has been a resurgence in the use of X-rays. X-ray irradiation does not
involve radioactive isotope sources. X-rays represent the second most commonly
used physical mutagen applied in plant mutation breeding, with over 21% of

https://mvd.iaea.org/
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Table 3.2 Comparison of various physical mutagens with respect to their respective advantages
and disadvantages in plant breeding and genetics

Mutagen Advantages Disadvantages Comments

Gamma
rays

• Low LET radiation
• Optimal procedures
published and available
• Regional, national and
international services
available
• Highly reproducibility
• Deep penetration in
multi-cellular systems
• Choice of high or low
DNA damage
• Cause single nucleotide
substitution, inversion and
deletion

• Requires a
radioactive source
• Many restrictions
for new source and
refurbished sources
• Problem of high
dose rate of new
(highly reactive)
sources
• Requires
specialized physical
structure/laboratories
and technicians

Most successful, has
resulted in 66.91% of
officially released mutant
cultivars

X-rays • Non-radioactive
• Low LET radiation
• Easy accessibility
• Penetrates tissues from a
few millimetres to a few
centimetres

• Requires optimal
settings for uniform
irradiation
• Optimized
procedures are
generally not
available

Second most popular
physical mutagen with
21.89% of officially
released mutant cultivars

Neutron
rays
(fast,
slow,
thermal)

• High LET radiation
• Penetrates tissues from a
few millimetres to a few
centimetres
• Saturate genome for
genetic studies
• Cause point mutation,
A/T to G/C transition,
insertion, inversion,
translocations tandem
duplication and deletion
• Gene knock-outs

• Requires nuclear
reactor or accelerator
• Relative high cost
• Can create large
deletions (>1 Mb)
• Can delete
multiple genes at a
time
• Difficulty of
absorbed dosage
estimation due to
surface
contamination

Third most popular
physical mutagen with
over 5.23% of officially
released mutant cultivars

UV light • Very low LET radiation
• Available
• Activation of
transposable elements
(indirect gene mutation)
• Effective in pollen and
fungal mycelium
• Relative low cost

• Low penetration
• Limited to single
cell layer or sensitive
material

Very limited effectiveness
and use in plant mutation
breeding

Ion beam • High LET radiation
• Large biological effects
• High mutation rates
• High survival rates of
M1/M1V1

• Wide and new

• Deposit high
energy/damage
• Not tested on a
large number of
species
• Laborious sample
preparation

• High installation cost of
the accelerator
• Highly effectiveness in
ornamentals
• Good for genetics
studies



phenotypic variation
• Targeted trait specificity

• Low accessibility
of ion beam
irradiators/facilities
• Anatomy of seed
and meristematic
tissue can be limiting

released mutant cultivars worldwide (https://mvd.iaea.org). It should be noted that
X-rays were the first physical mutagen proven to induce mutation in crop plants in
the early plant mutation era with mutational effects on barley described in 1928
(Stadler 1928a).
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Table 3.2 (continued)

Mutagen Advantages Disadvantages Comments

Cosmic
rays

• High-energy ion
radiation
• High LET radiation
• Tested on various plant
species

• Requires space
flight
• Massive
investment costs and
intensive
technological
support
• Very limited
accessibility
• Mechanism of
space-induced
mutation not fully
understood
• Limited to plant
materials in dormant
state (not actively
growing)

• Access to space
programme
• Possibility to induce
novel variation
• Possibility to obtain
rare mutants
• Effective ground
simulation of space
environment factors may
increase this approach

Today, ion beam is emerging as an effective physical mutagen (after its biological
effects were discovered in the mid-1980s, Abe et al. 2012). Ion beam treatments
have resulted in the release of several improved cultivars in rice, wheat, potato,
tomato, soybean, tree crops (ginkgo, Chinese chestnut, sea buckthorn), and many
ornamental plants (e.g. chrysanthemum, carnation, dahlia, lily, petunia, rose and
cyclamen) (Tanaka 2009; Abe et al. 2012; Feng and Yu 2012; Yamaguchi 2018).

Ultrasound, UV light, accelerated ageing and combined 32P and gamma rays were
used for plant mutagenesis with limited effectiveness recorded (http://mvd.iaea.org).

3.2.1.2 Chemical Mutagens
Several early researchers attempted to induce mutations in animals and plants by
chemical mutagens (Morgan 1911; Sakharov 1932; Klein 1932). Frequently used
chemical mutagens in plants include, alkylating agents, e.g. mustard gas, ethyl
methane sulphonate (EMS), ethyleneimine (EI), n-ethyl-nitrosourea (NEU), n-
methyl-nitrosourea (NMU), 1,4-bis-diazoacetyl butane (DAB), hydroxylamine
(HA), diethyl sulphate (DES), dimethyl sulphate (DMS), methyl methane
sulphonate (MMS), maleic hydrazide (MH), hydrogen fluoride (HF) and sodium

https://mvd.iaea.org
http://mvd.iaea.org


azide (SA) (Shkvarnikov and Morgun 1975; Leitão 2012). These cause point
mutations, and their effects are often silent or missense mutations (50%), with
only about 5% nonsense mutations (Viana et al. 2019). Alkylating agents have
one, two, or more reactive groups known as mono, di, or polyfunctional that react
with DNA (Davies 1966). When the chemical agents interact with genetic materials,
they generate alkylated O6guanine, N3adenine and N3cytosine. During the repair of
the alkylated base, O6guanine tends to convert G:C to A:T base-pairs, N3adenine
gives rise to A:T to T:A transversions and N3cytosine often results in C:G to T:A
transitions and C:G to G:C transversions (Minocha and Arnason 1962; Leitão 2012).
These single nucleotide changes generate truncations and missense mutations and
can broaden allelic variation. Nonsense mutations may cause premature stop codons
and splice site deletions (Tadele et al. 2009). The chemical mutagens are specific in
their action, whereas radiation activity is random (Kempner 2011).
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Ethyl methane sulphonate (EMS) is one of the most popular alkylating agents in
plant mutation breeding and genetics. EMS produced over 25% of the chemically
improved mutant cultivars due to its effectiveness and ease of handling, especially its
detoxification by hydrolysis for disposal (Pathirana 2011). Other effective chemical
mutagens include: n-ethyl-nitrosourea (NEU), nitroso methyl urea (NMU), colchi-
cine, ethyleneimine (EI) and dimethyl sulphate (DMS) with over 14%, 10%, 9%, 7%
and 4% of total released mutant cultivars, respectively. Over 70% of mutant cultivars
produced through chemical mutagenesis are from these six chemical agents (http://
mvd.iaea.org). Other non-alkylating mutagens include (1) nitrous acid and nitric
oxide, (2) base analogues and related compounds, (3) some antibiotics,
e.g. streptozotocin, mitomycin C or azaserine and (4) intercalating agents and
topoisomerase. Their mutagenic effects and their applications in plant mutation
induction have been reviewed by Leitão (2012).

From the non-alkylating mutagens, sodium azide (SA) (a common bactericide,
pesticide and industrial nitrogen gas generator) is one of the most commonly used
mutagens in plant breeding (Kleinhofs et al. 1974; Gruszka et al. 2012). Common
chemical mutagens with their mode of action are listed in Table 3.3. However, it is
essential to note that most of those chemical agents are hazardous to health and are
carcinogens. An exhaustive list of the chemical mutagens used in mutation breeding
with their effectiveness can be found in IAEA mutant database (http://mvd.iaea.org).

The following parameters need to be considered to establish optimal procedures
for the chemical mutagenesis:

• Dose (concentration × time)
• pH
• Physical and chemical properties of the agents
• Interaction with the culture media
• Post-treatment condition

http://mvd.iaea.org
http://mvd.iaea.org
http://mvd.iaea.org/
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Table 3.3 Classes of chemicals with some examples of chemical mutagens and their mode of
action

Chemical class Chemical mutagens Mode of action

Base analogues
and related
compounds

5-Bromouracil, 5-bromo-deoxyuridine,
2-aminopurine, maleic hydrazide,
8-ethoxy caffeine

Deletion, addition, frameshift,
Chromosome breakage
transitions (purine to purine or
pyrimidine to pyrimidine) and
tautomerization

Acridines Acridine orange, acriflavine,
ethyleneimine, proflavine

Transitions AT to GC, GC to AT

Mustards Sulphur mustard, nitrogen mustard Alkylate various sites in DNA

Nitrosamines Dimethyl nitrosamine, nitrosoguanidine,
nitroso methyl urea

Alkylate various sites in DNA

Alkylating
agents

1-Methyl-1-nitrosourea, 1-ethyl-1-
nitrosourea, methyl methane sulphonate,
ethyl methane sulphonate, dimethyl
sulphate, diethyl sulphate; 1-methyl-2-
nitro-1-nitrosoguanidine, 1-ethyl-2-
nitro-1-nitrosoguanidine, N,N-dimethyl
nitrous amide, N,N-diethyl nitrous amide
and others

Alkylate various sites in DNA

Epoxides Ethylene oxide, diepoxybutane Alkylate various sites in DNA

Azide Sodium azide Generates azidoalanine causing
G/C to A/T transitions. Gene
mutation

Miscellaneous Nitrous acid, maleic hydrazide,
hydrazine, hydroxylamine, antibiotics,
free radicals

Transitions AT to GC, GC to AT,
Chromosomal aberrations

Intercalating
agents and
topoisomerase

Ethidium bromide and proflavine
daunorubicin, 4′,6-diamidino-2-
phenylindole (DAPI)

Block transcription and DNA
replication

Colchicine – Chromosome doubling affects
spindle microtubule formation
and promotes chromosome
doubling

Some other influencing factors need to be considered for effective treatments:

• Pre-soaking
• Treatment duration
• The temperature during treatment
• Hydrogen ion concentration
• Dry back
• Post washing
• Storage of treated materials
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Table 3.4 Advantages and disadvantages of physical and chemical mutagens

Mutagens Advantages Disadvantages

Physical • Tested, proven, robust, ubiquitous
application, non-hazardous,
environmentally friendly, transferrable,
cost-effective, non-regulated, produce rare
mutant events and low mutational load
(with specific doses)
• Reproducible
• High and uniform penetration in multi-
cellular plant materials (except UV)

• Mutagenesis is random, thus
selection methods for desired
mutations are required
• Mutation spectra are not well
known, except for fast neutrons
• High degree of sterility in treated
plants
• Dose rate needs to be determined
for each genotype
• Chromosomal and gene mutations
can occur simultaneously

Chemical • Tested, proven, robust
• Point mutation predominant
• Relatively less chromosomal damage
• High mutation rates and densities are
useful for gene-phenotype association
studies
• Different mutation spectra
• Identification of multiple mutant alleles

• Mutagenesis is random and
widespread
• Chemicals are very hazardous,
non-environmentally friendly and
regulated
• Penetration difficulties in multi-
cellular plant parts
• Difficulties in reproducibility
• Sensitivity of some target tissues
and organs
• Difficult to assess effective dose
and reproducibility
• The dose rate needs to be
determined for each genotype
• Stability of the mutagen

3.2.1.3 Advantages and Disadvantages of Physical and Chemical
Mutagens

The choice of physical or chemical mutagen depends on the objective and all have
advantages and disadvantages (Table 3.4). Ionizing radiations have benefits that they
can be used for every plant material, and protocols have been developed that provide
a degree of accuracy and reproducibility. Irradiation services are available at local,
regional, national and international levels, with many supported by the International
Atomic Energy Agency or national atomic energy institutes.

In addition to the random action and the ability to produce small mutagenic
effects in an otherwise unaltered genetic background, there are some limitations and
challenges. Limiting factors for gamma ray emitters (typically 60Co and 137Cs) is that
new and refurbished sources are highly radioactive, so shields need to be installed to
allow low dose treatments recommended for plant materials with a high-water
content. More importantly, there are now restrictive international regulations on
the transport of radioactive isotopes, and this complicates or prevents the setting up
of new gamma sources or the refurbishment of old ones.

A concern for fast neutron treatments is they cause a low level of temporary
radioactivity in the irradiated materials that may pose a safety problem in post-
irradiation handling and absorbed dose assessment. X-rays being non-radioactive are



more user-friendly and accessible as they are used widely in other uses worldwide
(e.g. blood irradiator, sterilization and radiotherapy in hospitals). However, there is a
problem with uniformity using large samples. Thus, X-ray irradiators need to be
equipped with sample rotating devices to provide even irradiation exposure.
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Ion beam mutagenesis suffers from laborious sample preparation, limiting treated
sample size, e.g. a plastic box with 5 × 7.5 × 1.25 cm, or plastic Petri dishes of 3, 6
and 9 cm in automatic ion beam irradiation system (Abe et al. 2012) and results in
severe damage to treated material DNA. Despite the effectiveness of ion beams in
generating beneficial and a new spectrum of mutations (e.g. Khazaei et al. 2018), it
has a major disadvantage in that there are a limited facilities compared to gamma and
X-rays.

Chemical mutagens are known to be effective in gene mutation and permit the
identification of new alleles, which is of high interest to plant geneticists. Their
major drawback for plant breeding is they produce a heavy mutational load. The
chemicals used are extremely hazardous and require suitable infrastructure/
laboratories for safety use. Furthermore, these chemicals have an impact on the
survival of the treated plant materials and sensitive materials such as in vitro cells
(e.g. microspores and protoplasts), tissues consisting of single cell layers (somatic
and gametic cells) and immature embryos.

3.3 Determination of Optimum Dosage for Mutation Induction

Cells of higher plants respond to physical and chemical mutagens with various
biological changes influenced by the developmental stage, environment and
biological activity of the plant materials to be targeted. These factors significantly
affect the efficiency and effectiveness of the mutation treatment and are defined as:

Efficiency—the ratio of desirable mutagenic changes to undesired effects
Effectiveness—the number of mutations produced per unit of dose

Damaging effects are proportional to the dose (physical) or concentration (chem-
ical) received. However, mutagens can directly or indirectly damage cellular
components and can cause perturbations in metabolic and physiological functions
as well as genetic changes. Therefore, before developing mutagenic populations or
mutation studies, it is recommended to conduct radio-sensitivity (physical) or
toxicity (chemical) tests to determine suitable treatments. The optimum irradiation
dose or chemical treatment should balance the required mutation frequency and plant
injury. The ultimate goal is to induce enough interesting new variations in a viable
population and in a population size that is manageable with breeding or genetic
resources. In general, the lower the density of mutations the more mutant lines that
need to be screened. To determine optimal treatments, it is advisable to evaluate the
effects of a range of treatments. The type of plant propagule to be treated has a strong
effect; some examples follow. In ionizing irradiation for seeds higher doses are used
(e.g. 50 to>600 Gy for dry small grain cereal seeds). In contrast, low dose ranges are



recommended (10–100 Gy, or less) for tissues with high-water content, e.g. stems,
buds, embryos, anthers, microspores and floral tissues. For fast neutrons, typical
doses are between 5 and 50 Gy for sunflower seed (Gvozdenic et al. 2009). When
using chemical mutagens, such as EMS, for seed mutagenesis, the concentration
ranges from 0.05 to 0.1 M (0.25% to >2%) for a duration of 0.5–24 h with a
temperature of 25–35 °C whereas for in vitro plant materials a concentration up to
1% is normally applied (Kodym and Afza 2003; Mba et al. 2010). In sodium azide
(SA) toxicity, a range of 1–50 mM for duration 2–24 h, e.g.: 1–4 mM at pH 3 for
3–6 h was effective for dry barley seed, but for in vitro plant materials the concen-
tration ranged from 0.1 to 1.0 mM for 10 min for leaf callus of sugarcane and 6 h for
barley anthers, and 0.1–10 mM for 1 h for immature maize embryos (Gruszka et al.
2012). Maghuly et al. (2016) reported that an EMS range of 0.4–1.6% for 1.5 h was
optimal for jatropha in vivo cuttings.
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The acidity of SA and the alkalinity of EMS solutions give rise to different post-
treatment response in germination and seedling development. SA treatments also
affect cellular metabolism and mitosis (Gruszka et al. 2012). In general, vegetative
materials with active growth (high mitotic rate) and reproductive cells (meiotic cells)
are more susceptible to mutagen treatment than dormant or quiescent materials such
as seed (Lagoda 2012).

Plant materials for testing should be: clean, genetically and morphologically
uniform, disease and pest free, homogenous with high viability/vigour and health.
Radio-sensitivity or toxicity tests (as for mutation treatments) are influenced by
biological activity (e.g. mitotic rate), genotype, and by environmental factors such
as oxygen, water content, post-irradiation storage, and temperature (Mba et al.
2010). The suitable dose and choice of mutagen also depends on the aim, chiefly
whether this is for breeding or genetic studies. The effects of mutation treatments are
also subject to the variability in plant genera, between and within species, and the
genotype.

Response to treatment is assessed in the first (treated) generation, i.e. M1 of seed
propagated plants and M1V1 of vegetatively propagated plants. Typically,
measurements are taken on biomass (germination and growth rate, multiplication
rate, seedling height, hypocotyl, and root length, reviewed Bado et al. 2015). One
measure of sensitivity is the lethal dose (LD) for 50% of treated materials (LD50) or
50% growth reduction (GR50 or RD50) though alternative LD30 or GR30 may also be
useful. For seed, early stages in germination and seedling growth are often measured,
such as germination/growth rate, seedling height (for monocots, Figs. 3.2 and 3.3a),
or hypocotyl length (for dicots, Figs. 3.2 and 3.3b). This allows treatment effects in
the M1 samples to be distinguished from delayed germination and seedling biomass
(Kodym et al. 2012). These data are then expressed as a percentage over untreated
samples (control) to estimate the sensitivity parameters LD50 or GR50, or their
alternatives at 30%, for mutation induction. The plotted data is typically a curve
(Fig. 3.2) with stimulated growth at low doses, however for practical purposes a
straight line is often fitted (Mba et al. 2010) or else a probit analysis which is a
function of the inverse cumulative distribution function or quantile function
associated with the standard normal distribution (Surakshitha et al. 2017). Examples



of radio-sensitivity tests are given in Fig. 3.3, showing a theorical radiosensitivity
test of monocot versus dicot seed to physical or chemical mutagens.
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Fig. 3.2 Theoretical curve showing effects of irradiation on plant growth parameters
(e.g. reduction of germination rate, seedling height, hypocotyl length, fresh weigh), note low
doses can stimulate plant growth whereas optimal dosage for mutation induction causes reduced
growth. Example of the GR30 or LD30 (green) and GR50 or LD50 (red)

3.4 Mutagenesis

To improve crop plants, breeders and researchers have until recently relied on three
main options: crossing, mutation and transformation. The choice is mainly guided by
the following considerations: (1) is the target trait under genetic control, (2) can
desired alleles be manipulated easily by crossing, (3) does linkage drag results in
unwanted traits and (4) does crossing result in the break-up of refined linkage groups
required for successful cultivars. If the choice is plant mutation breeding, then issues
focus on the ability to produce a desired mutation with little or no effects on the
background genome of the elite line selected. Other considerations include: space to
grow on mutant generations (this is particularly problematic for tree crops that
require large areas), time, resources and facilities for screening large mutant
populations (either phenotypically or genotypically). The target genotype is nor-
mally a top performing cultivar or elite breeding line (that is deficient for a particular
trait). Target genotypes are often popular with respect to market demands and
adapted to local environments or favoured non-field growing conditions
(e.g. hydroponics and indoor farming).

In principle, any live plant material can be used for physical and chemical
mutagenesis; however, the plant material must have the ability to grow. Thus,
most materials include a meristem (apical and side meristems or embryo), or tissue



culture methods in which cells, tissues or organs can be cultured. Totipotency of
plant cells can be exploited to regenerate plants after mutagenesis via a range of
techniques (Jankowicz-Cieslak et al. 2012; Chen et al. 2013; Bado et al. 2016; López
et al. 2017; Suprasanna et al. 2012). A summary of live plant materials in plant
mutation breeding is given in Fig. 3.4.
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Fig. 3.3 Radio-sensitivity or toxicity test of a seed plant crops: (a) Monocot species with
measurements of seedlings, (e.g. rice, wheat, maize, sorghum) and in vitro (e.g. banana, ginger
and cocoyam); and (b) dicot species assessed by hypocotyl or epicotyl length, inter node
(e.g. peanut, Bambara groundnut, pea, sunflower) and in vitro (e.g. potato, sweet potato, yam and
cassava). Example of a, b, c, d, e and f for monocot species (0, 100, 200, 200, 300, 400, 500 and
600 Gy) and dicot species (0, 50, 100, 150, 200, 300, 400 Gy) and in vitro materials (0, 5, 10, 15,
20, 40 and 60 Gy)

The major decisions for adopting tissue culture-based approaches for a mutation
breeding are given in a flow diagram (Fig. 3.5). These include access to local



mutation induction facilities and restrictions in out-sourcing, chemical mutagens
may have an advantage because of their wide diversity and availability. Single-cell
propagules favour multi-cellular tissue culture systems because in vitro screening
can be done easily and on large numbers of callus, embryogenic callus and plantlets.
Gametic cells, being haploid, have an advantage in that on chromosome doubling,
e.g. in doubled haploid production mutation events are made homozygous instantly
and thus the mutant phenotype can be seen relatively quickly (in other materials
mutations occur in one allele and since most induced mutations are recessive these
materials need to be selfed to produced individuals that carry homozygous mutant
genes which show the changed phenotype). However, mutation breeding using
single-cell propagules is often laborious with low regeneration into plantlets and
requires skills, resources, and facilities; often the target genotype is one which is
responsive to tissue culture but not one that is in demand by breeders and end-users.
This explains the limited adoption and success of single-cell systems in plant
mutation breeding, which have generated less than 9% of improved cultivars in
vegetatively propagated crops (Bado et al. 2017). However, tissue culture offers
great potential especially for vegetatively propagated plants.
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Fig. 3.4 Plant materials used in mutation breeding: single cells (somatic and gametic cells,
protoplast, leaf disc, etc.) and multi-cellular systems (whole plant, seed, bud, stem cutting, graft,
tuber, mini- and micro-tubers, etc.)

In developing a mutation breeding programme, one must be aware of the likeli-
hood of success and the numbers of individuals and progenies that need to be
screened. The most common mutant traits induced are late flowering, pale green



leaf colour, short stature and sterility, collectively these can make up over 50% of all
mutants generated (Forster et al. 2012). To induce lodging-resistant mutants in oat,
barley, bread and durum wheat with physical and chemical mutagens about 1200
seeds are required, whereas in the production of pest and disease resistance about
10,000–20,000 seeds are needed for mutation treatment (Donini and Sonnino 1998).
Since induced mutation is a random process, large mutant populations need to be
developed for screening. The success of mutation breeding depends on multiple
factors, either external (i.e. resources, space, time, and facilities) and internal
(i.e. choice of plant materials and mutagens, cost and space in laboratories, nurseries
and field). The mode of mutagen application involves internal factors (breeder’s
choice) and external factors (availability of the mutation induction facility).
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Fig. 3.5 Decision diagram for the development of mutation breeding and mutation genetics
programmes

3.4.1 Mutagenesis of Seed

Seeds are the most commonly used targets for mutation treatment. This is because
they are a common material used by breeders, they are in a dormant/sessile state and
can be easily transported, treated, returned, stored and grown on. As stated above a



radiosensitivity or toxicity test is recommended as a first step (Sect. 3.3). The seed
for treatment should be healthy and uniform (both genetically and physiologically).
For physical mutagenesis water content must be controlled, this is normally done in a
desiccator. General pre-treatment procedures (parchment removal, storage desicca-
tion, pre-soaking, etc.) can be found in Mba et al. (2010 and references therein).
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After treatment, the parental M0 seeds is referred to as M1 seeds, i.e. the first
mutant generation. In addition to carrying mutations, these seeds are also physiolog-
ically weak due to treatment and require to be grown in optimal conditions. Physio-
logical imbalance can promote out-crossing and isolation (bagging) of floral parts
may be required to prevent this (Ukai and Nakagawa 2012). In addition to physio-
logical aberrations, M1 plants are often chimeric and since most mutations are
recessive and in a heterozygous state, thus M1 plants cannot be used for phenotypic
screening. It has become a dogma in plant mutation breeding that the earliest
selection for mutant traits cannot be carried out until the M2 at the earliest
(Fig. 3.6, Black arrow scheme). However, with the advent of DNA analysis,
mutations in specific genes can now be screened for and individual M1 plants
carry mutations in target genes can be selected and grown on. This is a major change
in philosophy, as selection can be done a generation earlier, thus (1) eliminating the
vast number of M1 plants of no interest and (2) saving time (to produce subsequent
generations), costs and subsequent laboratory, nursery and field space (Fig. 3.6, red
arrow scheme). These factors make mutation breeding in perennial crops, e.g. trees
more attractive, as an example mutation breeding in oil palm is now a reality (Nur
et al. 2018). A limitation in genotypic selection is that DNA needs to be extracted
and analysed, but there are an increasing number of service providers and such
analyses can be out-sourced.

In mutagenesis of haploids (e.g. gametic cells), any interesting and exciting
observations in M1 materials can be fixed at an early stage through doubled haploid
technologies (Fig. 3.6, green scheme, Zhao et al. 1994). M1 plants (either the whole
population or selected individual mutant genotypes) are grown up till maturity.
Depending on the breeding system of the species (in-breeder or out-breeder), the
M1 plants may be selfed or crossed to produce the M2. Although genotypic selection
can be practiced in the M1, it is the M2 generation that provides the earliest display of
the mutant phenotype, which is the ultimate target for breeders and geneticists. Space
is therefore required to grown up the M2 plants, and since many traits of interest are
related to yield (or impact on yield indirectly) this requires growing to maturity and
harvest. M2 individuals may be grown on to produce M3 families (and above)
containing specific mutant traits (a common practice in gene-phenotype studies,
e.g. Targeting Induced Local Lesions in Genomes (TILLING) or used directly in
plant breeding).

3.4.2 Mutagenesis of Vegetative Propagules

The number of mutant cultivars in vegetatively propagated crops lags way behind
seed propagated crops by 793 (23.80%) to 2539 (76.20%). However, the picture is



changing as advancements in cell/tissue culture techniques enable new approaches.
Vegetative propagules, for mutation induction can be classified into two categories:
(1) single-cell propagules (somatic and gametic calli, embryogenic calli, cell
suspensions, microspores and protoplasts) and (2) multi-cellular propagules (stem
cuttings, buds, mini-tubers, micro-tubers, tubers, whole plants, scions, grafts, bulbs,
etc.) (Fig. 3.7). Vegetatively propagated plants usually have no or a very limited
breeding system. Therefore, a major objective in producing mutations (the vast
majority of which are recessive) is to knock-out the dominant allele at heterozygous
loci of interest, thus producing a double recessive locus. This can be done with
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Fig. 3.6 Scheme of mutation breeding using seeds as plant propagules for mutation induction,
showing: the commonly adopted strategy (previous dogma in black arrow), accelerated scheme
mode through doubled haploidy (green arrow) and M1 genotypic screening and selection



gamma and X-ray irradiation, and chemical mutagenic treatments using LD50 or
LD30 treatments. Alternatively, high dose treatments and ion beam irradiation can be
used to delete parts of the genome. As with seed treatments, mutagenesis of
multi-cellular explants produces chimeric plants (M1V1). Outer layer cells/tissues
may constitute a barrier to the target meristematic cells in both physical and chemical
mutagenesis. A comparison of recommended/commonly used treatments is given by
Bado et al. (2017) for several vegetatively propagated crop species.
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Fig. 3.7 Scheme of mutation breeding using vegetative materials for mutation induction showing
the commonly adopted strategies and an accelerated mode through double haploidy

The starting materials for treatment are termed M0V0, which become M1V1 after
mutagenesis (Fig. 3.7). Treated multi-cellular explants (M1V1) normally have to
undergo multiple sub-cultures to produce homohistont explants (solid mutants in
which chimeras have been dissolved) which are uniform for the mutation and
phenotype. At least three sub-cultures or propagation cycles are recommended in
treated buds or stem explants to stabilize the mutated sectors before mutant selection
(Broertjes and van Harten 1988; Roux et al. 2003; Sutarto et al. 2009; Jankowicz-



Cieslak et al. 2012). The more heterozygous are genotypes the more phenotypic
mutations will be (Spiegel-Roy 1990). An alternative method for mutation event
isolation is the detachment of the variegated sectors of mutated explants (possible in
the M1V1 generation, but more normally practiced in higher generations,
e.g. M1V3+n) to develop homohistonts through regeneration or somatic embryogen-
esis (Fig. 3.7, dash arrow), this has been a successful technique mutation breeding in
ornamental plants (Dwivedi et al. 2000; Datta et al. 2005; Datta 2020).
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Single cells have the advantage of generating solid mutant plants directly. The
regenerated plants (M1V1) may be screened early and desired mutants selected
(Suprasanna et al. 2012). The advanced and selected lines can then be
micropropagated to produce enough plants for acclimatization and multi-locational
field trialling. Stabilized mutants with suitable yield may then be released as direct
mutant cultivars.

Other propagules of vegetative propagated plants can include seed (in facultative
species) as well as somatic or gametic cell cultures of seed propagated plants
(Saleem et al. 2005; Serrat et al. 2014). For facultative species cross breeding is
possible to introgress, the mutation into other cultivars.

3.5 Combined Mutagenic Treatments

Combining two or more mutagenic treatments date back to the 1950s (Oster 1958;
Moutschen 1960; Konzak et al. 1961; Merz et al. 1961; Moutschen and Moutschen-
Dahme 1961; Soriano 1963; Favret 1963; Valeva 1964; Wallace 1965; Aastveit
1968; Doll and Sandfaer 1969). Two improved ornamental cultivars of streptocar-
pus, ‘Cobalt Nymph’ and ‘Purple Nymph’ were produced in The Netherlands in
1969 by combining physical (X-ray) and chemical (colchicine) treatments (http://
mvd.iaea.org). Combined mutagenic treatments have not been as attractive in plant
mutation breeding as single-acting mutagens. To date, only 37 improved cultivars
have been documented out of a total of over 3330 (>1%) registered mutant cultivars
(http://mvd.iaea.org, Fig. 3.2). Reports of combined mutagenic treatments in plant
mutation breeding have declined with only three improved cultivars released after
2000. However, there are many recent reports on the effects of combined treatments
by researchers and breeders (Mehandjiev et al. 2001; Bhat et al. 2007; Goyal and
Khan 2010; Khan and Tyagi 2010; Makeen and Babu 2010; Srinivas and
Veerabadhiran 2010; Channaoui et al. 2019). The highest number of combined
mutagens resulting in a successful mutant cultivar involved five chemical mutagens
(NEU, NMU, DES, DMS, and EI) resulting in the high yielding cultivar
‘Prikarpatskie 4’ of field bean in Russian Federation in 1986 (http://mvd.iaea.org).
Konzak et al. (1975) were among the first to report a synergistic effect of SA on
mutation yields following MNH treatment. Synergistic increases in the frequency of
chimeras, chlorophyll-deficient mutations, and morphological mutations were
observed in both SA post-irradiation treatments and pre-EMS treatments with
gamma irradiation of barley seed by Cheng and Gao (1988). Wani (2009) also
recorded synergism by combining gamma rays and EMS treatments in chickpea.

http://mvd.iaea.org
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The efficiency and effectiveness of the combined mutagens, as with single
treatments is influenced by the applied doses/treatments (Olejniczak and Patyna
1981; Srivastav and Raina 1981; Chauhan and Patra 1993; Olejniczak 1994), the
mode of application (pre, post, or simultaneous), and the plant materials (seed and
vegetative propagules). For instance, in seed mutagenesis with ionizing radiation,
water content is an influencing factor affecting efficiency and effectiveness. Jafri
et al. (2013) recorded a better response inducing chromosomal aberrations with
combined gamma ray and EMS treatments of coriander. The combined mutagens
(fast neutrons + NEU) for mutation induction in pea were the most efficient and
produced the highest number and the widest of spectrum mutations. Other examples
include barley (Aastveit 1968; Mohan 1972), black gram (Lal et al. 2009) and
rapeseed (Channaoui et al. 2019).
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However, non-synergistic effects have been observed in several other studies of
seed treatments (e.g. Olejniczak 1994; Girija and Dhanavel 2009). In vegetative
propagules, combined mutagenic treatments were applied to detached leaves of
Streptocarpus sp. and rooted cuttings of Bougainvillea sp. As previously mentioned,
the combination of X-rays and colchicine produced two mutant cultivars ‘Cobalt
Nymph’ and ‘Purple Nymph’ (http://mvd.iaea.org). In bougainvillea, the combined
treatment of gamma rays and colchicine resulted in two mutant cultivars, ‘Silver
Top’ and Lady Hudson, released in 1978 and 1979, respectively (http://mvd.iaea.
org). With these four exceptions there are no other published reports (to our knowl-
edge) of this kind for other vegetatively propagated plant or vegetative propagules.

3.6 Mutations Screening

Mutagenic populations for desired traits and alleles can be selected for by classic
phenotypic and/or more modern genotypic screening. The previous dogma was that
mutation selection could only be performed at the M2. Screening in the M1 has been
considered heresy. This is because M1 plants contain chimeras, physiological
disorders and usually do not express the mutant phenotype (as the vast majority,
>90%, are genetically recessive). However, with the meteoric rise in DNA analyti-
cal methods and an increasing focus on DNA sequencing in plant breeding and
genetics, high-throughput and affordable genotypic screening methods are now
available (e.g. High Resolution DNA Melt and Diversity Arrays Technologies)
that can be applied in mutation detection. Genotypic screening of mutants can be
applied to M1 generations as it is independent of plant health, physiology, phenotype
and environmental effects. This presents a massive step forward for plant mutation
breeding as selection of (usually rare) plants carrying mutations of interest can be
selected earlier, and the vast majority of plants of no interest rejected, thus saving not
only time, but future investment in development. This opportunity can be applied to
all plant species, but is of particular relevance to perennial crops, e.g. trees that have
long generation times, and which require a lot of time and space in nurseries and in
the field. A limitation is that the target gene for mutation is known and sequence data
are available, but the genomes of most major crop species and important genes are

http://mvd.iaea.org
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being revealed and other crops will follow suit. It is true that some selected M1 plants
will carry chimeras, but these can be dissolved in producing the next generation
(by sexual or vegetative propagation), the most important issue for the breeder is to
capture and exploit as early as possible the mutant alleles of interest.
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Mutants derived from gametic cells and somatic cells can also be screened at the
first generation, and these do not produce chimeras. Gametic cells and doubled
haploidy have been of interest as mutation produced in haploid gametic cells are
fixed immediately as homozygotes in the doubled haploid and thus the mutant
phenotype can be observed (Fig. 3.6, green scheme, Castillo et al. 2001). In addition,
cell culture allows the production of large population sizes in a short time for mass
in vitro mutation induction and screening. Early examples of doubled haploid
mutation screening in vitro include salt tolerance in wheat (Zhao et al. 1994,
1995). However, it is essential to note that many agronomically useful traits
(e.g. resistance to biotic and abiotic stresses, and notably yield) are not expressed
in single cells or callus or young plants (Maluszynski et al. 1995; van Harten 1998).

Regarding phenotypic screening of traits, some may require simple procedures
such as visual selection, others need more elaborated investigations (see Sects. 3.4.1
and 3.4.2). It is important to point out that although mutation detection can now be
performed in the M1 via genotypic selection, the ultimate test is the observation of
the desired phenotype and no detrimental effects. Thus, plant performance of M2

individuals and M3 families remain key assessment stages in plant mutation
breeding.

Phenotypic traits may be qualitative or quantitative traits (Donini and Sonnino
1998; Makay et al. 2020). For qualitative (single gene) traits (e.g. morphological and
physiological traits, response to daylength, vernalisation), the mutation can be
detected on a single plant based on visual inspection or combined with appropriate
(e.g. physiological) screening procedures. These screens are often destructive and
can be carried out only on generations above the M2 for seed crops or M1V3 for
vegetatively propagated crops. For phenotypic quantitative trait screening
(e.g. yield, quality, biochemical content, mineral content, seed or fruit size, weight,
and density), mature plants are generally required though biochemical, biometric,
physical, or mechanical methods may be applied as indicators. Here the traditional
practice is to screen a mutant family usually the M3 of seed propagated plants and the
M1V3 of vegetatively propagated plants, but if the target gene is known the M1 plants
may be screened directly (see above).

Most mutant cultivars have been developed from forward-genetic (phenotypic
screening) (Pathirana 2011). However, DNA technologies now allow the evaluation
of mutant individuals and populations genotypically. One of the first examples has
been the identification of a novel allele (waxyE1100) in the granule-bound starch
synthase I gene (waxy) from seed EMS mutagenesis. The novel allele was
introgressed into elite breeding lines lacking granule-bound starch synthase I protein
activity to produce genotypes with high-amylopectin starch (Muth et al. 2008).

Mutation screening based on heritable phenotypes remains useful and also
essential for performance testing of potential cultivars, and this does not require
genetic information. It is a useful and traditional method (Oladosu et al. 2016) and



this has been the traditional selection method of breeders for decades. However, the
specific mutation(s) mediating the phenotype may remain undiscovered. Therefore,
screening a mutagenized population by phenotype should be followed by character-
ization of the molecular event underlying the modified character if possible (Sikora
et al. 2011, see below for methods).
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Several methods have been developed to identify a mutation in a gene of interest,
but all have their limitations. Techniques rely on mobility change during gel
electrophoresis of DNA, such as single-strand conformation polymorphism
(SSCP) and denaturing gradient gel electrophoresis (DGGE), these provide a rapid
screening method but they do not show the location nor the type of variation in the
DNA fragment (Gilchrist et al. 2006). Methods that are based on polymerase chain
reaction (PCR) require the knowledge of the target DNA sequence and only work for
small fragments of DNA. Array hybridization techniques are efficient but require a
large amount of genetic material and have low sensitivity (discovering approxi-
mately 50% of the single nucleotide polymorphism (SNPs)). Conventional sequenc-
ing (Sanger) is the most accurate approach for candidate genes from multiple
genotypes; however, efforts and cost for detecting multiple loci in large numbers
of individuals are relatively high (Gilchrist et al. 2006).

A number of rapid and sensitive reverse genetic screening methods, like
denaturing high-pressure liquid chromatography (dHPLC), a post PCR method
such as high-resolution melting (HRM), and single strand-specific endonucleases
like CEL I, have been used for mutation detection (Shu et al. 2012a, b). However,
changes in DNA base modification after the initial screening for the HRM and CEL I
methods are required and normally confirmed by re-sequencing (Szurman-
Zubrzycka et al. 2017).

TILLING (Targeting Induced Local Lesions in Genomes) as a reverse genetic
technique holds much potential for examining natural and induced variation and
bridging the phenotype-genotype gap (Gilchrist and Haughn 2005; Till et al. 2003;
Comai et al. 2004). Many of the species for which complete genome sequence data
are available, including the tree crops such as papaya, cocoa, peach, apple, avocado
and oil palm are amenable to classical mutagenesis and genetic analysis. For these
organisms, identifying natural genetic variants can provide much information about
gene function and can also be useful for association mapping and linkage disequi-
librium analysis. TILLING techniques are able to detect small deletions, insertions,
and microsatellite (SSR) polymorphisms in addition to single-bp changes in the
DNA sequence. New methods were introduced by Albert et al. (2007), who enriched
genomic loci for NGS using Roche NimbleGen oligonucleotide arrays, and Hodges
et al. (2007), who applied the arrays to capture the full human exome. Since then,
methods requiring less hands-on work and smaller amounts of input DNA have been
developed (Sulonen et al. 2011). A solution-based oligonucleotide hybridization and
capture method based on Agilent’s biotinylated RNA baits was described by Gnirke
et al. (2009) and developed further (Hoischen et al. 2010; Harbour et al. 2010). These
methods were used in soybean (Haun et al. 2011; Bolon et al. 2011) to find the
genomic variation among individuals of reference cultivar Williams 82 and of a Fast
Neutron mutant population, respectively. To characterize large genomes like wheat



(Winfield et al. 2012) and pine (Neves et al. 2013; Henry et al. 2014; Hussain et al.
2018) exome capture sequencing (ECS) helped to identify a large number of novel
SNPs. In general, most of the functional variation resides in the coding regions of the
genome. Thus, it is logical, to begin with, exons for the discovery of the causative
genetic variants of important traits (Cosart et al. 2011; Bamshad et al. 2011).
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Significant efforts towards large-scale characterization, screening, identification,
and discovery of SNPs-mutants and short InDels were made with success in crop
plants using TILLING combined with Next Generation Sequencing (NGS) (Gupta
et al. 2017; Tsai et al. 2011). Fortunately, recent advances in genomic technology
and computational methods make it possible to identify the genetic basis of variation
using genome-wide approaches more cost-effectively (Hillier et al. 2008; Ng et al.
2009), such as WG (whole-genome) sequencing (Hillier et al. 2008), RNA-seq
(Hansey et al. 2012), methylated DNA (Brunner et al. 2009), genotyping-by-
sequencing (GBS) (Huang et al. 2009), and restriction-site associated DNA (RAD)
sequencing (seq) (Baird et al. 2008). Compared to WG sequencing, the approaches
mentioned above are more cost-efficient to provide genetic information through:
(a) minimizing representation of uninformative genomic regions and (b) enabling
efficient sample pooling strategies (Beissinger et al. 2013; Schlötterer et al. 2014).
While RAD-seq involves sequencing DNA fragments with high coverage, GBS’s
focus is to interrogate DNA sequences with low target coverage and minimize reads
in repetitive sequences (Beissinger et al. 2013). Both RAD-seq and GBS identify
genetic markers that are usually not functionally relevant (Maghuly et al. 2018).
Since RNA-seq involves the sequencing of mRNA, it targets only expressed
transcripts. ECS focuses on sequencing and analyses of the genomic regions most
likely to be functionally relevant (Schlötterer et al. 2014). However, identifying
specific genome modification demands further reference genome, which is com-
monly not given (Grohmann et al. 2019).

In recent years, due to rapid advancement in NGS and bioinformatic tool kits,
several novel mutation mapping strategies such as a forward genetic systems for
pinpointing causal mutations have been developed including, mutational mapping
(MutMap), MutMap-Gap, and mutant chromosome sequencing (MutChromSeq)
(Periyannan 2018; Kumawat et al. 2019). They provide enormous information
about the function of most of the unknown genes. While the MutMap method is
suitable for identifying a causative mutation in the plants with small genomes with
available high-quality reference genome sequences, the MutMap-gap method is
helpful in the absence of a reference genome sequence, where gaps or rearrangement
at the targeted sequence will be filled by de novo assembly. In plants with complex
genomes or high ploidy levels, DArTseq (Diversity Arrays Technology) and
MutChromSeq provide better alternatives to detect mutations (Baloch et al. 2017;
Periyannan 2018). These techniques reduce genome complexity and facilitate rapid
gene isolation by a combination of chromosome purification with mutagenesis.
Although MutChromSeq is a powerful method for large complex genomes, it
requires preliminary knowledge of targeted genes’map position on the chromosome
and a reference genome.
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All the methods mentioned above rely on short-reads, which are cost-effective,
provide accurate data, and are supported by various bioinformatic tools; however,
this platform is not suitable for long insertion sequence and structural variation
detection. In this case, long reads of third- and fourth-generation sequencing can
offer more accurate genome assemblies, detect structural variations, and preserve
base modification by eliminating amplification bias in the case of native DNA and
RNA. But the error rate of long-read sequencing platforms is high. Therefore, a
combination of short- and long-read sequencing can overcome the weakness of both
techniques (Grohmann et al. 2019; Zhao et al. 2019; Amarasinghe et al. 2020).

As stated above, it is recommended that mutants detected via phenotypic screen-
ing should be investigated to discover their underlying genetic modification. This is
not simply for academic understanding but is of practical significance. Genetic
markers can be developed from the identified mutational event, and these can be
used in selection in subsequent cycles of plant breeding (marker-assisted selection).
Although field trialling remains an essential stage in the development of new
cultivars, the number of lines that are advanced to this stage can be focused on
those carrying elite (proven) genetic backgrounds (defensive breeding) and which
carry new mutant alleles (targeted breeding) to meet new market demands, and for
this there is an increasing emphasis on breeding by genotype.

3.7 Impacts of Plant Mutation Breeding in Crop Plant
Improvement

A major objective of mutation induction has been to improve well-adapted plant
cultivars/elite lines with a deficiency in one or two traits, either directly or through
the production of pre-breeding materials. Mutation has resulted in new and now
established ideotypes, e.g. semi-dwarfs for mechanical harvesting, and such
mutations are now present in many crops. The original mutant cultivar is termed a
foundation cultivar (Mlcochova et al. 2004; Rutger 2009). Significant mutant traits
include yield, plant morphotype (growth habit, semi-dwarf), flowering time, abiotic
and biotic resistance, physiological traits, nutritional value, or processing and sexual
reproduction (autogamy or allogamy) mutants (Konzak et al. 1984; Bado et al. 2015;
Oladosu et al. 2016).

Food security has received particular attention from the joint FAO/IAEA division
of the United Nations which has provided services, training and capacity building in
plant mutation breeding and genetics for member states. There have been successes
in a range of crops: cereals (>47% of induced mutant cultivars), ornamentals and
flowers (>21%), legumes and pulses (>13%), oil crops (>3%) and others including
medicinal plants, fodder crops, (>13%). Achievements can also be classed by
mutagen treatments. Single physical treatments account for 77.51% of mutant
cultivars, single chemical treatments for 11.53%, combined mutagens (1.11%) and
somaclonal variations (spontaneous mutation, about 1%) (Fig. 3.8).

Mutation induction by physical and chemical mutagens has resulted in the
widening of genetic variability in over 220 plant species (Bado et al. 2015,
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Fig. 3.9). Agronomic and botanic traits modified include yield, quality, morphotype,
life cycle, seed shape and size, seedling vigour, high biomass, flower size, shape and
colour, fruit morphology and anatomy, shattering, early flowering and maturity, late
maturity, winter hardiness, resistance/tolerance to abiotic stressors, wide adaptabil-
ity, improved taste, elimination of toxins, etc. Physical mutagens have been the most
effect in producing new traits, followed by chemical mutagens, combined treatments
and finally somaclonal variation (Fig. 3.9). Improved mutant cultivars have a
presence worldwide with over 60%, 28%, 7%, 2% and about 1% in Asia, Europe,
America, Africa and Australia and Pacific continents, respectively. These new
cultivars have contributed to wealth at all levels, from producer, to farmer, to the
end user and nationally (see reviews from Kume et al. 2002; Ahloowalia et al. 2004;
Bado et al. 2015, 2017; Oladosu et al. 2016).
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Fig. 3.9 Impact of physical and chemical mutagens (single and combination treatments) in
inducing important crop traits (From IAEA data base, accessed July 2020)

3.8 Future Outlook of Plant Mutation Breeding

Plant production worldwide has led to narrow bottleneck in genetic variation among
cultivars and breeding lines. This low genetic diversity represents a severe limitation
to crop improvement and has led to extensive gene capture expeditions to centres of
natural genetic variation among landraces and wild species. Various consortia
(national and international) have been set up in germplasm collection of various
crops, but the further a breeder has to go genetically to find a trait/allele of interest the
more breeding effort is required. Moreover, countries housing wild germplasm are
becoming increasingly protective about their natural resources and strict treaties
have been signed in this respect (Moore et al. 2007).
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Mutation induction is an attractive alternative to broadening genetic variability in
elite lines as it permits the improvement of plant genotypes quickly (Roychowdhury
and Tah 2013). This chapter as focused on the induction of mutations for plant
breeding using physical and chemical mutagens. These approaches are relatively
fast, cheap and simple and have served plant breeding well and will continue to do so
for some considerable time. New methods in mutation detection, via genotyping, are
set to have an impact not only on more rapid and specific mutation detection, but also
application to wider groups of plants, notably perennial crops which have lagged
behind annual crops especially in genotypic mutation selection. There are also
exciting developments in mutation induction via gene editing, e.g. Clustered Regu-
larly Interspaced Short Palindromic Repeats (CRISPR/Cas) (Deltcheva et al. 2011;
Jinek et al. 2012) for which the inventors Emmanuelle Charpentier and Jennifer
A. Doudna won the 2020 Nobel Prize for Chemistry (Wu et al. 2020). Advantages of
plant mutation breeding include: (1) use of any type of plant material (Fig. 3.5)
(2) can induce novel alleles in a gene and does not require knowledge of the gene
controlling the trait, which is prerequisite when considering other methods; and
(3) plant mutation breeding is an accelerated form of breeding (e.g. especially
relevant to perennial crops). However, typical of innovation, new methods are
normally initially expensive and require specialized facilities.

3.9 Conclusion

Traditional plant mutation breeding has had significant impacts worldwide. The
effectiveness of physical and chemical mutagenesis has increased through enabling
technologies, particularly tissue culture for vegetatively propagated plants and
mutation detection and selection via high-throughput phenotyping and genotyping.
Thus, more plant species can benefit from these approaches. Considerations for plant
mutation breeding are:

1. Mutation induction: Greater use of locally accessible mutagen facilities. The
resurgence of X-ray irradiation for mutation induction as an alternative to
gamma irradiation. Less toxic and more environmentally friendly chemical
mutagens will improve the diversity in the choice of mutagens by breeders and
researchers.

2. Plant propagule: The increasing availability of improved methods in cell, tissue
and organ culture of crop species which are not genotype dependent.

3. Selection: High-throughput phenotyping and genotyping and the development of
marker-assisted selection. In vitro selection, especially for vegetatively
propagated crops.

Mutation breeding is and remains a relevant and practical breeding option. Today,
a major challenge for breeders is to respond rapidly to effects of climate change,
which is bringing new diseases and pests, and changing environmental conditions. In
general, induced mutation and its exploitation in plant breeding aims to achieve



resilient crops with improved quantitative and qualitative traits within a short time.
Due to its relative simplicity, flexibility, practicability, low cost, long safety record
and universal acceptance, chemical and physical mutagens continue to provide
solutions for plant breeding objectives.
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Although physical and chemical mutagenesis have been used in many crop
species, they still face challenges, preliminary in terms of (1) precision and effi-
ciency, (2) high-throughput of whole-genome functional screening of modified
genes or DNA sequences, (3) high-throughput phenotypic screening of a large
population (accessible facilities), and (4) effective tissue culture systems for peren-
nial crop species. Various new approaches are still needed to overcome the
challenges of today and tomorrow to enhance mutation induction and mutation
detection in generating desired effects. Physical and chemical mutagenesis remains
an effective low-cost weapon in the armoury of plant breeders, and methods continue
to improve.

Dedication The authors would like to dedicate this chapter to Udda Lundqvist who died recently.
Udda Lundqvist was a pioneer in plant mutation genetics, especially in barley, which became a
model crop for mutation studies. She inspired many and will be greatly missed.
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on the In Vivo and In Vitro Approaches
for Mutant Development
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Abstract

Plant mutation breeding has become a major tool for the improvement of crop
plants. Mutation breeding of crop plants is achieved by using physical and/or
chemical mutagens in plants propagated via vegetative and sexual modes of
propagation. Optimized protocols for the isolation of mutants, their screening
and handling of mutant population are now fairly established in several crop
plants. Plant improvement has become feasible for desirable traits like plant type,
flowering, higher yield, disease, pest resistance, abiotic stress tolerance,
nutritional quality including traits of industrial importance. Plant type, propaga-
tion method, ploidy and genetics of traits are some of the critical factors to be
considered before undertaking mutagenesis as the sole method to isolate desired
mutants. Despite the feasibility of undertaking mutation induction by using a
wide variety of mutagens, isolation of desired mutant using irradiation
techniques, in a given time will depend on the radiation facilities and treatment
regime, besides the plant species. Methods of in vitro mutagenesis and in vitro
selection have added another dimension for the development of mutants, espe-
cially in the case of vegetatively propagated crops using in vitro shoot cultures,
embryogenic callus, cell suspensions and protoplast cultures. In vitro cultures
offer potential benefits to select for biotic and abiotic tolerance besides nutritional
quality. Success is often achieved based on optimization of appropriate in vitro
culture system(s), high frequency plant regeneration, post-mutagenesis handling
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of mutant population and evaluation of mutants. Extensive research input is
required to create and characterize mutation-induced genetic diversity followed
by large-scale evaluation of the induced mutants for various agronomic, yield and
nutritional quality characters for use in crop improvement.
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4.1 Introduction

Food security and sustainable agriculture are emerging as a priority research theme
in the changing scenario of climate change and population growth (Calicioglu et al.
2019). This necessitates that the agricultural productivity should also rise to meet the
demand of plant growth and sustenance under the climate change associated biotic
and abiotic stresses. There is a constant competition between human beings and
plant pathogens for the production of crops (Harlan 1992; Breseghello and Coelho
2013; Fróna et al. 2019). Earlier, crop varieties were derived from germplasm with
resistance to diseases which were acquired during the course of evolution. Intensive
breeding for yield and quality has diminished the natural resistance due to elimina-
tion of resistance trait or intensive agriculture has provided opportunity for the
pathogen to develop new types which breaks down the resistance. Consequently,
improvement for resistance to disease has become very significant objective in crop
breeding programmes. To breed a new resistant variety, a source of resistance is
needed. Such sources may or may not be available in germplasm or they may not be
suitable for use due to wild traits in the donor or linkages with undesirable traits.
Hence, there is a need to explore new and novel plant breeding methods for
enhancing genetic variability for different agronomic traits for use in crop improve-
ment (Holme et al. 2019; Qaim 2020). Mutations provide good scope for generating
variation for a wide range of desirable traits including biotic and abiotic resistance
(Datta 2020).

Mutation is an event which occurs in nature, however, rarely. Mutation can be
made to occur at higher frequency by treatment with certain agents called mutagens.
With the availability of mutagens, mutation frequency can be increased to enable
induced mutations to be applied in crop improvement. Crop improvement using
induced mutations is referred to as mutation breeding. Freisleben and Lein (1944)
coined the term for the mutant lines which are artificially induced through physical
or chemical mutagens and are used in crop improvement programmes. Mutation
breeding has become an important part of the genetic improvement of crops, and it
has been an important component for assuring global food security and nutrition
(Ahloowalia et al. 2004). Of all the mutagens that have been employed for mutation
induction, physical agents and, especially gamma rays are most popular due to ease
and their ability to penetrate deep into biological tissue (Mba et al. 2010). Gamma
rays obtained from radioactive isotope of Cobalt 60Co are widely used. The isotope



has a half-life of 5.3 years and emits radiations of energies 1.33 and 1.17 MeV. The
material does not have added or induced radioactivity and can be handled after
treatment. Where neutrons are used as a mutagen, the sample post-irradiation may
have induced radioactivity and hence special precautions are required.
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4.2 Choice of the Starting Material

Most plant materials that are used in plant propagation can be used as starting
material for mutation breeding experiments. The dose to be used depends upon the
type of material used. Along with induction of mutations, the radiation treatment
also causes radiation injury or radiation damage which is undesirable. Radiation
sensitivity is seen more in the metabolically active plant or those with more water
content. Also, the cuttings of stems or rhizomes or bulbs that are larger in size and
large number of propagules to be irradiated become a limiting factor. Seeds on the
other hand are compact, have lower water content and can be stored before or after
irradiation for some time. Transportation is much easier when seeds are used. Due to
these reasons, seeds are commonly used wherever possible. However, tissue culture-
derived explants, stem cuttings, bulbs, rhizomes and tubers can be used as the target
material in mutation breeding experiments.

Despite the feasibility of mutation induction by using a wide variety of mutagens
in plant species of interest, isolation of desired mutant in a given time will depend on
the radiation facilities and treatment regime, besides the plant species (Pathirana
2011; Bado et al. 2015). Plant species that have short generation time are self-
pollinating or that grow in different seasons are more suitable owing to the possibil-
ity to grow them in big numbers in a small field plots and generation time is shorter.
Thus, mutants can be identified and confirmed in shorter time periods. Cross-
pollinated plants, large size trees or plants with long generation time are not suitable;
however, they can be used for mutation breeding. Similarly, plants with higher levels
of ploidy may continue to segregate before the mutant phenotype is identified and
stabilized.

4.3 Doses to Be Used

Radiation dose should be sufficiently high to increase the probability of inducing a
mutation; however, very high doses can result in tissue injury and lethality. In
general, lethal dose 50 (LD50) has been used in mutagenesis experiments, and it
refers to the dose which results in 50% lethality or 50% survival of the tissue. This
dose may vary with the plant species, target material and physiological/genetic
nature of the tissue and developmental stage (Kodym et al. 2012). In mutagenesis
experiments, it is often a practice to work with plant population that are generated
through LD50 dose treated, through treatment with a dose lesser than LD50 and that
generated through treatment with higher than LD50 dose. Mutation is a random event
and the isolation of desirable mutation is often dependent on survival of irradiated



material, and hence it is advised to use three treatment doses to enhance chance of
recovering a desirable mutant. In some cases where previous published literature is
available, one can obtain information on LD50 to be adopted as a guideline. It is
suggested however to establish a baseline data by treatment of tissue/seeds with a
range of low to high doses and record the plant survival. Another criterion that is
used to determine the dose to be used in mutagenesis experiments is growth
reduction in treated plants, termed GR50 which means mutagen dose required to
reduce the growth parameter such as seedling height by 50% of the control. Both
parameters LD50 and GR50 are formulated based on the premise that there will be
low genetic impact of the mutagen at lower doses rarely resulting in a phenotypic
change (Álvarez-Holguín et al. 2019). Several reports suggest that GR50 offers a
good scope of producing effective mutations and mutagenic events (Wanga et al.
2020). Mutation induction is a chance event, and hence it is desirable to work with
large plant population in the M1 and M2 generations. If the objective is to isolate a
mutant controlled by a single gene in a non-polyploid plant species, mutant isolation
becomes easier than working with polygenic traits and polyploid species which
require large experimental population. It is also recommended to consider higher
initial material (plant/seed/propagules) for irradiation. To facilitate the isolation of
several mutants with desirable traits, initial material for irradiation should be ade-
quately large and further populations will have to be high enough to be evaluated.
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4.4 Objective for Mutation Breeding

It is essential to have a specific aim for the mutation breeding experiment, for
example, resistance to a disease, plant height, yield or early maturity which can
help to narrow down the plants with the specific mutant trait and to carry forward the
population in subsequent generations. An ideal situation is where a high yielding and
otherwise acceptable variety has one defect such as susceptibility to a disease. Other
common traits to be modified are change in plant height, days to flowering,
non-shattering pods. A single starting parent variety with a single defect to be
eliminated makes an excellent case for mutation breeding. Simultaneous improve-
ment in more than one trait is possible if sufficiently large populations are handled in
the experiment. Also, starting with more than one variety as a parent for mutagenesis
is possible where there is no constraint on the land for raising populations and trained
manpower for screening the segregating populations. Purity of the parental seeds is
extremely important, if the starting material is contaminated, the contaminant will be
wrongly identified as mutation confusing the matters. In crops which show seed
dormancy, use of plot in which the same crop has been grown in the previous season
should be avoided. Consideration must be given to the possibility that the earlier
seeds may germinate and contaminate the population. The M1 generation population
should be grown in a constraint-free environment to ensure maximum survival and
good seed filling.
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4.5 Generations

The first generation raised by planting irradiated seeds in field is referred to as M1. In
the population belonging to the M1 generation, plants often show variations in
growth and lethality due to several physiological disturbances. The mutational
events are generally recessive in nature and hence remain unidentified in the first
generation. However, the M1 population is very important and forms the basis and
source to raise the M2 generation and, for this reason maximum survival of M1 plants
is very important. The plants in population M1 are given identification numbers and
harvested individually. At least 20 seeds from each M1 plant harvest are sown as a
row to rise the M2 plant generation (plant to row method). It is a good practice to
store the remaining seeds carefully. These can be used to recover more mutants as
and when required. To ensure complete expression of traits in the plant population in
M2, the plants are often space planted. The M2 generation contains mutants of
different kinds which will require examining morphological traits (seedling colour,
leaf shape and size, stem height, branching habit, flowering time, fruit shape, size or
colour, etc.), for identification of mutants for physiological or biochemical traits
other screening methods are required. It may take examination of large number of
plants to identify a mutant. The produce from an M2 generation plant is sown to
obtain the M3 generation population. The mutation expressed in M2 generation is
confirmed in M3 generation. Produce from M3 generation plants is used to raise the
M4 generation. Although the mutant is identified for a trait of interest, it may carry
other unidentified mutations and a plant to row method is followed till all the
segregation is complete and a uniform population is obtained.

4.6 Screening Methodology

To conduct a mutation breeding programme successfully, most important require-
ment is an appropriate and efficient screening method (Brown 2013). The work
requires looking at a large number of individual plants over a few generations and
hence a rapid and economical method is required. Phenotypic traits that can be
assessed visually, for example, change in plant height, date of flowering or change in
pigmentation, are relatively easy to handle. Such traits are assessed by visual
inspection while traits which require actual counting, measurement or biochemical
analysis are more difficult to be selected easily. In each generation, for a proper
comparison the original parent should be available in sufficient numbers, this is
particularly important in case of quantitative traits which are affected by the envi-
ronmental conditions. To facilitate taking data and valid comparison, the parent
variety rows may be planted after certain number of rows of the M2 population. In a
programme for selection of a disease-resistant mutant, it is necessary that the
population in M2 generation is grown at a hot spot where the disease is expected
to be present and at sufficient intensity. Rows of susceptible parent variety not only
allow proper comparison but also help in spreading of the disease in the entire M2

population. If the disease intensity is not sufficient and disease is not spreading on its



own, spray of pathogen inoculum may be carried out. For assessing the status of a
plant for a disease, rating scales are available (Kranz 1988). The disease symptoms
may be observed and recorded as per the rating scale for the particular disease. All
plants which show the absence of disease or resistant reaction should be tagged. If
the mutant phenotype involves change only at a single locus, it may segregate in a
Mendelian monogenic ratio (3:1) and out of the 20 plants in the row one or more
mutant plants may be observed. The M1 plant corresponding to the row in the M2

population is marked, the remaining seeds of the same M1 plant may be sown in later
season to recover more mutants. All plants with resistant reaction are putative
mutants. The plants which are marked as resistant reaction are allowed to self-
pollinate. All the seeds from resistant plants are collected individually and given
an identification number. In the subsequent season, some of the seeds from each
resistant plant are sown in a plant to row fashion. A putative mutant may confirm the
presence of resistance mutation by showing an entire row which is true breeding for
resistance, while another mutant may produce a row which exhibits the presence of
both resistant and susceptible phenotype showing segregation for resistance. Often
the mutation events are complex and segregation may not exhibit mutant phenotype
in the M2 generation. It is possible that in the subsequent generations such as M3 or
M4 the resistant phenotype may be observed.
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The newly identified mutant with resistance is grown for few generations at a
location where disease occurs and single plant selection is practised in every
generation till a completely uniform looking (for resistance and other visual
parameters) plant population is obtained. The resistant mutant may or may not
have the ability to out yield the parent variety in absence of the disease; however,
it must show significant yield advantage in the presence of the disease for it to
qualify for further advancement. When the mutant does not meet the criteria of
agronomic performance, it is used for crossing with the original parent variety or as a
source of resistance in a cross-breeding programme. Once stabilized, the mutant
breeds true over generations. The mutant will be effective in keeping the disease at
bay till a time when the pathogen mutates to develop a virulent type. The resistant
variety may lose its advantage in commercial cultivation because of the accumulation
of undesirable attributes, etc. In general, the cultivated varieties deteriorate with time
or become irrelevant because of changes in the cultivation technology or consumer
preference. Development of new crop varieties is thus a continuous process. Muta-
tion breeding is one of the very effective options under certain circumstances.

4.7 In Vitro Mutagenesis and Selection

Genetic variability is the foundation for crop improvement which is generally
practised through selection, recombination, mutation and hybridization. Induced
mutations have played a central place in the improvement and productivity of crop
plants. However, there are certain limitations such as less-effective screening
techniques, mode of propagation, large mutated population and time for mutant
development. In this context, it has become a necessity to develop effective and



alternate methods. In vitro plant cell and tissue culture techniques offer immense
scope for plant propagation, germplasm maintenance and genetic manipulation (Jain
2000; Loyola-Vargas and Ochoa-Alejo 2018). The combination of mutagenesis and
in vitro culture (referred as, in vitro mutagenesis) has been successfully applied for
induction and the selection of desirable mutations. There are several advantages such
as (a) propagation and or multiplication of plant material prior to mutagenic treat-
ment to generate a large plant population, (b) separation of chimera and increased
recovery of mutations through decreased somatic competition through altered cul-
ture conditions and (c) selection of mutants for desirable traits. Thus, the technology
has significant potential for speeding up the production of mutants since one can
achieve high propagation and a high number of generations per unit time and space
under in vitro environment (Suprasanna et al. 2012a, b). A general scheme of
mutagenesis using in vivo/in vitro propagules for mutant development and
subsequent stages of handling mutagenized plant population and development of a
variety is illustrated in Fig. 4.1.
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Selection of Plant Material
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Fig. 4.1 Sequence of events in the development of a mutant variety. (Source: Suprasanna et al.
2015)
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4.8 In Vitro Cultures

Plant cells owing to their totipotency can be cultured to generate whole plants.
Somaclonal variation is the genetic variability that is expressed in cell and tissue
cultures, and this variability can be enhanced through application of in vitro muta-
genesis (Novak et al. 1989; Negrutiu 1990). Application of in vitro cultures in
mutation breeding has potential benefits such as raising new culture systems for
mutagenesis from actively growing in vitro cultures, recovery of mutants and their
large-scale multiplication in a controlled environment. In vitro mutagenesis technol-
ogy has advantages especially in case of vegetative propagated crops (VPC) and has
been successfully adopted in several VPCs (Novak 1991; Maluszynski et al. 1995;
Suprasanna et al. 2012a).

Mutagenesis can be performed with different culture systems like tissue, organ,
callus, cell suspension or protoplasts depending upon the plant system and availabil-
ity of the efficient regeneration system. The culture systems have been very well
established in some model plants, but in other crop plants, few of them have been
used for propagation. While shoot tip cultures and callus cultures are easily induced
into differentiation and regeneration of plants, cell suspension cultures and proto-
plast cultures are cumbersome for establishment and maintenance (Suprasanna et al.
2012a). However, cell suspension cultures and protoplasts (being analogous to
microbial cells) are a good choice for mutagenesis. In this regard, induction of
somatic embryogenesis in callus, cell and suspension cultures can offer benefits to
generate uniform plant population (Kulkarni et al. 2007). In banana, embryogenic
cell cultures can be developed for use in mutant development (Kulkarni et al. 2007;
Jain et al. 2011; Jankowicz-Cieslak et al. 2021). Haploids have a definite gain for
mutagenesis since recessive mutations can be induced and detected in the immediate
generation. Mutant lines can be raised in the direct generation from any segregating
population, thus reducing the time required for varietal development (Szarejko
2012; Wenzel and Foroughi-Wehr 1994). In vitro production of haploids can be
achieved using anther and microspore culture in different plants. Despite difficulties
in obtaining high frequency androgenesis and plant regeneration, haploid culture
system for mutagenesis and mutant selection is quite promising and potentially
rewarding (Szarejko 2012). In potato, Souleymane et al. (2016) observed that
in vitro cultures offer advantages for cellular level screening for different stress
factors, morphological and biochemical profiling besides advancement of
generations. Some important factors to be considered for undertaking in vitro muta-
genesis are listed in Fig. 4.2.

Use of in vitro cultures for mutagenesis allows generation of a large population of
cells for mutagenic treatment and further differentiation of mutated cells/tissues into
plants regeneration. Depending on the choice and need, explants can be mutagenized
prior to in vitro establishment under culture conditions or, the in vitro cultures
(multiple shoot cultures/callus/cell suspensions/protoplasts) can be treated with
mutagen. Cell suspension cultures involving rapidly dividing suspension of single
cells and cell aggregates are an ideal choice for mutation induction followed by
selection. Novak (1991) has described optimum mutagenic treatment conditions for



several plant species and for different in vitro culture systems. A successful in vitro
mutagenesis strategy can depend on factors like reproducible plant regeneration,
mutagenic treatment and selection of mutant lines for desired traits (Jain 2007;
Suprasanna et al. 2012a). Somatic embryogenesis can be very useful in this context,
because of the single cell origin of somatic embryos and any formation of chimera
can be circumvented (Jain et al. 2010). For example, in banana, embryogenic
suspensions containing single-cell originated embryos can be a good system for
generating non-chimeric progeny and early separation of chimeric sectors (Roux
et al. 2001). Banana cell suspensions have now become the widely used system for
mutation induction (Lopez et al. 2017). In vitro mutation breeding has important
components such as mutagenesis, propagation of selected mutants, selection of
mutant lines and chimera dissociation (Fig. 4.3). All the four are very important
considering the scope and success of mutation induction for a desirable trait. Several
successful examples are available in vegetatively propagated plant species such as
banana, sugarcane, potato, ornamental plants, which illustrate that such strategies
can be helpful in the isolation and development of useful mutants (Roux et al.
2009; Ganapathi et al. 2016; Suprasanna and Negi 2020; Zia et al. 2018; Ibrahim
et al. 2018).
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Fig. 4.2 Important considerations for in vitro mutagenesis

4.9 Mutagens, Dose Optimization and Other Considerations

Among the mutagens, physical mutagens (gamma rays, X rays, and UV light) and
particle radiations are preferred as there is least residual presence of mutagen and
less contact of mutagen, whereas in case of using chemical mutagens, safety
measures are essential for handling and disposal of the spent mutagen after



treatment. Different radiation sources are now available for mutation induction
(Çelik and Atak 2017). Ion beams are high LET (Linear Energy Transfer) radiations
compared with low LET radiations, such as gamma- and X-rays. Plant material can
be treated with mutagens in several modes of treatment such as acute, chronic,
recurrent and combined (Datta 2020; Hase et al. 2020). Ion beam-based mutation
breeding has been successfully accomplished in different plant species, especially
ornamentals and several mutants have been generated in Japan and other countries
(Yamaguchi 2018). Chemical mutagens generally induce point mutations whereas
physical mutagens induce chromosomal aberrations or rearrangements. Among the
chemical mutagens, EMS has been used for in vitro cultures in concentration range
of 0.2–1% V/V. In most of the annual and biennial ornamental plants, EMS has been
widely used for mutant development (Melsen et al. 2021). Other chemical mutagens
like MNNG, sodium azide, diethyl sulphate, ethylenimine, ethyl nitroso urethane,
ethyl nitroso urea and methyl nitroso urea are also used in other plants (Leitão 2012;
Kashtwari et al. 2018).
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Fig. 4.3 Different components of in vitro mutation breeding

Sensitivity of a plant tissue to mutation induction often depends upon mutagen
type, applied dose and dose rate, besides the plant-based factors such as ploidy,
developmental stage and physiological condition. In case of radiations, this is the
radiosensitivity to indicate the magnitude of identifiable effects on the irradiated
plant part(s). Percentage of surviving cells, cell viability, cell division, growth
inhibition, can be used as the indices for checking radiosensitivity. Lethal dose
50 (LD50) is the dose at which 50% of the irradiated/mutagenized material



(vegetative propagules, cells, tissues, pollen or other in vitro cultures) don’t survive.
Depending on the optimized dose, number of explants/vegetative propagules
required for mutagenesis can be calculated as suggested by Predieri and Di Virgilio
(2007). Radiosensitivity of some important crop plants is presented in Table 4.1. It is
advisable to plan for mutagenic treatments with higher number of initial starting
material (cuttings, leaves, tubers, shoot apices, buds, calli, shoots, etc.) for irradiation
to obtain sufficient number of plants for screening and selection.
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Table 4.1 Radiosensitivity of some important crops for in vitro mutagenesis

Plant Explant in culture Physical mutagen dose

Avocado Zygotic embryos 27–28 Gy

Banana Shoot tips Carbon ion beam
0.5–128 Gy

Banana Shoot tips Gamma rays 60 Gy

Banana In vitro plantlets Ion beams, 0.5–128 Gy

Banana sp. Embryogenic cell suspension Gamma rays, 10–40 Gy

Banana var. Lakatan
Latundan

Shoot tips Gamma rays, 25–40 Gy

Begonia In vitro cultured leaflets Gamma rays, 100 Gy

Carnation Leaf segments Ion beams 15 Gy

Cassava Somatic embryos Gamma rays, 50 Gy

Cassava In vitro stem cuttings with two
nodes

Gamma rays, 25–30 Gy

Chrysanthemum Rooted cuttings Gamma rays, 25 Gy

Dendrobium orchids Protocorm-like bodies Gamma rays, 35 Gy

Eustoma grandiflorum Leaf segments Ion beams 3–10 Gy

Gerbera In vitro shoots Ion beams, 5–10 Gy

Orchids Protocorm-like bodies Ion beams, 50 Gy

Pear In vitro shoots Gamma rays, 3.5 Gy

Peppermint Stolons and rhizomes Gamma rays, 30–40 Gy

Perennial gentian Segment nodes Ion beams 2–4 Gy

Pineapple var. Queen Crowns Gamma rays, 0–45 Gy

Potato Callus cultures Gamma rays, 30–50 Gy

Potato Microtubers Gamma rays, 10–30 Gy

Potato Microtuber sprouting Gamma rays 20–54 Gy

Sugarcane Buds/callus cultures Gamma rays, 20–25 Gy

Sweet potato Embryogenic suspensions Gamma rays, 80 Gy

Sweet potato In vitro plantlets Ion beams 20 Gy

Tangerine In vitro plantlets 4–24 krad

Yam Stem cutting Gamma rays, 20–50 Gy

Yam Microtuber Gamma rays, 40 Gy

In vitro mutagenesis protocols should be optimized with high regeneration/
proliferation rate, number of subcultures post-irradiation, rooting response of the
shoots/other propagules and survival of plants. The number of subcultures after
irradiation can range from 3 to 6 depending on the plant species and incidence of



chimera formation. Thus, rapid proliferation in vitro through subculture passages
facilitate the separation of mutated from non-mutated sectors (Ahloowalia 1998). In
vitro techniques including adventitious buds, induced axillary branching, leaf
cuttings, in vitro organogenesis, shoot proliferation through micropropagation, frag-
mentation of shoot apices, shoot-tip culture technique, multi-apexing culture tech-
nique, corm slice culture technique offer as a good system for mutagenesis in case of
vegetatively propagated plants for the production of non-chimera mutants
(Table 4.2). When shoot apices are used, multiplication and proliferation of multiple
shoots is induced after mutagenic treatment to support further growth and chimera
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Table 4.2 Some practical in vivo techniques used for chimera dissociation (Suprasanna and
Nakagawa 2012)

Method Description Plant species

Adventitious buds Regeneration of plants through adventitious
buds from leaf cuttings

Chrysanthemum

Induced axillary
branching

Induced axillary shoot production from a
chimera cultivar by cytokinin application

Cordyline
terminalis L.

Leaf cuttings Leaf cuttings regenerate shoots and the plants
are mostly non-chimeral (possibly arising from
single cells or cells descended from a single
apical layer)

Peperomia

Adventitious roots
from stem cuttings

Generation of shoots from root cuttings
(non-chimeral, originating mostly from L3)

Potato,
Pelargonium

Disbudding of tubers Regeneration of shoots from disbudded tubers
(stems)

Potato

In vitro organogenesis Regeneration through organogenesis from
sectored chimeras

Begonia and several
dicots and
monocots

Shoot proliferation
through
micropropagation

Shoot cultures of chimera plants are proliferated
on high cytokinin medium

Banana

Shoot-tip culture
technique

Shoot tips (consisting of a meristematic dome
with 2–5 leaf primordial) are cultured on
cytokinin medium

Banana

Multi-apexing culture
technique

A combination of a high proliferation rate and
production of adventitious buds is used. With
increased number of apical initials, and/or
number of cell divisions, the chance are good
for accelerating loss of mutations and the apical
meristem becomes non-chimeral

Banana

Corm slice culture
technique

Shoot-tip explants isolated from in vitro
plantlets with a pseudostem are isolated and
necrotic tissues were removed before making
3–5 transverse sections below the meristem tip
are made. Slices of the corm tissue 0.5–1 mm
thick are then placed on the semi-solid
multiplication medium

Banana



separation (Kulkarni et al. 2007). Using micro-cuttings, Predieri and Di Virgilio
(2007) proposed that post-irradiation management in vitro should necessarily
include induction of meristems proliferation and shoot development (Fig. 4.4).
Irradiated/in vitro/shoots are allowed to pass through in vitro multiplication passages
(M1V1, M1V2, M1V3, . . . M1Vn) so that at every passage, each axillary shoot from
irradiated meristems (blue) is excised and cultured onto fresh medium. Originally
irradiated shoots (green) after the removal of the first axillary shoots (a) are
submitted to two more cultures (b, c) to have more axillary shoots to develop. The
post-irradiation culture multiplication scheme can be followed three to four
subcultures since mutations occurring in the first vegetative generation after muta-
genesis (VM1) may remain undetected and hence subsequent VM4 or VM6

generations will have to be maintained in vitro (van Harten 1998).
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Fig. 4.4 Post-irradiation culture management (Suprasanna et al. 2012a, b)

During mutagenesis, there is a competition between the mutagenized and
non-mutagenized cells in a plant tissue, and this, referred to as intrasomatic selection
(Kaplan 1948) or diplontic selection (Gaul 1964), can be a challenge to isolate
mutations in vegetatively propagated plant species. To circumvent this, chronic
irradiation, neutron irradiation, chemical mutagenesis and mutagenesis of isolated
single cells are practised to reduce intrasomatic competition (Nayar 1969). There
could also be radiation-induced lethality and higher tissue damage which often
results in less competitiveness among the cells and possibility of low regeneration
rate among the higher dose mutagenized cells. This is often observed during
in vitro mutagenesis experiments (Van Harten 1998; Patade and Suprasanna
2009). Partial desiccation treatments or media manipulations can be employed
to invigorate regeneration response in gamma-irradiated in vitro cultures.
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4.10 Somaclonal Mutant Varieties

In vitro culture is a potential tool to create novel genetic variation, referred to as
‘somaclonal variation’, and using the methods of in vitro selection agronomically
useful somaclones can be isolated for specific, desirable traits such as yield,
improved plant type, flower colour, disease resistance. The somaclonal mutants for
distinct morphological traits represent a novel genetic resource for use in crop
improvement programmes. These tissue culture-induced mutations have been
demonstrated in many plant species and are catalogued in the IAEA mutant database
(Table 4.3).

4.11 Mutant Selection

Plant cell, tissue and organ culture offers good scope for mutagenesis and
in vitro mutant selection (Novak 1991; Rai et al. 2011; Suprasanna and
Rao 1997; Suprasanna et al. 2012a, 2015). There has been considerable success
for the application of in vitro mutagenesis and selection of useful agronomic traits
like disease resistance, drought, cold and salt tolerance and nutritional quality for
their utility in breeding and plant improvement (Suprasanna et al. 2012b). Selection
scheme is based on the premise that the desirable trait(s) are selectable at the cellular
level and expressed in the regenerated plants. Some of the agronomic characters can
be selected in plant cell cultures (Fig. 4.5). Selection of mutants can be done by the
addition of a selection agent into culture medium such that non-mutant cells without
tolerance or resistance do not survive and only tolerant or resistant cells grow and
proliferate. Generally, a dose-response curve for growth inhibition or survival can be
established prior to selection studies. Duncan and Widholm (1990) have outlined
detailed methodologies for the isolation of mutant cells in vitro. Protocols have been
developed for selecting amino acid analogue-resistant cell lines (Miao et al. 1983),
herbicide tolerance (Chaleff and Parsons 1978), lysine + threonine resistance
(Hibberd and Green 1982), salt tolerance (Nabors 1990) and disease resistance
(Gengenbach et al. 1977; Rines and Luke 1985). Generally, phenotypic assessment
is done for useful mutants among the mutagenized population, and this constitutes as
an essential step for successful mutation breeding. Since phenotyping selections can
be often time-consuming and labour-intensive, high-throughput phenotyping (HTP)
systems are now being used (Chang et al. 2020).

4.11.1 Selection for Biotic Stress Tolerance

Crop plants are threatened by several diseases and pests and often farmers incur
heavy yield losses result in substantial economic losses (Li et al. 2021). In vitro
cellular level selection is now used for the selection of disease-resistant plants and
the selection criterion includes pathogen itself, pathogen metabolites, toxins or
culture filtrates (El Hadrami et al. 2005). Table 4.3 contains some reports on the
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Table 4.3 Somaclonal mutant varieties developed in important plants

Mutant Country Common and scientific
variety of origin name

Shanyou
371

China Oryza sativa L. The mutant variety Shanyou 371 was
officially approved in 1998. It was
developed by irradiation with gamma rays
(10 Gy). Main improved attributes of mutant
variety are high grain yield and improved
plant structure. The first hybrid rice
developed by using somaclonal variation
technique in the world.

Hatsu-
akane

Japan Oryza sativa L. The mutant variety Hatsu-akane was
officially approved in 1990. Somaclonal
mutant by protoplast culture. Main improved
attribute of mutant variety is short stem.

Hatsu-
yume

Japan Oryza sativa L. The mutant variety Hatsu-yume was
officially approved in 1990. Somaclonal
mutant through protoplast culture. Main
improved attribute of mutant variety is
shorter stem.

Sumi-
takara

Japan Oryza sativa L. The mutant variety Sumi-takara was
officially approved in 1991. Somaclonal
mutation through anther culture. The real
mutant characteristic is hairless on leaves.

Yume-
kaori

Japan Oryza sativa L. The mutant variety Yume-kaori was
officially approved in 1993. It is a
somaclonal mutant developed through
protoplast culture. Main improved attributes
of mutant variety are short stem and lower
1000-kernel weight.

Hareyaka Japan Oryza sativa L. The mutant variety Hareyaka was officially
approved in 1995. Somaclonal mutant
through protoplast culture. Main improved
attribute of mutant variety is high tolerance
to lodging.

Yume-
gokochi

Japan Oryza sativa L. The mutant variety Yume-gokochi was
officially approved in 1995. Somaclonal
mutant from protoplast culture. Main
improved attribute of mutant variety is
reduced amylose content.

Ohita
3 Gou

Japan Oryza sativa L. The mutant variety Ohita 3 Gou was
officially approved in 1997. Somaclonal
mutant through protoplast culture. Main
improved attribute of mutant variety is 10%
shorter stem, but slightly smaller grain.

Yume-
ekubo

Japan Oryza sativa L. The mutant variety Yume-ekubo was
officially approved in 2000. Somaclonal
mutant from protoplast culture. Main
improved attributes of mutant variety are
short stem and late maturity.
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Table 4.3 (continued)

Mutant
variety

Country
of origin

Common and scientific
name

Iwata
15 Gou

Japan Oryza sativa L. The mutant variety Iwata 15 Gou was
officially approved in 2001. Somaclonal
mutant through seed callus. Main improved
attribute of mutant variety is low amylose
content.

White
Baron

Japan Solanum tuberosum L. The mutant variety White Baron was
officially approved in 1997. Somaclonal
mutant from protoplast culture. Main
improved attribute of mutant variety is tuber
tolerant to browning.

Jagakids
Purple

Japan Solanum tuberosum L. The mutant variety Jagakids Purple was
officially approved in 1994. Somaclonal
mutant from protoplast culture. Main
improved attribute of mutant variety is
suitable for brewing.

Chikugo-
midori

Japan Juncus effusus L. The mutant variety Chikugo-midori was
officially approved in 2001. Somaclonal
mutant from meristem culture. Main
improved attributes of mutant variety are
more long stems, higher weight of total long
stems.

Mrs.
Elegant

Japan Dianthus caryophyllus
L.

The mutant variety Mrs. Elegant was
officially approved in 2001. Somaclonal
mutation by tissue culture. The real mutant
characteristic is small flowered; smaller
number of flowers per flower stalk.

Boh-red Japan Dianthus caryophyllus
L.

The mutant variety Boh-red was officially
approved in 2002. Somaclonal mutation
through tissue culture. The real mutant
characteristic is vivid red flower colour.

Kirikami
Red

Japan Dianthus caryophyllus
L.

The mutant variety Kirikami Red (Mrs. Red)
was officially approved in 2002. Somaclonal
mutation through tissue culture. The real
mutant characteristic is deep orange red
surface of flower.

Yua-red Japan Dianthus caryophyllus
L.

The mutant variety Yua-red was officially
approved in 2005. Somaclonal mutation
through meristem culture. The real mutant
characteristics are vivid red flower colour,
suspended flower and large flower.

Pearl
Prism

Japan Chrysanthemum sp. The mutant variety Sumi-takara was
officially approved in 1991. Somaclonal
mutation through anther culture. The real
mutant characteristics are erect flower petal
and more transparent petal.
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Table 4.3 (continued)

Mutant
variety

Country
of origin

Common and scientific
name

Royal
Wedding

Japan Chrysanthemum sp. The mutant variety Royal Wedding was
officially approved in 1998. Somaclonal
mutation through tissue culture. The real
mutant characteristic is deep purple pink
flower colour.

Etenraku Japan Chrysanthemum sp. The mutant variety Etenraku was officially
approved in 2001. Somaclonal mutation
through tissue culture. The real mutant
characteristic is shorter stem.

My
Comfort

Japan Agrostis sp. (Creeping
bent grass)

The mutant variety My Comfort was
officially approved in 2001. Somaclonal
mutant from tissue culture. Main improved
attribute of mutant variety is taller plants.

Yume-
ippai

Japan Oryza sativa L. The mutant variety Yume-ippai was
officially approved in 2003. It was
developed by hybridization with two mutant
varieties Yume-gokochi and Yume-kaori
obtained by somaclonal mutation of in vitro
culture. Main improved attribute of mutant
variety is short culm.

Yume-no-
hana

Japan Oryza sativa L. The mutant variety Yume-no-hana was
officially approved in 2004. It was
developed by hybridization with two mutant
varieties Yume-gokochi and Yume-kaori
obtained by somaclonal mutation of in vitro
culture. Main improved attributes of mutant
variety are low amylose content and good
taste.

Miyagi
VWD
1 Gou

Japan Cryptotaenia japonica
(Japanese parsley)

The mutant variety Miyagi VWD 1 Gou was
officially approved in 2002. Somaclonal
mutant from protoplast culture. Main
improved attribute of mutant variety is
resistance to leaf diseases.

Okayama
Nohshi B1
Gou

Japan Petasites
sp. (Butterbur)

The mutant variety Okayama Nohshi B1
Gou was officially approved in 1996.
Somaclonal mutant through meristem callus.
Main improved attribute of mutant variety is
less anthocyanin in leaf stem.

Shin-
Nyohou

Japan Fragaria × ananassa The mutant variety Shin-Nyohou was
officially approved in 1989. Somaclonal
mutation by callus formation. The real
mutant characteristic were earlier harvest
type and high yielding.

Akita
Berry

Japan Fragaria × ananassa The mutant variety Akita Berry was
officially approved in 1992. Somaclonal
mutation by meristem culture. The real
mutant characteristic is resistance to black
leaf spot disease (Alternaria alternata).
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(continued)
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Table 4.3 (continued)

Mutant
variety

Country
of origin

Common and scientific
name

Anteher Japan Fragaria × ananassa The mutant variety Anteher was officially
approved in 1994. Somaclonal mutation by
anther culture. Main improved attribute of
mutant variety is early maturity.

Himatsuri Japan Fragaria × ananassa The mutant variety Himatsuri was officially
approved in 1995. Somaclonal mutation
through meristem culture. Main improved
attributes of mutant variety are bright red
fruit skin and light red flesh colour.

Smile
Heart

Japan Fragaria × ananassa The mutant variety Smile Heart was
officially approved in 1991. Somaclonal
mutation through tissue culture. Main
improved attribute of mutant variety is
resistance to phytophthora rot
(Phytophthora nicotinae).

Green
Magic

Japan Wasabia japonica The mutant variety Green Magic was
officially approved in 1997. Somaclonal
mutation by meristem culture. Main
improved attributes of mutant variety are
longer stem, less anthocyanin at leaf stem,
light colour at root stem and stronger
bitterness.

Amagi-
nishiki

Japan Wasabia japonica The mutant variety Amagi-nishiki was
officially approved in 1998. Somaclonal
mutation by tissue culture. Main improved
attribute of mutant variety is less pithy
tissue.

Kishu
Kasumi
1 Gou

Japan Gypsophila elegans
M. Bieb. (Annual
baby’s-breath)

The mutant variety Kishu Kasumi 1 Gou
was officially approved in 2000. Somaclonal
mutation through meristem culture. Main
improved attributes of mutant variety are
more wax on the leaf surface and top of the
petal V-shape.

Cocktail
Dress

Japan Cymbidium sp. The mutant variety Cocktail Dress was
officially approved in 1997. Somaclonal
mutation through tissue culture (mericlone).
Main improved attribute of mutant variety is
petal colour and shape.

Capli Ice Japan Pelargonium sp. The mutant variety Capli Ice was officially
approved in 1988. Somaclonal mutation
through petal culture.

Capli
Luluby

Japan Pelargonium sp. The mutant variety Capli Luluby was
officially approved in 1986. Somaclonal
mutation through anther culture.

Gold One Japan Oncidium sp. The mutant variety Gold One was officially
approved in 1995. Somaclonal mutation by
mericlone culture. Main improved attribute
of mutant variety is flower colour.



Improved features

use of these approaches for selection against plant diseases. One of the approaches
employs pathogen itself for selection. The pathogen is allowed to grow in associa-
tion with the plant cells or tissues. In certain cases, where disease determinants such
as toxins are not available, pathogen itself may be used for selection. The approach
of using ‘pathogen itself’ has been used n few plants including tobacco, rice and
alfalfa (Miller and Hughes 1980; Palit and Reddy 1990). In potato, discs of patho-
gen, Fusarium avenaceum were used for selection of Fusarium dry root disease
resistant in EMS mutagenized potato in vitro plants (Arici et al. 2017). Ghani and
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Table 4.3 (continued)

Mutant
variety

Country
of origin

Common and scientific
name

Sherley
Baby
White

Japan Oncidium sp. The mutant variety Sherley Baby White was
officially approved in 1997. Somaclonal
mutation by mericlone culture. Main
improved attribute of mutant variety is
flower colour.

Sunny Sky Japan Delphinium sp. The mutant variety Sunny Skyn was
officially approved in 2005. Somaclonal
mutation by tissue culture. Main improved
attributes of mutant variety are shorter plant
and shorter inflorescence.

Fig. 4.5 Selectable traits
using in vitro cultured plant
cells



Sharma (2019) used fungal conidial suspension to screen for powdery mildew
disease and isolated resistant gerbera plants from gamma irradiated in vitro shoot
cultures.
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Pathotoxins (in pure or partially pure form), either host-specific or non-specific
have been successful for use as selection agents (Gendloff et al. 1987). In other
studies, researchers have also considered crude culture filtrates or purified culture
filtrate or compounds that closely resemble toxins as selection agents. The
Helminthosporium sacchari toxin has been very useful for selecting sugarcane
(Larkin and Scowcroft 1981). Fusaric acid has found wide application for the
selection of Fusarium wilt-resistant plants in several crop plants (Remotti et al.
1997; Matsumoto et al. 1997). Using gamma irradiated in vitro cultured shoots of
apple, Saito et al. (2001) screened for resistant mutants for Alternaria blotch disease
in the presence of a chemically synthesized AM-toxin I of Alternaria alternata (Fr.)
Keissler. In date palm (Phoenix dactylifera L.), gamma-irradiated embryogenic cell
cultures were exposed to Bayoud toxin from the fungus Fusarium oxysporum f. sp.
albedinis, and several mutants tolerant to Bayoud disease field evaluated for stability
of resistance trait (Jain 2012). Liu et al. (2005) developed haploid calli from
microspore-derived seedlings for selection of resistance to Sclerotinia sclerotiorum.
Haploid callus was mutagenized with EMS and resistance was scored in two mutants
by exposing with oxalic acid (OA) as a selection agent. In a recent study, Pérez-
Jiménez and Pérez-Tornero (2021) compared mycotoxin and culture filtrate methods
for in vitro selection of resistance to A. alternata in explants of mandarin
cv. ‘Fortune’. The authors suggested that the toxin method proved to be most reliable
in selection experiments. In banana, Wang et al. (2021) successfully isolated
EMS-induced mutant (‘ReFen 1’) upon field based low temperature winter selection
of plants derived from mutagenized shoot tip derived cultures. The plants showed
higher accumulation of higher soluble sugar, starch accumulation and reduced
cellulose deposition and showed superior agronomic traits and cold tolerance
including Sigatoka disease resistance.

Culture filtrate method is a simple method of in vitro selection. In several plants,
culture filtrates of Phytophthora infestans, Phoma lingam, Verticillium dahliae,
V. alboartrum and Pseudomonas solanacearum have been successfully used for
selection in potato, rape, eggplant, hop plant, alfalfa, grapevine, banana, cotton,
turmeric and tomato (Behnke 1979; Sacristan 1982; Rotino et al. 1987; Toyoda et al.
1989; Hartman et al. 1984; Binarova et al. 1990: Jayashankar et al. 2000; Okole and
Schulz 1997; Ganesan and Jayabalan 2006; Gayatri et al. 2005; Selvapandiyan et al.
1988). Use of double selection system with culture filtrate and host-specific toxin has
also been successful for the selection of black sigatoka-resistant banana plants
(Okole and Schulz 1997). Saraswathi et al. (2016) treated proliferating shoot buds
of cv. Rasthali with EMS and sodium azide and the proliferating explants were then
in vitro selected against Fusarium wilt disease by employing fusaric acid and culture
filtrate. Three putative resistant mutants were isolated and multiplied in vitro for field
evaluation. In conclusion, in vitro selection for disease resistance has become a
feasible approach for enabling resistance selection at cellular level; however, exten-
sive investigations are required to translate the research from laboratory and green



house level experiments to field level evaluation and varietal development for use in
crop improvement programmes.
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4.11.2 Selection for Abiotic Stress Tolerance

Plants have to adopt and sustain productivity under environmental stress conditions.
Conventional breeding and biotechnological methods have been employed to
develop stress-tolerant plants (Suprasanna et al. 2018). Mutants have been devel-
oped for tolerance to different abiotic stresses including drought, salinity cold/frost,
heavy metals and high temperature. Selection for salt tolerance has been performed
by using NaCl in sugarcane (Nikam et al. 2014) and sweet potato (Luan et al. 2007).
Use of polyethylene glycol, sorbitol or mannitol has been well established for plant
for drought tolerance. For example, banana plants were selected for drought toler-
ance using sorbitol as an agent to increase osmolality for drought experiments
(Bidabadi et al. 2012). In peanuts, Sui et al. (2015) performed in vitro mutagenesis
with Pingyangmycin using embryonic leaflets and screened the embryos on
Hydroxyproline supplemented medium for the selection of drought-tolerant mutants.
Dalvi et al. (2021) exposed EMS-exposed sugarcane callus to polyethylene glycol
and reported that this provides good in vitro osmotic selection regime. In sugarcane,
EMS mutagenized callus cultures were treated with 28% PEG-6000 to obtain
drought-tolerant plants with high adaptation (Khalil et al. 2018).

Salt-tolerant plantlets have been obtained using NaCl as the major selection
mediator in flax (Rowland et al. 1989), sugar beet (Freytag et al. 1990), Brassica
juncea (Kirti et al. 1991), Nicotiana sp. (Sumaryati et al. 1992) and rice (Reddy and
Vaidyanath 1986; Elshafei et al. 2019). Selection with proline analogues or ABA
insensitivity was also performed in developing salt-tolerant plants in Brassica napus
(Chandler and Thorpe 1986) and Vigna radiata (Kumar and Sharma 1989). Gamma
ray-induced in vitro mutagenesis followed by in vitro selection for NaCl tolerance
has been successfully accomplished in sugarcane (Patade et al. 2008; Nikam et al.
2014) and the mutant clones showed high sugar yield. Hossain et al. (2006) obtained
a NaCl-tolerant mutant line of Chrysanthemum morifolium Ramat isolated through
in vitro mutagenesis with gamma radiation and selection with sodium chloride. In
another study, gamma irradiated axillary buds of in vitro strawberry plants were
exposed to drought conditions for selecting drought-tolerant plants (Jain 1997). In an
endangered medicinal plant, Picrorhiza kurroa Royle, callus was mutagenized with
EMS and selected for salinity and drought stress tolerance using NaCl and mannitol
suggesting that mutant lines can be generated in medicinally important plants (Bisht
et al. 2017).

Similarly, selection for resistance to metal stresses has also been studied using
higher lethal or sublethal levels of heavy metals as selection agents for in vitro
selection (Ashrafzadeh and Leung 2015). Successful in vitro selection are available,
for example, aluminum resistance in tomato (Conner and Meredith 1985), manga-
nese resistance in tobacco (Petolino and Collins 1985), zinc resistance in
Haplopappus (Gilissen and Van Staveren 1986), mercury resistance in Petunia



(Colijn et al. 1979), and cadmium resistance in Datura and potato (Ashrafzadeh and
Leung 2017). The studies suggest the possibility that such methods can be extended
to mutant population for selection against metal stress. Using chemical mutagenesis,
several mutants have been isolated having enhanced metal accumulation (Phang
et al. 2012). For example, Piotto et al. (2014) described an efficient selection of EMS
mutagenized mutant plants with high Cd levels and obtained two cadmium-tolerant
mutants of tomato (cv. Micro-Tom).
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4.11.3 Selection for Enhanced Nutritional Content

Nutritional quality of crop plants assumes significance and hence plants with higher
nutritional content are developed using different breeding and biotechnological
methods (Soares et al. 2019). Cereal crops have deficiency of essential amino
acids (lysine, threonine and tryptophan) whereas legume crops have deficiency of
methionine (Widholm 1974, 1985). Selection in vitro has been useful for screening
improved nutritional quality by using amino acid analogues in culture medium (Dix
1986). It has been demonstrated that analogues of an amino acid or higher growth
inhibitory levels of amino acids such as lysine and threonine can be made as the
selection criteria (Hibberd and Green 1982). Several studies have shown success of
the in vitro selection approach in rice, maize, and carrot (Widholm 1985; Hibberd
and Green 1982; Miao et al. 1983; Wakasa and Widholm 1987). Rice, normally
deficient for lysine, was selected in vitro for resistance to S-(2-aminoethyl)-cysteine
(AEC) and the regenerated plants showed higher levels of lysine (Schaeffer 1981).
Kim et al. (2014) employed gamma-irradiated rice cell lines and selected against
AEC and interestingly four AEC-resistant M3 lines showed higher amino acids
contents than the parent cultivar. In another study, 5-methyltryptophan (5MT)-
resistant rice mutant lines were developed with high free tryptophan content and
increased protein (Kim et al. 2005). Recently, it has been shown that E. coli lysine-
overproducing strains possessed stress tolerance (Isogai and Takagi 2021)
suggesting that lysine over production in plants can similarly be considered as a
criterion for stress tolerance.

4.12 Concluding Remarks

Mutation breeding is an important strategy of plant improvement programmes, and it
has greatly contributed to global food security and nutrition. Stable and inherited
mutations are induced in plants by means of physical or chemical mutagens in
diverse seed and vegetatively propagated plants. To date, More than 3400 mutant
plant varieties have been released for cultivation in cereals and oilseed crops to
orchids and woody perennials, indicating the widespread use of induced mutations
in crop improvement. Although mutations can be induced in all plant species, it is
important to consider suitability of the plant species, ploidy, propagation type to
obtain desired mutant in given time and, efforts needed with available field facilities.



Once the mutant is isolated, depending on its superiority either it can be released as a
new variety or it can be used indirectly through crossing to develop high yielding
superior varieties.
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The culture of totipotent cells has great potential for in vitro mutagenesis and
selection at cellular level. In vitro approaches include the use of shoot apical
meristems cultures, embryogenic callus, cell suspensions and protoplast cultures.
Both physical and chemical mutagens are applied in tissue cultures so as to enhance
the recovery of the selected variants. It is now possible to select for tolerance or
resistance to different biotic/abiotic stress factors and regenerate plants. For selec-
tion, different approaches of culture filtrate, pathotoxins, amino acid analogues,
heavy metals and salts can be used. Considerations such as appropriate in vitro
culture system(s), high frequency plant regeneration, post-mutagenesis handling of
mutant population and evaluation of mutants have to be dealt carefully before
embarking on in vitro mutagenesis program. Mutant selection in plant cell and tissue
cultures is exciting and offers considerable scope for generating genetic variability
for a range of agronomic traits and mutants have been isolated in cereals, fruit crops
and pulse crops for disease resistance, salt stress and amino acid enhancement. There
is a need for consistent research efforts to create and characterize mutation-induced
genetic diversity, multiplication of desirable mutants in order to complement plant
biodiversity and large-scale assessment on the impact of induced mutants on various
agronomic, yield and nutritional quality characters under normal and challenging
environment. The field of in vitro mutagenesis and mutant selection is exciting with
immense opportunities to utilize the system to generate useful mutants of interest for
use in crop improvement programmes.
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Abstract

Doubled haploid (DH) technology provides the fastest route to obtain homozy-
gous lines from the heterozygous plant materials. Application of DH system in
breeding saves many generations needed to produce pure breeding lines, allows
rapid fixing of additive variation and facilitates the selection of desired lines. The
same advantages are apparent when DH systems are used for mutant induction
and selection. Microspores as haploid cells provide the best material for both
physical and chemical mutagenesis, and when the haploid genome is doubled, the
mutations are fixed within only one generation. The main benefits of using DH
system in mutagenesis are: the possibility to screen for both recessive and
dominant mutants in the first generation after mutagenic treatment; the increased
selection efficiency of desired mutants due to the gametic versus zygotic segre-
gation ratios in mutagenised populations; the lack of chimerism, and the possibil-
ity of applying in vitro selection methods. However, the successful application of
haploid mutagenesis depends on the availability of an efficient method of DH
production for a species of interest. This chapter provides information on the
available methods of DH production and an update on their use in mutant
induction and selection. The recent examples of successful application of haploid
mutagenesis that allowed to identify valuable phenotypes in Brassica species and
barley are reported. We also point out that microspores have recently become the
target material for new technologies, such as CRISPR/Cas precise genome
editing.
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5.1 Introduction

Haploid is a plant that contains a gametic number of chromosomes (n) in somatic
cells. In nature, haploids can arise spontaneously from the unfertilised egg cell,
however with a very low frequency. For practical purposes, which require a high
efficiency of haploid production, haploids can be induced in vivo by interspecific
crosses or in vitro by culture of male (androgenesis) or female (gynogenesis)
gametophytes. The haploid plant is sterile; therefore, the doubling of chromosomes
is needed to obtain the progeny of generatively propagated plants. The chromosome
doubling can occur spontaneously or can be induced by the use of anti-microtubular
agents such as colchicine or oryzalin (Ahmadi and Ebrahimzadeh 2020). After
haploid genome doubling, plants that contain two identical sets of chromosomes
are called doubled haploids (DHs). DH technology allows to produce completely
homozygous lines within one generation, compared to the conventional breeding
that requires seven to eight generations of selfing to achieve homozygosity. There-
fore, DH technology provides the shortest route to produce completely homozygous
plants from heterozygous materials. Doubled haploidy is predominantly utilised in
breeding programmes to speed up the production of genetically stable lines from
hybrid materials. Introducing DH technology to breeding programmes resulted in
the release of numerous cultivars of cereals, oil crops, and vegetables (Germanà
2011; Tadesse et al. 2012; Dwivedi et al. 2015; Badu et al. 2017). Another crucial
area of doubled haploidy application is in genetic research, where DH lines are used
to generate mapping populations, especially for analysis of quantitative trait loci
(QTL) (reviewed by Tuvesson et al. 2021; Singh and Singh 2015). Alternatively, a
QTL mapping population may be obtained by creation of recombinant inbred lines
(RIL), which takes six to eight generations (Forster et al. 2007; Ferrie et al. 2014).

Doubled haploid systems give also the beneficial effects in mutagenesis. Haploid
cells exposed to mutagenic treatment, followed by chromosome doubling, are the
perfect source of homozygous mutants obtained in a shorter time than in the
conventional mutagenesis. DH systems increase the probability of identifying a
rare mutation event and allow recovering recessive mutations in the first generation
after mutagenic treatment. The combining of mutagenesis and double haploidy can
speed up the detection of any mutants and subsequent evaluation of lines in field
conditions. Furthermore, there is a greater chance of finding a desirable mutant in a
smaller population than would be required in conventional breeding programmes
(Szarejko and Foster 2007). The utilisation of haploid cells for mutagenic treatment
overcomes a problem of M1 chimerism or a loss of a desired mutant, which may
occur in the conventional mutagenesis where multicellular seed embryos are
subjected to mutagenic treatment (Ferrie and Möllers 2011). Another significant



advantage of using DH systems for mutagenesis is the possibility of in vitro selection
with large mutagenised population. Nevertheless, the advantages, that are provided
by the utilisation of DH system in mutagenesis, are limited to those species, for
which an effective system of DH production has been developed.
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The first protocols for large-scale mutagenesis with haploid cells were developed
for Brassica napus already in the 1980s of the previous century (Beversdorf and Kott
1987; Polsoni et al. 1988; Swanson et al. 1989). Since then, examples of successful
application of DH systems in mutation breeding were reported for other species,
including cereals (reviewed by Szarejko and Foster 2007; Ferrie and Möllers 2011;
Szarejko 2012). In this chapter, we focus on examples of using haploid systems for
mutant production/selection in the last 10–15 years, including recent application in
targeted mutagenesis. We present the achievements but also discuss the limitations
of haploid mutagenesis.

5.2 Methods of Doubled Haploid Production

Since the first haploid plant was obtained in vitro from cultured anthers of Datura
innoxia (Guha and Maheshwari 1964), various methods of doubled haploid produc-
tion have been developed. A great number of available protocols for a wide range of
species was recently published in Segui-Simarro (2021); however, efficient and
reproducible protocols are available for less than 30 species.

Vast majority of DH techniques utilise in vitro cultures, at least at some step of
DH production. There are three major approaches to produce doubled haploid plants
using in vitro systems: chromosome elimination, androgenesis, and gynogenesis
(Maluszynski et al. 2003). There are also methods of haploid induction in vivo
applied for some species recalcitrant to in vitro procedures. Generally, for each
species, one or two methods are predominantly utilised to produce DH lines, with
divergent effectiveness among species.

5.2.1 Crosses with Haploidy-Inducing Lines

Historically, crosses with haploidy-inducing lines were the first system of haploid
production utilised in plant breeding. In maize, the ‘Stock6’ haploid inducer line has
been applied for induction of maternal haploid formation when used as a pollen
donor. This line was identified in the 1950s and, after improvement, gives ca. 10% of
seeds containing a haploid embryo, which develops from the unfertilised egg cell. As
the central cell of the embryo sac is fertilised, the endosperm, which supports a
developing embryo is formed and rescue of haploid embryos to in vitro conditions is
not needed. The seeds carrying haploid embryos can be distinguished from those
with diploid embryo through the absence/presence of morphological markers (Meng
et al. 2021). The haploid-inducer system provides an easy, consistent in vivo method
to maize breeding. Nevertheless, the mechanism underlying the induction of haploid
by ‘Stock6’ is still unclear thus the introduction of this system to other species failed



(Watts et al. 2018; Kalinowska et al. 2019). The haploidy-inducer line that has the
potential to be introduced to other species is a mutant in the CENH3 gene, identified
in Arabidopsis thaliana. CENH3 encodes a H3 histone variant exclusively localised
in centromeric nucleosomes. When cenh3 null mutant was crossed to a wild type,
chromosomes from the mutant were eliminated, producing haploid progeny (Ravi
and Chan 2010). The lack of CENH3 leads to the improper distribution of
chromosomes between daughter cells during mitotic and meiotic divisions. Due to
the meiotic nonreduction, haploid cells can be spontaneously converted into fertile
diploids (Ravi and Chan 2010). The possibilities and challenges of using CENH3
and other systems for in vivo DH technology were recently discussed by Ren et al.
(2017), Watts et al. (2018), and Kalinowska et al. (2019).
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Haploid plants were also induced by crossing plants with different ploidy levels.
For Solanum tuberosum that is a tetraploid (2n = 4x = 48), the dihaploid plants
(n = 2x = 24) are produced by crossing with a diploid species S. phureja
(2n = 2x = 24). In such a crossing, the egg cell is not fertilised by the S. phureja
sperm, and dihaploid embryo is induced (n = 2x = 24). What is more, in this cross
one of the haploid central cells (n = 2x = 24) is fertilised, which results in the
development of triploid endosperm (3n = 3x = 36) (Watts et al. 2018).

5.2.2 Wide Hybridisation Followed by Chromosome Elimination

For the first time, the recovery of haploid plants resulting from wide crosses followed
by chromosome elimination of one parent was described by Kasha and Kao (1970)
in barley. After crossing the cultivated barley (Hordeum vulgare L.) used as a female
parent with the wild relative H. bulbosum, a hybrid zygote was formed, but during
subsequent divisions of embryo cells, the chromosomes of H. bulbosum were lost,
and the haploid embryo with only one set of chromosomes belonging to H. vulgare
was developed. It was proposed that difference in the timing of mitosis or asynchro-
nous synthesis of nucleoproteins were the main sources of uniparental chromosome
elimination (Ishii et al. 2016). At this point, the endosperm failed to develop and the
embryo had to be rescued through in vitro culture to regenerate the haploid plant.
This system has been successfully adapted for other crop species such as wheat
(Tritucim durum and T. arestivum) (reviewed by Niu et al. 2014), oat (Avena sativa)
(Marcińska et al. 2013; Ishii 2017) and triticale (Wȩdzony et al. 1998; Ishii et al.
2010). It was tested for many other species although with varying success (for
review, see Ishii et al. 2016).

In wheat, the haploid formation is trigged by the pollination with maize pollen,
however to increase the rate of regenerable embryos, the application of plant growth
regulators (auxins, cytokinins, or gibberellic acid) into tillers and/or florets is
required after pollination (Niu et al. 2014). The proper stage of stigma development
is crucial for the high frequency of fertilisation and the highest rate was observed
when the stigma was at the feathery stage in wheat. Also, external factors such as
temperature, light, and photoperiod significantly influence the frequency of haploid
embryos recovery. The great advantage of wide hybridisation as a method of DH



production is the absence of gametoclonal variation that occasionally occurs during
in vitro culture. Another advantage is a very low genotype dependence, while a
requirement for chromosome doubling is the main limitation of this system (Niu
et al. 2014).
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5.2.3 In Vitro-Based Systems: Gynogenesis

Gynogenesis is a process of haploid plant regeneration from female gametophyte
under in vitro conditions. Ovaries, ovules or even floret buds can be used as explants
for in vitro culture. The haploid embryos may develop from the unfertilised egg
cells, antipodals or synergids of the embryo sac. The crucial step that limits the
efficiency of this method is the choice of the proper developmental stage with
responsive ovules. Other factors affecting the effectiveness of gynogenesis are: the
genotype of donor plant, donor plant growth conditions, the composition of media
used for in vitro culture, including plant growth regulators and culture condition
(Chen et al. 2011). The gynogenesis-derived embryos regenerate only haploid plants
that always require the application of chromosome doubling procedure to obtain
fertile doubled haploid plants.

Gynogenesis is characterised as a method of low efficiency, with a low frequency
of haploid recovery, thus it requires a high number of female gametic cells per one
inflorescence. It is the method of choice when other systems fail to be optimised for
DH production. Nevertheless, this method was successfully introduced in breeding
programmes and genetic research of Allium cepa (Khan et al. 2020) and other
Amaryllidaceae species, Beta vulgaris (Pazuki et al. 2018; Sohrabi et al. 2021)
and some Cucurbitaceae species (Dong et al. 2016). Since many external factors
affect the effectiveness of gynogenesis, some efforts were made to increase the
frequency of haploid embryo recovery (Pazuki et al. 2018; Ozsan et al. 2017;
Grigolava et al. 2021; Sohrabi et al. 2021). Some researchers reported a positive
effect of stress factors such as cold or heat applied to inflorescences, flower buds or
isolated ovaries before culture (Karakan and Arpaci 2018; Sohrabi et al. 2021).

5.2.4 In Vitro-Based Systems: Androgenesis

During androgenesis, haploid plant develops from microspores that are the immature
male gametophytes, the precursors of pollen grains in vivo (Fig. 5.1). Microspores
before the second pollen mitotic division, at the particular developmental stage,
usually at the mid to late uninucleate, can be switched from gametophytic into
sporophytic developmental pathway. Unfortunately, androgenesis is a highly
genotype-dependent process and even with optimised protocols, some genotypes
are recalcitrant to the androgenetic induction. Besides the developmental stage of
microspores and the genotype of donor plants, the effectiveness of androgenesis is
highly influenced by a pre-treatment applied before in vitro culture, which is a stress
factor that triggers the re-programming of microspore development. The



pre-treatment stress can be applied to floral buds, tillers or excised spikes/panicles as
well as anthers or microspores for a few days to several weeks. Many different stress
factors were tested; however, the most commonly used are low or high temperature,
carbon and nitrogen starvation or osmotic stress (Testillano 2019). The type of stress
and time of application should be optimised for a particular species or even cultivar.
For the most efficient production of doubled haploids, also the conditions of donor
plant growth, as well as in vitro culture media and incubation conditions should be
optimised for each species (Ferrie and Caswell 2011). What is an excellent advan-
tage of androgenesis, is the high level of spontaneous diploidisation of haploid
genome occurring in in vitro culture of immature male gametophytes. The main
process responsible for this phenomenon is nuclear fusion, which takes place after
the first mitotic division of uninucleate microspore at the pre-treatment or early
induction stage (Kasha et al. 2001). Due to the spontaneous diploidisation, the
regenerated plants become doubled haploids, and therefore it is possible to obtain
fully homozygous fertile plants directly from androgenic culture, without application
of additional treatments (Ahmadi and Ebrahimzadeh 2020).
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Fig. 5.1 Isolated microspore culture of barley cv. ‘Jersey’. (a) Freshly isolated microspores. (b)
Microspore-derived embryos on 21st day of in vitro culture. (c) Developed androgenic embryos on
43rd day of in vitro culture. (d) Green regenerants in regeneration medium

Contrary to wide hybridisation and gynogenesis, the effectiveness of androgene-
sis in cereals is highly limited by the regeneration of albino plants (Torp and
Andersen 2009; Makowska and Oleszczuk 2014). Recently, Gajecka et al. (2020)



reported that genotype-dependent regeneration of albino plants in androgenic
cultures of barley is determined by the plastid differentiation during pollen grain
development. The cultivars that contained undifferentiated proplastids in the
microspores used for culture initiation were capable of regenerating mostly green
plants. On the other side, the cultivars that produced a vast majority of albino
regenerants, contained already differentiated amyloplasts in the microspores at the
stage of culture initiation. The use of microspores at the stage preceding the mid-to-
late microspores utilised commonly for culture initiation, significantly increased the
green plants frequency in cultivars that regenerated mostly albinos in standard
protocols.

5 Haploid Mutagenesis: An Old Concept and New Achievements 135

There are two main in vitro culture approaches applied in androgenesis—anthers
culture and isolated microspore culture. In vitro culture of anthers is the most widely
used technology of doubled haploid production. For initiation of this culture, anthers
containing microspores at the mid to late uninucleate or early bi-nucleate stage, after
pre-treatment are excised from spikes, panicles or flower buds under sterile
conditions, plated onto induction medium and incubated at a dedicated temperature
for 4–6 weeks. During the induction phase, the responsive microspores undergo a
series of mitotic divisions resulting in the development of microspore-derived
structures: embryos or calli, which after transfer onto regeneration medium produce
plants. The most valuable approach is the isolated microspore culture, where
microspores are mechanically released from spikes, flower buds or florets. Through
filtration, the microspore suspension is separated from debris, and by the washing
and centrifugation only viable microspores are collected. Microspores are cultured
preferably in a liquid medium and incubated under appropriate conditions to induce
sporophytic development. It is important to optimise the density of microspores in
the medium and provide aeration of microspores by gently shaking during incuba-
tion. The advantage of isolated microspore culture is more rapid and synchronous
formation of microspore-derived structures, majority of which develop via embryo-
genesis pathway. Additionally, the isolated microspore culture lacks somatic tissues
present in anther culture, thus avoiding development of embryos/calli from
non-haploid cells and products of anther degradation that can negatively influence
the efficiency of culture. When embryogenesis is the predominant pathway of
microspore development, the derived embryos are prone to convert easily into plants
on regeneration medium, which results in the high regeneration potential of micro-
spore culture. What is more, when embryos are produced, the derived plants exhibit
very low gametoclonal variation compared to plants regenerated from calli.

Androgenesis, primarily through microspore culture, is the most effective method
of doubled haploid production. However, the availability of efficient microspore
culture protocols is a bottleneck in taking a full advantage of doubled haploid
application in breeding and genetics, including mutation projects. When the effective
and reproducible protocols of isolated microspores culture are available, haploid
mutagenesis is widely exploited with new germplasm produced, especially in
Brassica species including B. napus, B. rapa, B. juncea, B. campestris and B.
carinata (Ferrie and Möllers 2011).
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5.3 Haploid Mutagenesis

When mutagenic treatment is applied to haploid cells, it results in the development
of entirely homozygous plants carrying induced mutation in both alleles. Thus, it is
possible to identify recessive mutations already in the first generation after muta-
genic treatment. Although many routes of doubled haploid formation have been
developed, wide hybridisation and gynogenesis have not been employed for mutant
production. On the contrary, androgenesis is the most widely used system of DH
production in plant mutagenesis (Germanà 2011). An important advantage of hap-
loid mutagenesis is that it can be performed in vitro, which allows to deal with a great
number of mutagenised cells within a small area. Microspores, as haploid cells are
the best target and most effective system for mutagenesis. Mutagenic treatment can
be applied directly to isolated microspores in vitro or to plant organs that contain
male gametophytes, such as anthers, spikes, panicles and flower buds before culture
initiation. After induction of sporophytic development, followed by the formation of
microspore-derived structures, and spontaneous or induced chromosome doubling,
the plants carrying mutation in the homozygous state can be developed. Depending
on the trait of interest, selection of mutant plants can be performed in vitro already at
the embryo stage or in vivo at the haploid/doubled plant level (Ferrie and Möllers
2011). Figure 5.2 presents the utilisation of doubled haploids in mutagenesis and
selection.

Doubled haploid technology can also be applied to M1 plants derived from the
mutagenic treatment of dormant seeds. Gametes produced by M1 plants carrying
mutations in the hemizygous stage can serve as explants for DH production, which
results in homozygous mutants produced in one generation (Szarejko 2012).
Examples of the recent haploid mutagenesis studies, including used mutagens and
their doses, explants and mutated traits, are listed in Table 5.1.

5.3.1 Explants Used for Mutagenic Treatment

For species with well-established protocols of microspore embryogenesis, isolated
microspores at the uninucleate stage are the best targets for mutagenesis. They can be
induced for rapid and synchronous development into embryos followed by regener-
ation of plants (Ferrie and Caswell 2011). Additionally, at the early stage of in vitro
microspore culture, a high frequency of spontaneous chromosome doubling occurs,
which results in fertility of completely homozygous regenerants and allows to omit
the employment of doubling agents.

There is a narrow time-window when mutagenic treatment should be applied to
microspores. Therefore, the timing of the mutagenic treatment is critical for effective
mutagenesis, and it should take place before the first pollen mitotic division, thus
before in vitro culture initiation. Mutagenic treatment is usually applied to isolated
microspores, but also to anthers, flower buds or inflorescences containing
microspores at the suitable stage to follow androgenic development.
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Fig. 5.2 Mutation induction and mutant selection using double haploid systems

Anther culture is used principally as a method of choice when the isolated
microspore protocol is not available for a species. In such cases, mutagenic treatment
of anthers followed by in vitro culture have been applied, for example, in major
cereals, such as barley, rice or wheat (Vagera et al. 2004; Kyin et al. 2005; Plamenov
et al. 2013). The mutagenic treatment of microspore-derived embryos of B. rapa or
calli derived from anther culture of Oryza sativa were also reported (Lee and Lee
2002; Daurova et al. 2020). However, the application of mutagenic treatment to the
multicellular structure, such as haploid embryo or callus can result in regeneration of
chimeric plants that segregate for DH mutants only in the generative progeny of the
regenerant.

5.3.2 Mutagens Utilised in Haploid Mutagenesis

The type of mutagenic agent should also be considered before treatment. Both
chemical and physical mutagens have been applied for mutation induction in haploid
systems (Szarejko and Foster 2007). UV light and gamma rays have been utilised
most frequently among physical factors, while alkylating agent EMS (ethyl
methanesulfonate) has been applied most often in chemical mutagenesis. UV light



Mutagen Mutated trait References

(continued)
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Table 5.1 Recent examples of haploid mutagenesis including physical and chemical treatments,
explants and mutated traits

Common and Applied Material
Latin name doses treated

Barley
(Hordeum
vulgare L.)

EMS;
PYM

8,
24, 40 mM
EMS;
2, 3 μM
PYM; 48 h

Microspores Higher nitrogen
use efficiency
(NUE)

Gao et al.
(2018)

Brown
mustard
(B. juncea ssp.
juncea)

EMS 0.1–0.2%;
1.5 h

Microspores Reduced content
of saturated fatty
acids

Ferrie et al.
(2008)

Chinese
cabbage
(B. campestris
ssp.
pekinensis)

EMS 0.12%;
10 min

Microspores Germplasm
resources

Tang et al.
(2018)

EMS 0.04%,
0.08%,
0.12%;
10 min

Microspores Germplasm
resources

Huang et al.
(2016a)

60Co
γ-ray

20,
40, 60 Gy
(1.58 Gy/
min)

Buds
containing
late
uninucleate
microspores

Germplasm
resources

Huang et al.
(2014)

Chinese
cabbage
(B. rapa
L. ssp.
pekinensis)

EMS 0.03%,
0.05%,
0.1%;
5–10 min

Floral buds Germplasm
resources

Lu et al.
(2016)

Rapeseed/
canola
(B. napus)

EMS 0.15%; 72 h Microspore-
derived calli

In vitro
selection—
improved
resistance to
Sclerotinia
sclerotiorum

Liu et al.
(2005)

EMS 0.1–0.2%;
1.5 h

Microspores Reduced content
of saturated fatty
acids

Ferrie et al.
(2008)

UV 254 nm;
90 s

Microspores In vitro
selection—
reduced content
of saturated fatty
acids

Beaith et al.
(2005)

UV 280 nm;
75–90 s

Microspores In vitro
selection—
enhanced cold
tolerance

McClinchey
and Kott
(2008)

Turnip rape
(Brassica rapa
L. ssp.
oleifera)

EMS 0.1–0.2%;
1.5 h

Microspores Increased
content of oleic
acid, reduced
content of

Ferrie et al.
(2008)



Mutagen Mutated trait

linolenic acid or
saturated fatty
acids

as the non-ionising radiation is relatively easy to apply for in vitro culture, neverthe-
less considering its low penetration, it should be applied only for culture of single
cell layers, such as isolated microspore cultures. Gamma rays irradiation, due to its
penetration ability, is the most feasible factor of treatment for all types of plant
organs and tissues; however, it is limited to the availability of nearby facilities.
Therefore, cells and organs in culture, in contrast to dormant seeds are not a
convenient material for irradiation.
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Table 5.1 (continued)

Common and
Latin name

Applied
doses

Material
treated References

EMS 4,
8, 12 mM;
1 h

Microspore-
derived
embryos

Increased oleic
acid content

Daurova
et al. (2020)

The application of radiation has been mostly reported for Brassica species due to
the optimised protocols of isolated microspore cultures available for many of them.
However, some attempts have also been made to introduce the physical treatment to
cereals. For example, the effect of gamma rays on androgenic response was exam-
ined in anther culture of wheat (Plamenov et al. 2013). The study included irradiation
of anthers, calli and combined irradiation of anthers and calli with 5 Gy. As
conclusion, the effect of 5 Gy on androgenesis was evaluated as negative for
efficiency of cultures derived from irradiated anthers and the reduction of green
plant regeneration was mostly visible in the combined treatment group (Plamenov
et al. 2013).

Chemical mutagenesis has been exploited for inducing predominantly point
mutations. In connection with DH system, the main approach is to treat freshly
isolated microspores for a relatively short time with such concentrations of muta-
genic agents that ensure not too high negative effect on embryo induction. Chemical
mutagens easily dissolve in the culture media, so they can be used directly in the
pre-treatment medium before anther and microspore culture initiations. However,
such simplification of work requires a thorough cleaning of treated explants to
remove residues of the chemicals, which could affect the efficiency of embryogene-
sis. Microspores are extremely fragile and can be easily damaged during washing
and centrifugation.

While chemical mutagen treatment is applied, it is required to optimise the type of
mutagen, mutagen concentration and duration of treatment. Due to the high negative
impact of mutagens on in vitro culture efficiency, much lower mutagen doses are
applied compared to treatment of dormant seeds (Szarejko 2012). Gao et al. (2018)
compared the effect of EMS and PYM (antibiotic pingyangmycin) applied at low
concentrations on isolated microspore culture of barley. They obtained regenerants
from each tested treatment, however the frequency of regeneration depended on the
type of used mutagen and its concentration. Authors reported that higher yields of



both embryogenic structures and green plants were achieved using EMS treatment,
while PYM showed a more harmful effect on microspore viability.
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Lu et al. (2016) treated floral buds of five different Chinese cabbage (Brassica
rapa L. ssp. pekinensis) genotypes with EMS in concentrations ranging from 0.03%
to 0.2% for 5–15 min. EMS treatment delayed embryo formation in all tested
concentrations. The number of developed embryoids decreased with the increasing
EMS concentrations and duration of treatment in all genotypes tested. At the highest
concentration (0.2%) and duration of treatment longer than 5 min, almost no
embryos developed into seedlings. The optimal concentration that resulted in a
sufficient number of regenerants depended on the genotype (Lu et al. 2016).

However, the application of mutagens to isolated microspores is not always
harmful to embryo development. Sometimes, mutagenic treatment shows a positive
effect on the frequency of regeneration of fertile androgenic plants. Huang et al.
(2016a) applied 0.04%, 0.08%, or 0.12% EMS to isolated microspores of Chinese
cabbage, followed by washing and incubation in induction medium. Despite the
lower numbers of developed embryoids per bud, all tested concentrations of EMS
remarkably increased the regeneration, rooting and survival rates in comparison to
the culture induced from non-treated microspores. The highest number of plants was
regenerated from microspores treated with 0.08% EMS. Daurova et al. (2020)
showed that the range of EMS concentrations (4, 8, and 12 mM) applied to turnip
rape (Brassica rapa L. ssp. oleifera) microspore-derived embryos (1.5–2.5 mm in
size) affected the yield of regenerated and fertile plants. At a concentration of 8 mM
EMS, the regeneration of plants was more frequent than at a concentration of 4 mM,
while the highest concentration was lethal for treated embryos.

5.3.3 Selection of Desired Phenotypes

The cultures of isolated microspores give the possibility to carry out selection of
desired phenotype in vitro; however, the number of features suitable for in vitro
selection is limited. Therefore, the most common approach is to select at the later
stages of doubled haploid development.

There are many successful applications of selection during in vitro culture,
including biotic and abiotic stresses. A selection agent is usually applied during
the development of microspore-derived calli or embryos. To select rapeseed (Bras-
sica napus) mutants resistant to stem rot disease caused by Sclerotinia scleotiorum
Liu et al. (2005) treated microspore-derived calli with different concentrations of
oxylic acid, a toxin produced by Sclerotinia scleotiorum, for 4 weeks. Besides using
of toxic compound as the selective agent, it is possible to co-culture the disease-
causing bacteria with developing microspore-derived embryos. Zhang and Takahata
(1999) applied this approach in order to produce mutants of Chinese cabbage
resistant to soft rot disease caused by Erwinia carotovora.

Additionally, selection during in vitro culture allows to analyse a wide range of
combinations; therefore, it simplifies the choice of a proper compound and its
concentration for selection of a trait of interest. In order to select spring canola



(Brassica napus), plants with increased cold tolerance (McClinchey and Kott 2008)
tested several compounds that play a protective role in oxidative and/or osmotic
stress accompanying plant response to cold. The microspore-derived embryos were
exposed in culture to such agents as: salicylic acids (SA), jasmonic acid (JA), p-
fluoro-D,L-phenylalanine (FPA) as well as proline analogues: hydroxyproline (HP),
azetidine-2-carboxylate (A2C) and 3,4-dehydro-D,L-proline (DP). It was shown that
all compounds, except FPA, could serve as the selection agents for isolating lines
with higher tolerance to cold and freezing.
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DH plants that are produced in in vitro culture are transferred to soil and grown
till maturity. When spontaneous chromosome doubling occurs at low frequency, it is
required to introduce colchicine treatment, which causes one more generation to
propagate seeds for selection of mutants of interest. The harvested seeds can be used
to screen for DHmutants and evaluation of DH lines. Below, we present examples of
the recent studies in turnip rape, Chinese cabbage, oilseed rape, brown mustard
(Brassica juncea) and barley, where many valuable DH mutants were selected in the
progeny of microspore-derived plants.

5.4 Examples of Successful Haploid Mutagenesis

The ultimate goal of mutation programmes is to obtain mutants with desired
characters. The high efficiency of classical mutagenesis to generate mutations
valuable for breeders has been well documented through the official release of
more than 3300 mutant cultivars, as indicated in the FAO/IAEA Mutant Varieties
Database (https://mvd.iaea.org). Combining mutagenesis with doubled haploidy has
been utilised in breeding programmes of those species, for which efficient protocols
of DH production have been established. Many DH mutant lines have been
employed in breeding programmes of various Brassicaceae species, and some new
genotypes were successfully commercialised. Such an example is a rapeseed mutant
tolerant to imidazolinone group of herbicides that was released in Canada under the
name ‘Smart Canola’ (Swanson et al. 1989; Senior and Bavage 2003). The mutant
was produced by the mutagenic treatment of isolated microspores of rapeseed
cv. Topas with 20 μM EMS and induction of embryo development in medium
containing the imidazolinone herbicide that served as the selection agent. The
survived embryos were considered as imidazolinone herbicide-tolerant and
regenerated into plants. Two mutants harbouring a mutation in the gene encoding
acetohydroxyacid synthase (AHAS) were isolated and crossed to each other. The
AHAS enzyme is involved in synthesis of leucine, isoleucine and valine and is the
primary target of imidazolinone herbicides. The progeny of the mutant cross
exhibited a higher tolerance to AHAS herbicide the parent cv. ‘Topas’ and either
mutant alone (Swanson et al. 1989).

https://mvd.iaea.org
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5.4.1 New Germplasm for Basic Research and Breeding

Among many features that make DH systems attractive for mutagenesis, the key
factor is the rapid fixing of mutations in the complete homozygous state, which
makes it possible to screen for both, recessive and dominant mutants as early as M1

generation and shortens the time required for mutant selection. This advantage is
especially important in generating large mutated populations designed for forward
genetics studies. Such an example is the population of Chinese cabbage (Brassica
campestris ssp. pekinensis) mutants produced by γ-radiation of floral buds of a
doubled haploid line ‘FT’ developed from variety ‘Fukuda 50’. The mutant popula-
tion has been developed by Huang et al. (2014) and widely used in basic research of
Chinese cabbage. Out of 1483 regenerated plants, a total of 492 putative mutants
were isolated and phenotyped. The population was the source of DH mutants that
exhibited several new phenotypes and their utilisation enhanced the knowledge on
the molecular mechanisms underlying plant development. The analysis of selected
mutants allowed to identify genes that were associated with male sterility (Huang
et al. 2020; Tan et al. 2018, 2019), petal development (Huang et al. 2015, 2016c;
Peng et al. 2019), thylakoid development (Huang et al. 2016b) or chlorophyll
deficiency (Li et al. 2019).

Another Chinese cabbage mutant population developed for the ‘FT’ genotype
was generated after treatment of isolated microspores with the chemical mutagen
ethylmethanesulfonate (EMS). One of the obtained mutants exhibited pale green
inner leaves and slower growth compared to the wild type. NGS sequencing enabled
to identify a missense mutation in the plastome gene encoding a ribosomal protein
S4 (RPS4). The role of RPS4 was proven to be associated with chloroplast rRNA
processing (Tang et al. 2018).

Lu et al. (2016) also used EMS for creation of Chinese cabbage mutant popula-
tion that served as a source of mutations for basic research. The authors applied EMS
treatment to flower buds of five genotypes: three breeding lines and two DH lines. In
total, 142 mutants with distinct variations in leaf shape, leaf colour, corolla size,
flower colour, bolting time and downy mildew resistance were identified among
475 microspore-derived DH lines.

The population of DH mutants derived from EMS-treated microspore cultures
was also developed for canola (B. napus) breeding line 92-B10. Among regenerated
DH plants, the semi-dwarf ds-1 mutant was identified. This mutant shown a lower
position of the first branch and shorter internodes compared to the wild type, which
resulted in the significant reduction of plant height (Liu et al. 2010). The BnRGA
gene that encodes a DELLA protein that functions as a gibberellic acid signalling
repressor was associated with the dwarf phenotype. Identification and
characterisation of this gene is important in terms of improving lodging resistance
and enhancing harvest index in B. napus.
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5.4.2 Modifications of Fatty Acids Profiles

The typical canola fatty acids profile consists of 61% oleic acid, 21% linoleic acid,
11% α-linolenic acid and 7% saturated fatty acids. Any alteration in the fatty acid
profile that increases the proportion of oleic acid and decrease of α-linolenic acid and
saturated fatty acids improves the quality of canola oil.

The production of mutants with modified fatty acid composition was the objective
of studies conducted by Ferrie et al. (2008). These large-scale studies included
12,300 DH lines of three Brassica species: rapeseed (B. napus) 1700 lines, turnip
rape (B. rapa) 7000 lines and brown mustard (B. juncea ssp. juncea) 3600 lines that
were produced from mutagenised microspores using EMS. Many DHmutant lines of
B. napus and B. juncea were obtained with a reduced level of saturated fatty acids to
5% and 5.4%, respectively. The mutagenic treatment of B. rapa turned out to be
most successful. The average fatty acid composition of the B. rapa ‘CV-2’ line that
was used for mutagenic treatment consisted of 50% oleic acid, 26% linoleic acid,
12% α-linolenic acid and 7% saturated fatty acids. Analysis of fatty acids composi-
tion revealed many B. rapa DH mutant lines with changed fatty acid composition,
among them 69 lines with a reduced level of α-linolenic acid below 8%, 157 lines
with low saturated fatty acid content and 197 lines with elevated level of oleic acid
above 55%, compared to the donor plants.

An interesting approach was undertaken by Beaith et al. (2005) who generated
DH lines of Ethiopian mustard (Brassica carinata) with a reduced level of palmitic
and stearic acids. In this study, not only mutagenesis but also selection for changed
fatty acid composition was conducted in vitro. The isolated microspores were
exposed to UV light for 90 s and cultured to induce embryo development at 30 °C
for 17 days. Then, the maturation of embryos was conducted at 35 °C for 18 days in
order to increase the level of saturated fats artificially. Heat artificially elevated the
saturate levels in developing mutant embryos, allowing efficient identification of
those with reduced saturates using HPLC fatty acid analysis. Mature embryos, after
35 days of culture, were subjected to evaluation of saturated fatty acids level. To
perform the evaluation, one or two cotyledons were excised and subjected to HPLC
analysis of fatty acid composition, while embryo axes were transferred to the
regeneration medium in order to regenerate plants. The selection at this point
reduced the number of plants for further cultivation because only embryos that
showed positive changes in fatty acid composition were maintained. As a result,
389 embryos were produced, among which 52% had reduced palmitic acid levels
and 46% had lower stearic acid content. The reduced level of palmitic and stearic
acids was confirmed in the progeny of DH lines that were grown at standard
temperature. What is important, the composition of fatty acids in microspore-derived
mature embryos was very similar to the composition of fatty acids in seeds (Beaith
et al. 2005).

Average turnip rape fatty acids composition is similar to canola. After mutagenic
treatment of haploid embryos, Daurova et al. (2020) obtained mutants of turnip rape
cultivars ‘Yantarnaya’ and ‘Zolotistaya’ that showed increased content of both, oleic



acid by 11.7% and 12.5% and linoleic acid by 1.8% and 6.5%, respectively, with no
changes in the content of palmitic and stearic acids, compared to donor plants.
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5.4.3 Nitrogen Uptake Modifications

DH mutant lines with important agronomic traits were also produced in barley. Gao
et al. (2018), among 356 DH lines derived from mutagenic treatment of malt barley
microspores with EMS or PYM, identified five mutants characterised by the higher
nitrogen uptake efficiency (NUE) than the NUE of their parent cultivar ‘Hua-30’.
The obtained DH lines were screened for the number of produced tillers in the field
under low and high nitrogen levels and two mutant lines with improved nitrogen
uptake efficiency were identified. Due to the excessive use of N fertilisers, produc-
tion of cultivars with a high nitrogen use efficiency is considered the best strategy for
agricultural sustainability.

5.4.4 Disease Resistance

Haploid mutagenesis was also successfully applied to produce genotypes that
exhibited higher resistance to pathogens: the bacterial disease soft rot caused by
Erwinia carotovora and the fungal disease stem rot caused by Sclerotinia
scleotiorum. Chinese cabbage cv. ‘Ho Mei’ was used as donor of microspores in
the experiment with E. carotovora. The microspores were subjected to UV radiation
immediately after isolation, followed by the induction of microspores in in vitro
culture. Microspore-derived embryos were transferred to the medium containing
filtrates of E. carotovora for several weeks, and surviving embryos were
regenerated. Twelve DH lines among the progeny of microspore-derived plants
were described as resistant or moderately resistant to E. carotovora (Zhang and
Takahata 1999). Different approach was taken by Liu et al. (2005) to produce
rapeseed resistant to S. scleotiorum. Twenty genotypes that exhibited different levels
of resistance to S. scleotiorum were used as donor plants to induce isolated micro-
spore culture. Calli produced by eight rapeseed lines were subjected to EMS
treatment through supplementation of medium with 0.15% EMS, followed by
recovery on EMS-free medium. Then, selection of S. scleotiorum-resistant calli
was performed during in vitro culture, using twice calli passage to the medium
supplemented with oxylic acid, the toxin produced by S. scleotiorum. Finally,
among 54 DH lines recovered, 2 showed 50% fewer disease indices than the control.

5.4.5 Cold Tolerance

Microspore mutagenesis of B. napus has been applied to develop lines with
increased tolerance to cold. Five spring canola genotypes were used as donor plants
of microspores that were exposed to UV light followed by in vitro culture. The



selection was performed in vitro using single cell mutagenised microspores
(1–3 days old) by the supplementation of medium with: salicylic acids (SA),
jasmonic acid (JA), p-fluoro-D,L-phenylalanine (FPA) that play an important role
in the frost-induced oxidative stress pathway. Additionally, the proline analogues:
hydroxyproline (HP), azetidine-2-carboxylate (A2C) and 3,4-dehydro-D,L-proline
(DP) that protect plants from cold-induced osmotic stress were tested. The next
step of selection was made when plantlets were 24 and 40 days old by flooding the
solid medium with appropriate concentrations of SA, FPA, A2C and DP. Among
329 DH lines derived from microspore culture, 74 showed significantly enhanced
tolerance to freezing temperature (-6 °C) and 19 DHmutant lines had a better winter
survival rate when compared to the parent lines, without a loss in seed quality and
agronomic parameters.
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5.5 Haploid Targeted Mutagenesis

Physical, chemical and insertional mutagenesis produce mutations located randomly
within the whole genome. Gene editing systems like TALEN (Transcription
activator-like effector nuclease) or CRISPR/Cas9 (Clustered, Regularly
Interspersed, Palindromic Repeats/CRISPR-associated endonuclease 9) can induce
targeted gene knock-outs. These systems are used to introduce double-strand breaks
(DSBs) at a particular locus, followed by their repair by host cell repair mechanisms,
which occur in plants mostly by the non-homologous end joining (NHEJ) that is
error-prone. As a consequence, a few nucleotides can be lost or gained in a targeted
gene region, which can result in a loss of function of the gene of interest (for review,
see Gaj et al. 2013; Sedeek et al. 2019).

These technologies play an essential role in understanding the function of genes
and can be the source of new valuable phenotypes in crop improvement. Designed
for a gene of interest, transcriptional cassettes are introduced to plant cells by
conventional transformation, mostly using Agrobacterium mediated systems and
immature plant embryos (Gasparis et al. 2018). To take the advantage of targeted
mutagenesis, it is crucial to establish usable and efficient protocols for crop plants.
Such procedures, however, are often limited by the amount of time and resources
required to produce transgenic plants carrying mutation in the homozygous state.
Transgenic plants regenerated through conventional transformation in vitro are
usually heterozygous or hemizygous for the introduced change, and homozygous
transformants are selected in the next generation. As an alternative, the microspore-
based editing system can be introduced for the targeted gene knock-out. Isolated
microspores can be transformed by the inoculation with Agrobacterium, induced to
form embryos and regenerated into plants, that due to the chromosome diploidisation
are completely homozygous.

The TALEN technology was the first system of targeted mutagenesis introduced
to plant research. Its application was reported for many model and crop species
including Arabidopsis, Brachypodium distachyon, barley, maize, tobacco, rice,
soybean, tomato and wheat (Malzahn et al. 2017). The approach that combines



TALEN with haploidy was successfully adopted for targeted mutagenesis in isolated
microspore culture of winter barley cv. ‘Igri’. The proper functioning of TALEN in
microspore culture was shown by the knock-out of GFP gene and the lack of GFP
signal in TALEN-modified transgenic lines harbouring the GFP gene (Gurushidze
et al. 2014).
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CRISPR-Cas9 technology has been quickly adopted in plant research, promoting
a reverse genetics revolution in gene function analysis and application for agronomic
purposes (Malzahn et al. 2017). This system was introduced into microspore culture
of barley and wheat, for which the conventional transformation using immature
embryo-based system requires a large number of explants to obtain a sufficient
number of transformants. In wheat (Triticum aestivum), the usefulness of employing
microspores as explants for CRISPR-Cas9 editing system was demonstrated by the
knock-out of exogenous DsRed (red fluorescent protein variant) reporter gene and
two endogenous genes: TaLox2 encoding a lipoxygenase enzyme and TaUbiL1
encoding a ubiquitin protein (Bhowmik et al. 2018). Two spring wheat cultivars
‘Bobwhite’ and ‘AC Nanda’ that are highly responsive in isolated microspore
culture were used in this study. The isolated micropores were transformed by
electroporation using Neon electroporation system (Thermo Fisher Scientific)
with10–20 μg of foreign DNA at the pulse strength of 500 V. It was shown that
the electroporation did not affect the regeneration potential of microspores. The
reduction in the number of microspores expressing DsRed was evidenced by fluo-
rescent microscopy after targeted mutagenesis of DsRed gene. Occurrence of
mutations in endogenous genes was analysed 48 h after transfection. In all three
wheat subgenomes small deletions in TaLox2, as well as insertions and deletions in
TaUbiL1 were identified (Bhowmik et al. 2018).

The CRISPR/Cas9 system was also introduced to isolated microspore culture of
barley cv. ‘Igri’. After microspore isolation and culture for 1 week, the transgene was
delivered to microspore-derived multicellular structures by the inoculation with
Agrobacterium tumefaciens containing the binary vector. The Authors targeted
three different genes: EIF4E encoding the eukaryotic translation initiation factor
4E, PDIL5-1 (Protein disulphide isomerase like 5-1), which both are factors respon-
sible for susceptibility to plant viruses, andQSD1 encoding alanine aminotransferase
that controls the seed dormancy in barley. They generated 48 T0 plants, of which
17 carried indels of 1–22 bp. Among these 17 plants, 9 were chimeric or heterozy-
gous, but 8 plants were completely homozygous in regard to the carried mutations
(Hoffie et al. 2021a). In the second experiment, Hoffie et al. (2021b) using the same
method obtained mutations in the EIF4E that showed small insertions resulting in a
frameshift, which caused the loss of function of the encoded protein. The progeny of
generated homozygous mutants showed full resistance to mechanical inoculation
with barley mild mosaic virus (Hoffie et al. 2021b).

It should be noted that the conventional transformation is often limited to a few
responsive cultivars within the species (Harwood 2012). In barley, the cultivar
widely used in transformation is spring ‘Golden Promise’ whereas in wheat ‘Fielder’
and ‘Bobwhite’ (Harwood 2012; Bhowmik et al. 2018). When a microspore system
is utilised for transformation, the number of responsive cultivars increases, including



winter genotypes, which is another advantage of haploid gene editing in cereals. It
can be concluded that the targeted haploid mutagenesis is a promising tool for plant
research and agricultural purposes.
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Strategies for Screening Induced Mutants
for Stress Tolerance 6
Fatma Sarsu, Suprasanna Penna, and Ganesh C. Nikalje

Abstract

Crop plants are exposed to a multitude of biotic and abiotic factors, which
necessitates improving tolerance/resistance in plant germplasm using conven-
tional, mutagenesis and biotechnological approaches. Several induced mutants
have been improved for tolerance/resistance with other desirable characteristics
and mutant varieties have been released for cultivation. As per the FAO/IAEA
mutant variety database, so far 248 and 558 mutant varieties have been developed
for biotic and abiotic stress tolerance, respectively. Progress in this area has been
majorly based on mutation induction and screening of putative mutants using a
wide range of selection strategies especially, pre-field screening at seedling and
flowering stages based on simple phenotypic responses. Several methodological
considerations are now advocated for taking up a suitable in vivo/in vitro screen-
ing method for a given plant stress factor. For a specific crop and stress tolerance,
it is necessary to establish reliable, rapid and high throughput screening
techniques in putative mutant lines. Plant cell and tissue culture based in vitro
selection strategies have been established for developing stress-tolerant mutants
using selection agents for biotic stress, for example, culture filtrate, pathotoxin, or
spore suspension or NaCl or PEG. Disease-resistant lines have been developed in
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banana, carnation, grapevine, strawberry, pineapple, tomato, alfalfa, barley,
chickpea, asparagus, sugarcane, celery, oats and wheat for use in breeding
programmes. Methodologies to screen for the mutant traits using different cellu-
lar, analytical and molecular tools will have to be extensively adopted in plant
populations under stress conditions.
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6.1 Introduction

Plant breeding approaches carry out an important task to increase crop productivity
under stressed environment; however, crops must have the genetic potential to
produce high yields in such environments. Diverse approaches involved in breeding
new crop varieties for biotic and abiotic stress tolerance include, creation of new
genetic variation through mutation breeding, screening and selection of superior
germplasm, identification of useful novel genetic variation and, conventional and
accelerated breeding (Suprasanna et al. 2015; Sivasankar et al. 2020). As per the
IAEA database (2021), there are over 248 and 558 mutant varieties developed
through mutation breeding possess biotic and abiotic stress tolerance, respectively.
Abiotic stresses such as drought, salinity, cold/heat stress, nutrient deficiency or
toxicity, and flooding limit crop productivity worldwide (Suprasanna et al. 2014;
Meena et al. 2017). These stresses are one of the root causes of food insecurity and
poverty for millions of people in developing countries. While drought stress has
affected more than 70 million hectares of rice-growing land worldwide, salt stress
and nutrient stress render more than 100 million hectares of agricultural land
uncultivable thereby resulting in low outputs, poor human nutrition and reduced
educational and employment opportunities (Shahzad et al. 2021). The responses that
agriculture systems worldwide can put in place to cope with the expected impact of
abiotic stress and to reduce the impact on food security range from institutional and
policy levels to the best management practices and technology advancement. An
important opportunity in terms of technology advancement is offered by the genetic
improvement of crops that can adapt to the abiotic stress conditions and, to develop
new varieties of with a higher yield which are tolerant to abiotic stress factors and
with nutritional quality.

Faced with global warming, temperature extremes lead to a number of stresses,
consequently imposing pressure on sustaining agricultural productivity (Mickelbart
et al. 2015; Pandey et al. 2017). High temperature, drought and soil salinization have
a direct damaging effect on crop development and yield; and locations where crops
suffer from these stresses have been identified worldwide (Meena et al. 2016).
Breeding for stress tolerance in a sustainable manner strongly needs thorough
understanding of the genetic and physiological mechanisms of plants (Chaudhary
and Sidhu 2021) for selecting and identifying tolerant plant germplasm and breeding



lines. In most cases, targeted plant breeding for stress tolerance has been impeded
due to the limited knowledge of the physiological tolerance processes and their
complex genetic nature, thus resulting in the lack of efficient selection procedures
(Gilliham et al. 2017). Selection of appropriate screening techniques for stress
tolerance is one of the most crucial steps in the selection and/or development of
stress-tolerant varieties. Most crop species are sensitive to biotic and abiotic stresses
at all the stages of plant development mostly seed germination, pre/post-flowering as
a result of which, their growth and economic yield are substantially reduced under
stress. To identify crop germplasm for stress tolerance, it is necessary to develop and
adopt appriate screening methods that are simple and reproducible under the targeted
environmental conditions.
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A major challenge for the rapid development of crop varieties, especially in the
context of induced mutations, where large populations are required, is the ability to
quickly evaluate the materials, and hence reliable, simple, consistent and efficient
screening/phenotyping methods and strategies are most needed. Therefore, manag-
ing screening nurseries requires a careful analysis of likely sources of non-genetic
variation among plots, replications and repeated experiments, as well as establishing
procedures for minimizing these factors. Several protocols, techniques, which can be
used in the field or greenhouse/screenhouse, rainout shelter or controlled/non-
controlled environments have recently been described by scientists (Aslam 2008;
Bado et al. 2016; Sarsu et al. 2018, 2021). The early-drought screening using the
wooden box technique has proved useful for several crops including cowpea (Singh
et al. 1999). Another important tool is the rainout shelter facility that can signifi-
cantly improve the precision of drought screening. The drought screening under
rainout shelter, though reliable, has limitations of space and that crops cannot be
grown year after year in the same place so to overcome the latter problem, movable
rainout shelters have also been designed. In this chapter, we have described different
strategies and methodologies for screening stress tolerance in crop plants, which are
essential and applicable for mutant population in crop plants.

6.2 Strategies and Techniques for Improving Crop Efficiency
Against Stresses

Major strategies for breeding of new crop varieties include, screening and selection
of the existing germplasm, conventional selection and other breeding programmes
applied effectively in improving crops against biotic and abiotic stresses. However,
extent and rate of progress in improving stress tolerance in crops through conven-
tional breeding programme is limited. This is due to complex mechanism of abiotic
stress tolerance controlled by the expression of several minor genes, and techniques
employed for selecting tolerant plants are time consumable and consequently expen-
sive. Using mutation techniques in combination with biotechnologies provide pow-
erful technology to improve mechanisms of stress tolerance. These findings
emphasized that nuclear techniques help solve practical problems of economic
significance to developing countries and significantly contribute to food and
nutritional security in those countries (Spencer-Lopes et al. 2018). Identification of



morpho-physiological traits, effective of mechanisms and processes that reflect the
tolerance, should have a high-priority step in stress tolerance researches (Pandey
et al. 2017). An applicable screening trait for stress tolerance should meet the
following criteria (Badigannavar et al. 2018):
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1. A strong link with stable yield especially grain yield in the target stress
environment.

2. A high level of heritability.
3. The expression of tolerance should be quantifiable with acceptable replication.

The traits associated with some promising stress-tolerant germplasm are listed
below. Most of these characteristics that appear to enhance crop stress resistance are
the manifestation of several individual mechanisms and are most likely under
complex genetic control.

1. Morphological characteristics: germination and early vigour, leaf area mainte-
nance, root and shoot growth rate and developmental elasticity. Early growth
vigour is a crucial factor in stress tolerance as it allows establishment of a root
system more effective in extracting water during later stress periods. Tillering
characters in cereals could be useful for stresses as well.

2. Phenology: The suitable crop duration is a compromise of various factors,
including season length, yield potential and the timing of when drought stress
occurs. For example, using an escape mechanism, the development of short-
duration genotypes can help mitigate the effects of terminal drought.

3. Drought avoidance: Adaptation of root architecture, for example, a large and/or
deep root system can be useful in greater extraction of available soil moisture.
Smaller leaf area could reduce the transpirational water loss under water-deficits
conditions.

4. Transpiration efficiency (TE): Depending on the crop, there is a large scope for
the genetic improvement of the efficiency of crop water use under dryland
conditions. Research has also shown that TE and carbon isotope discrimination
in leaf (Δ) are well correlated in several crop species, suggesting a possibility of
using Δ as a rapid, non-destructive tool for selection of TE.

5. Delayed senescence or stay-green is considered as a useful trait for plant adapta-
tion to post-flowering drought stress, particularly in environments in which the
crop depends largely on stored soil moisture for grain filling. Stay-green trait can
also be useful for salinity tolerance.

6. Nitrogen fixation: Improvement of symbiotic and associative N2 fixation stress
tolerance will contribute in raising the crop’s productivity and system
sustainability in low fertility soils.

7. Crop yield under multi-location field-testing under stress condition: The ultimate
evaluation method for stress tolerance improvement is the establishment of multi-
location field-testing sites for the evaluation of crop yield under the target
environment conditions.

8. Stress tolerance index.
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To sum up, it is recommended to initiate mutation breeding to support crop
improvement programmes for stress tolerance, following an integrated strategy
based on the research priorities described below (Spencer-Lopes et al. 2018).

6.2.1 Important Considerations on Handling Mutated Populations
and Mutant Lines

1. Perform radio-sensitivity tests for new species and cultivars before large-scale
field experiments are conducted. Use simple tests for seedling emergence and
growth reduction for establishing a critical dose of mutagen.

2. Use 2–3 doses for field treatments. For breeding purpose, the doses used in field
conditions should not give more than 30% seedling growth reduction in labora-
tory tests.

3. Calculate the size of M1 generation taking into account the possible somatic
effects of mutagen (survival and fertility reduction) and the required size of M2

generation.
4. Harvest M1 plants individually and growM2 generation on head/row or plant/row

basis. The size of M2 generation should reach 10,000–50,000 M2 plants,
depending on the character to be improved, available selection methods and
experimental conditions. Visual selection and combined appropriate screening
procedures (e.g. to expose biotic/abiotic stress) are the most effective and efficient
method for identifying mutant phenotypes. Mechanical/physical selection can be
used very efficiently for seed size, shape of plant, lodging, weight, etc. The other
methods chemicals, biochemical, physiological, physico-chemicals screening
procedures needed selection of some mutants. Do not select for yield, quality,
response to abiotic stresses, etc. in M2 generation. Perform selection in M3, using
individual progenies of M2 plants. Screening and selection in M2 can be
performed only for obvious characters such as semi-dwarfness or earliness.
Selection can start in M2 generation especially for biotic stress.

5. Doubled haploids may be useful to speed up production of pure mutant lines
combine mutation techniques and crop breeding programmes. Use M1 generation
for DH production, DH system also in conjunction with crossbreeding, including
crosses with mutants or mutant varieties.

6. M3 generations is raised from all M2 plants as plant progeny rows and M3 mutants
are considered homozygous for the traits. Selection of M3 is done on a row or plot
basis of homozygous plants, screening can be done agronomically for very
important traits such as yield, resistance/tolerance to abiotic stresses. Progeny
tests are essential for the identification of mutant lines which will be useful for
further progeny tests which may be necessary to stabilize potentially useful
mutants. Depending on the generation in which the selection was performed,
the homozygosity test can be done in M3 generation or M4. Breeders are able to
develop new varieties in a short breeding cycle since homozygous lines can be
obtained in the M4 generation (four crop cycles) at the latest whereas it would
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Table 6.1 Methodological considerations for handling mutant population for screening abiotic
stress tolerance

Mutant generation Method

M1 generation (Mutant
population)

Grow plants in isolation or bagging
(Possible to have anther culture for DH production)

M2 generation (Mutant
Population)

Screening against biotic stress. Identified mutants and harvest
seed mutated plants

M3 generation (Mutant Lines) Screening for abiotic stress
Continue identification of mutants, selection for desired traits;
homozygosity test can be started

M4 generation (Advanced
Mutant Lines—AML)

First agronomic evaluation; homozygosity test
Propagation of promising lines

M4 up to M8 generation—
AML

Identifying desired mutants, multiplication trials of stable
mutant and recombinant lines

M9 generation (Candidate
Mutant Variety)

Official testing and release of mutant variety

take at least 8–10 generations to produce a similar line through crossbreeding
(Shu et al. 2012).

7. As of M5 generation, application of multi-locational trials of stable mutants and
recombinant lines, and official testing and release of mutant variety/varieties.

A general methodological based consideration of generation-wise handling of
mutant population is presented below (Table 6.1). Selection of induced mutations
is more difficult than mutation induction; generally three types of screening can be
employed in M2 and subsequent generations, visual, mechanical/physical and other
methods.

6.3 Screening for Abiotic Stress Tolerance

Climate change manifests into occurrences of extreme weather events, especially
drought, heat stress, floods, salinity, etc. which result in significant yield losses, and
thus cause a threat to food and nutritional security (Mbow et al. 2019). Enhancing
crop production for sustainable food security is an increasing issue as the effects of
climate change on agriculture are adversely affecting the productivity of existing
local varieties. The breeding of stress-tolerant varieties is critical to produce more
yield and increase agricultural productivity in the era of climate change (FAO 2010;
Beddington et al. 2011; Dhankher and Foyer 2018; Raza et al. 2019). Soil saliniza-
tion, especially in highly valuable irrigated lands is a major worldwide land degra-
dation problem that has brought about severe soil quality decline, crop productivity
losses and overall reduced environmental sustainability. In view of the several
limitations of the classical soil and water management measures, focus is on the
identification of plant genotypes better adapted to these abiotic (salinity, drought and
heat) stresses and the development of new cultivars (Bado et al. 2016; Badigannavar



et al. 2018). These varieties with improved tolerance to such stresses will provide
added value and a competitive market advantage, which in turn will contribute to
increased farm income and improved human welfare (Mba et al. 2007).
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Fig. 6.1 Screening for seedling stage heat stress in rice: Mutant lines with no heat stress applied
(Control) and, with heat stress applied (Treatment)

The quantification of stress tolerance has serious difficulties. Direct selection in
the field is difficult because uncontrollable environmental factors adversely affect the
precision and repeatability of such trials. There is no exact reliable field screening
technique that could be used and selection for stress tolerance using phenotypic
measurements requires specialized personnel and extensive investments in field
nurseries or greenhouse facilities. Thereby, researchers have been continuously
investigating for more effective approaches for improving crop plants for complex
traits such as salinity (Mba et al. 2007; Bado et al. 2016). Several pre-field screening
methods have been developed (Bado et al. 2016; Sarsu et al. 2018) for robust
pre-field screening at seedling and flowering stages based on simple phenotypic
responses. These protocols may facilitate breeders to screen for improved heat and
salinity stress tolerance in cereals breeding programmes. Based on the use of a
hydroponics system and/or pot experiments in a glasshouse in combination with a
controlled growth chamber where the heat stress treatment is applied, these protocols
are designed to be effective, low cost, reproducible and user-friendly (Figs. 6.1, 6.2
and 6.3).

Another successful pre-field screening method has been developed by Singh et al.
(1999) for drought tolerance in cowpea using the wooden box technique. The
method is based on imposing the stress 15 days after the termination of watering,
where all the seedlings of the two susceptible lines will be completely dead and
tolerant lines only will survive. Breeding for salt tolerance requires an understanding



of the genetic and physiological mechanisms and for phenotyping salt-tolerant
germplasm, efficient selection procedures are required. Bado et al. (2016) described
effective, low-cost and user-friendly protocols for the pre-field selection of salt-
tolerant mutants in cereal crops using hydroponic system (Figs. 6.4 and 6.5).
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Fig. 6.2 Heat stress effect on seedling root length and weight in rice

Fig. 6.3 Heat stress screening. Heat stress treatment given on rice plants at reproductive stage
(in the walk-in-growth chamber)
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Fig. 6.4 Wooden box method of screening cowpea plants for drought stress in rainout shelter

Fig. 6.5 Selected drought-tolerant cowpea mutants in the field

Screening of mutants for stress tolerance can also be done using certain physio-
biochemical indicators. These include, photosynthesis rate based on CO2 assimila-
tion, stomatal conductance, chlorophyll fluorescence and various electrophysiologi-
cal characteristics (Chaudhary et al. 2019; Khadka et al. 2020). Mutant phenotyping
can be useful in the analysis of stress tolerance to further pin-down the large
population and/or elucidate the tolerance mechanisms. Several phenotyping methods
have been applied conventionally; however, they are cumbersome and often destruc-
tive. The advanced high-throughput imaging technologies (Kim et al. 2020) enable
acquiring quantitative data on plant growth and stress tolerance under treatment



conditions by taking a series of images of the same plant in spatial and temporal
mode, at different wavelengths. Phenomics, the new generation research platform
envisages such applications which are now routinely applied to quantify traits related
to salt and drought tolerance in a number of crop plants (Yang et al. 2020; Joshi et al.
2021). Chlorophyll fluorescence and thermal imaging are easy and non-destructive
rapid methods for monitoring plant stress in the greenhouse and field conditions for
collecting data on stomatal and photosynthesis-related parameters (Maxwell and
Johnson 2000; Malaspina et al. 2014). Studies on in vivo chlorophyll fluorescence
have been useful for screening biotic and abiotic stress tolerance (Baker and
Rosenqvist 2004; Kalaji et al. 2016; Perez-Bueno et al. 2019) (Fig. 6.6).
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Fig. 6.6 Plant-based screening using different physio-biochemical indices
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6.4 Considerations for Abiotic Stress Screening

Since the abiotic stress is complex, the problem could be addressed with using and
integrated approach physiological dissection of the tolerant traits and molecular
genetic tools, together with mutation breeding and agronomical practices that lead
to better conservation and utilization of soil moisture as well as enhancing crop
genotypes with the environment (Badigannavar et al. 2018). The following points
will have to be considered to breed abiotic stress-tolerant crops.

• An improved knowledge and experience of probable soil moisture availability is
necessary (using a neutron probe) to further utilize especially for drought
tolerance.

• It is recommended that the strategies for abiotic stress tolerance crop improve-
ment focus on not only crop survival, but also on its efficient use in crop
establishment, growth, and maximum biomass and seed yield.

• Physiological mechanisms involved in stress tolerance approaches such as the
effect of sugars, potassium and calcium nutrition status, scavenging of reactive
oxygen species, cell wall biosynthesis and modification should be thoroughly
examined using physiological methods and molecular techniques including
induced mutation techniques (Meena et al. 2016).

• With respect to salinity, interdisciplinary research on the importance for tolerance
of growth processes in the shoot (tillering, leaf number and internode length),
their cellular base, cell wall structure and others should be emphasized.

• It is also recommended to monitor salt movement and accumulation in the root
zone using isotopes and tracers in selected sites. This enables appropriate and
successful plant improvement and study of the plant’s impact in soil conditions.

• The genetic enhancement of root systems to make them more effective in water
extraction would seem a high-priority effort for rainfed crops. Dissection of root
traits and development of a screening system relevant to field conditions are
therefore needed, parallel with extensive genotyping and search for molecular
markers.

• Other promising integrated traits for improving stress resistance and crop water
productivity include harvest index, stay-green (sorghum) and transpiration used
efficiency.

• The best approach is needed for combining the relevant stress resistance traits in
the major crops of interest, which requires a better knowledge of the physiological
mechanisms involved in stress resistance and their genetic control.

6.5 Screening for Biotic Stress Tolerance

Plant diseases and pests cause yield and quality losses in crop production in nearly
all agricultural areas around the world. Many wild/original plant genetic resources
vital for the present and future agricultural development are threatened by genetic
erosion due to the spread of modern commercial agriculture. This, combined with



the climate change has increased the vulnerability of existing crops to pests,
pathogens and environmental stresses. The most effective approach to prevent
disease/pests outbreak is to cultivate resistant varieties. Therefore, improvement of
crop production along with pest and disease resistance is one of the main goals of a
mutation breeding programme. Using mutation breeding, traits for yield, quality,
taste and disease and pest resistance have been improved in staple crops such as
cereals, legumes, banana and cassava.
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Breeding new varieties which are tolerant to biotic stress factors during their
growth and development is one of the solutions to have a sustainable and secure food
production. Therefore, it is absolutely necessary to establish reliable, rapid and high
throughput screening techniques for disease resistance in putative mutant lines.
Combination of traditional breeding methods (hybridization, selection and introduc-
tion) into biotechnology and, in vitro mutagenesis can provide excellent approach to
breeding for biotic stresses, covering all major biotic challenges to agriculture and
food production (Oladosu et al. 2016). Using mutation techniques in combination
with in vitro technologies can also be very useful for efficient screening of crop
germplasm for quality characters, including nutrition and process characters and
tolerance to stress affecting quality in crop plants (Jain and Suprasanna 2011). Biotic
stresses are mostly simply inherited (qualitative) traits that are often controlled by
one or few genes thereby considerable breeding progress has been made for these
traits especially using molecular approaches (Bigini et al. 2021). There seems to be
much scope for improving stress tolerance characters, using QTLs and molecular
breeding techniques, aided by conventional breeding including mutation breeding to
significantly improve the ability of the crops to withstand stress in defined biotic
stresses.

Selection of plants for disease resistance/tolerance requires basic knowledge
about the biology of the causal agent and its relationship with the host plant. This
information is necessary for the development of suitable methods of screening and
selecting for resistance (Russell 1978). There is a broad range of different methodo-
logical approaches available to screen for resistant mutant genotypes and to select
plants with improved resistance (Table 6.2, TNAU 2013; Kiraly et al. 1974; Dhingra
and Sinclair 1986; Lebeda 1986; Trigiano et al. 2004; Singh and Singh 2005;
Dölfors et al. 2022), among which early in vivo and in vitro screening offers
considerable advantages (Svabova and Lebeda 2005).

In cabbage, three early screening methods were developed to assess resistance to
yellow disease (Fusarium oxysporum f. conglutinans) in 20–30 day-old seedlings
(Yamagishi et al. 1985) of the three methods viz., root-clipping, soil-inoculation and
ditch-inoculation method, it was suggested that the third method is suitable to test a
large number of plants at a time. Pande et al. (2010) reviewed several protocols for
field, greenhouse, growth room and laboratory screening techniques for chickpea
diseases viz. Ascochyta blight, Botrytis grey mould, Fusarium wilt, dry root rot,
collar rot, black root rot and stem rot. Authors suggested Cut twig screening method
to be very simple and less time consuming. In case of powdery mildew, a simple,
reliable method for assessing reaction on excised mung bean leaves has been
developed for screening mutant germplasm (Reddy et al. 1987). Drizou et al.
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Table 6.2 Methods of screening for disease resistance

Method Mandate Related method(s) Remarks

Artificial
inoculation

The artificial
inoculation is required
to impose uniform
disease exposure for
selection

• For efficient
screening, adequate
amount of inoculum is
required
• Spraying the spore
suspension under high
pressure spraying
• Introduction of spore
suspension into the plant
organ surface or into the
intercellular air spaces
(of a leaf, for example)
• Immersion of
seedlings in a spore
suspension before
transplanting them into
fields

Spore—suspension in
sterile water is often
used; in some cases, dry
spore powder can be
used since spores get
damaged quickly if they
are wet. Depending
upon the convenience
and crop materials the
procedure can vary from
one disease to another
and from one crop to
another. TNAU (2013)

Field
screening

Screening segregating
mutant plant population
for resistance under
natural pathogen
infestation condition or
artificial conditions

The mutant populations/
lines to be evaluated or
the segregating
population to be
screened for resistance
may be raised in fields
under natural pathogen
infestation condition
(natural endemic areas)
or in areas where,
increasing field
infestation can be
enhanced for screening

Highly susceptible lines
can be maintained as
‘spreader rows’ along
with test plant rows

Greenhouse
screening or
fibre glass
screen cages

Screening mutant
population/lines in
greenhouses by
providing conditions
conductive for artificial
infestation is more rapid
reliable than field
screening

The mutant populations/
lines to be evaluated or
the segregating
population to be
screened for resistance
may be raised in
greenhouse conditions
under artificial
inculcation conditions

Screening mutant plant
population in
greenhouses is more
rapid reliable than field
screening.
Depending on the crop
and disease/pest, the
stage of the crop, it
should be possible to
decide on possible
disease symptoms for
screening

Laboratory
screening

Screening mutants by
providing conditions
conductive for artificial
pathogen inoculation

Screening for resistance
using plant tips or leaf
discs and allowing
forced or free choice
feeding by insects as in
the case of lucerne
weevil



(2017) developed a novel high-throughput screening technique based on different
growth systems (nutrient media plates, compost trays, light expanded clay aggregate
trays and hydroponic pouch and wick system) for screening oilseed rape germplasm
resistant to root diseases such as Rhizoctonia solani (Kühn) AG 2-1 and
it was suggested that use of light expanded clay aggregate trays could be useful
for rapid screening of germplasm prior to field evaluation. Recently, Dölfors et al.
(2022) reported a protocol wherein pre-grown seedlings of sugarbeet and
Arabidopsis were grown in a perlite-based substrate infested with the fungus Rhi-
zoctonia and mixed with soil. The protocol is suitable for root crops and other crops
with good consistency of plant infection and reproducibility. Some of the examples
where mutant development for disease resistance has been achieved based on
selection criteria and mutagen are enlisted in Tables 6.3 and 6.4.
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Table 6.2 (continued)

Method Mandate Related method(s) Remarks

Bioassay
techniques

Screening mutants by
using bioassays based
on disease associated
reactions

Resistance screening is
based on application of
bioassay techniques to
monitor disease related
biochemical, molecular
responses

By periodic
observations, larval
survival, larval growth
and percent pupation are
recorded. Data on
fecundity and longevity
of emerging adults are
obtained to screen
resistant types

Measurement of
pathogen growth on
plant tissue prior to
appearance of
symptoms

Real-time assay to
quantify pathogen
growth in live tissue
using fluorescent protein
tags

Zhang et al. (2021)

6.6 In Vitro Screening

In vitro techniques have been employed successfully in the selection of resistant
plants at cellular level. Progress in this area has been majorly based on all the
in vitro-related research covering explant cultures, sources of in vitro variability,
screening and selection methods and selection agents besides the potential of plant
in vitro cultures for regeneration at higher frequency to obtain sizable population
after selection and stability of improved pathogen resistance to the pathogen in the
progenies (Fig. 6.7; Svabova and Lebeda 2005). The basis for such a selection is that
a causative agent in the disease reaction should be employed in the selection process.
The selection agents can be pathogen itself, culture filtrate or pathogen metabolites
(Pathotoxins). Culture filtrates (CF) represent an easy and simple method of selec-
tion by incorporation into the culture media at appropriate concentrations. For many
plant diseases, well-characterized toxins may be unavailable and hence culture
filtrates can effectively be used as they have been found to have phytotoxic activity.



Resistance to Selection factor References

For a successful crop improvement strategy, it is imperative that selected mutant
lines be evaluated, genetically analysed and integrated into breeding programmes.
For example in date palm, embryogenic cell cultures were irradiated with gamma
radiation and the regenerated plants transferred to greenhouse were treated with
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Table 6.3 Mutant screening for biotic stress tolerance in different plant species

Mutants of plant
species

Citrus sinensis Citrus canker Artificial inoculation of
Xanthomonas citri

Junior et al. (2008)

Colocasia
esculenta

Phytophthora leaf
blight disease

Spraying of spore suspension Sahoo et al. (2015)

Oryza sativa Rice blast Spray-inoculated with spores
of M. oryzae

Kaur et al. (1975)

Vigna mungo Stem fly damage Field observations Reddy (2009)

Abelmoschus
esculentus

Yellow vein mosaic
virus disease

Whitefly transmission Phadvibulya et al.
(2009)

Lycopersicon
esculentum

Bacterial wilt (BW) Bacterial suspension Galvez et al. (2009)

Saccharum
officinarum

Red rot Inoculation of spore
suspension

Ali et al. (2007)

Musa
paradisiaca

Black sigatoka disease Inoculation of conidial
solution

Borja et al. (2007)

Musa spp. Fusarium wilt Fusaric acid and culture
filtrate

Saraswathi et al.
(2016)

Malus domestica Alternaria alternata
(Fr.) Keissler

AM-toxin I Saito et al. (2001)

Sesamum
indicum

Phytophthora blight Field observations Pathirana (2011)

Musa acuminate Fusarium wilt Inoculation of conidial
solution

Bhagwat and
Duncan (1998)

Oryza sativa Rice blast Artificial inoculation at
seedling stage

Zhang et al. (2003)

Saccharum
species

SCMV disease Field observations Zambrano et al.
(2003)

Brown rust Inoculation of fungal
solution

Oloriz et al.
(2012a)

Smut Smut spore inoculation Dalvi et al. (2012)

Red rot Inoculation of fungal
solution

Kaur et al. (2016)

Brassica napus Alternaria leaf spot Inoculation of spore
suspension

Ahmad et al.
(1991)

Camellia
sinensis

Blister blight Inoculation of spore
suspension

Gunasekera et al.
(2003)

Nicotiana
glutinosa

TMV disease Virus infection Brederode et al.
(1991)

Arabidopsis sp. Downy mildew Spore suspensions Kunz et al. (2008)



Mutant varieties Tolerance to References

Bayoud toxin, (isolated from the causal fungus Fusarium oxysporum f. sp.
Albedinis). Several selected mutants showed tolerance to Bayoud disease under
field conditions (Jain 2012).
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Table 6.4 Mutant screening for abiotic stress tolerance in different crop varieties

Released year and
country

Rice DT 10 1989 Vietnam Cold Do (2009), Vinh et al.
(2009)

Rice VND-95-20 1999 Vietnam Salinity Do (2009), Vinh et al.
(2009)

Rice NIAB IRRI9 1999 Pakistan Salt tolerance Haq (2009)

Rice Binadhan-14 2013—Bangladesh High temperature Azad et al. (2021)

Rice Binadhan-19 2017—Bangladesh Drought tolerance Azad et al. (2021)

Cotton
NIAB Karishma
NIAB-111
NIAM 277

1996, 2004–2009
Pakistan

Heat tolerance FAO/IAEA Mutant Variety
Database (2021)

Soybean DT 2008 2008—Vietnam Drought tolerance Le and Chung (2021)

Tomato
Domi and Maybel

2007, 2015/Cuba Drought tolerance Sarsu et al. (2021) and FAO/
IAEA MVD (2021)

Tomato Summer
Star

2019—Mauritius Heat tolerance Sarsu et al. (2021) and FAO/
IAEA MVD (2021)

Sorghum Pahat 2016—Indonesia Drought tolerance Soeranto and Indriatama
(2021)

Wheat Binagom-1 2016—Bangladesh Salt tolerance Azad et al. (2021)

Groundnut Tafra-1 2018—Sudan Drought Elgailani et al. (2021)

Groundnut
Binachinabadam-5
Binachinabadam-6
Binachinabadam-7
Binachinabadam-9

2011—Bangladesh Salt tolerance Azad et al. (2014)

Lebeda and Švábová (2005, 2010) described in detail the in vitro methodologies
for in vitro selection by using pathogen isolates, culture filtrates, toxins and toxin-
like compounds. To date, several reports of in vitro selection in diverse plant species
are available using wide range of in vitro culture systems (excised organ or part of
organ, meristem tip culture, anther or pollen, callus, cell or tissue suspension,
protoplast culture) and selection agents (natural isolate of pathogen, modified path-
ogen culture, culture filtrates, toxins, elicitors). Several successful examples include
disease-resistant lines developed in banana, carnation, grapevine, strawberry, pine-
apple, tomato, alfalfa, barley, chickpea, asparagus, sugarcane, celery, oats and wheat
(Lebeda and Švábová 2010). In some of these and other crops, in vitro selection
technique has become an integral complement to traditional crop improvement
programmes.
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Fig. 6.7 Work-flow for in vitro screening for disease resistance (Lebeda and Švábová 2010)

6.7 Successful Examples of Mutagenesis for Abiotic and Biotic
Stress Tolerance

As per FAO-IAEA-MVD (2021) database, 558 mutant varieties were released from
1956 to 2021 for biotic stress resistance. Figure 6.8 presents mutant varieties
categorized on the basis of crop, disease, type of mutagen and country. The data



showed that resistance to fungal diseases has been most selected (63%) followed by
bacterial diseases (Fig. 6.8a). The physical mutagens accounted for almost 90% of
the mutants for biotic stress resistance (Fig. 6.8b). Crop-wise, 26% of the mutants for
resistance were from rice followed by wheat (14%), soybean (8%) and barley (6%)
(Fig. 6.8c). Following are the some selected examples of mutant varieties from
different crops specific for biotic stress resistance and other agronomic characters.
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Fig. 6.8 Mutant varieties developed for biotic and abiotic stress tolerance. (a) diseases, (b) Type of
mutagen, (c) Crop. (FAO/IAEA MVD database 2021)

In Tomato, bacterial wilt is a major bacterial wilt disease caused by Ralstonia
solanacearum. In Sri Lanka, the mutant variety ‘M 127’ derived from ‘Manik’
variety using Gamma rays (320 Gy) gave significantly higher yield (32.2 t/ha) as
compared to check variety T 245 (21.7 t/ha) in both dry and wet seasons. The fruit
weight of M 127 was also significantly higher (158.6 g) with red and slightly
flattened firm fruits. M 127 was moderately tolerant to bacterial wilt disease (Peiris
et al. 2009). Rice is one of the major crops of world. It is highly susceptible to blast,
rice yellow mottle virus, bacterial blight diseases. In China, the mutant rice variety
‘Zhefu802’ derived from Simei No. 2 variety which was induced by Gamma rays,



had a short growing period (105–108 days), high yield potential even under poor
management and infertile conditions, wide adaptability, high resistance to rice blast
and tolerance to cold (Ahloowalia et al. 2004).
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Another successful example is from Vietnam, the most outstanding mutant rice
variety DT10 has wide adaptability and high yield of 6–8 t/ha (40% increase
compared to the average) and especially good tolerance to cold. The variety became
very popular and accepted by the farmers in the Northern Vietnam and occupies
large areas in the northern provinces, serving as the most suitable rice variety for
processing. In Southern Vietnam, mutant rice variety VND 95-20 with high quality
and tolerance to salinity has become one of the most planted varieties for exporting
rice area in the Mekong Delta (Do 2009; Vinh et al. 2009). Soybean mutant varieties
especially DT 2008 contributed to food security in the country (Le and Chung 2021).
Tafra-1 is a drought-tolerant peanut mutant variety released in 2018 for Sudanese
farmers in areas prone to drought, which can grow with less than 250 mm of rain per
year compared to the 350 mm needed for the traditional varieties. It also produces
yields which are 11% higher on average than the traditional variety (Abdalla et al.
2018).

In Pakistan, the phenological and physiological investigations revealed heat-
tolerant cotton NIAB-878 by maintaining the highest anther dehiscence (82%) and
minimum cell injury percentage (39%) along with maximum stomatal conductance
(27.7 mmol CO2/m

2/s), transpiration rate (6.89 μmol H2O/m
2/s), net photosynthetic

rate (44.6 mmol CO2/m
2/s) and physiological water use efficiency (6.81 mmol CO2/

μmol H2O) under the prevailing high temperatures. Additionally, the mutant rice
variety NIAB IRRI 9 is a non-aromatic, fine grain, salt-tolerant and high-yielding
mutant variety registered in 1999 and has contributed additional incomes to farmers
during 2004–2005 (Haq 2009; Hussain et al. 2021).

Three mutant tomato varieties were released in Mauritius with high yielding viz.
Summer King, Summer Star and Rising Star, the summer star have heat stress
tolerance. These varieties were distributed to farmers and seed multiplication
continued to reach more farmers (Sarsu et al. 2021; MVD 2021). Another success
in tomato is from Cuba through the development and release of Domi and Maybel
mutant varieties for drought tolerance and high yield which are contributing to
economic gain for Cuban Farmers (Sarsu et al. 2021; FAO/IAEA MVD 2021).

In chickpea, Ascochyta blight (AB) is a major fungal disease which causes 100%
yield loss (Pande et al. 2005). In India, the four high yielding and Ascochyta blight
and wilt disease-resistant chickpea mutant varieties Pusa—408 (Ajay), Pusa—413
(Atul), Pusa—417 (Girnar) and Pusa—547 of chickpea, developed at I.A.R.I., New
Delhi, are the first examples of direct use of induced micro-mutants in a legume crop.
Beside high yield performance under late sown crop, chickpea mutant variety
Pusa—547, released in 2006 for farmer’s cultivation, has attractive bold seeds,
thin testa and good cooking quality (Kharkwal et al. 1986, 2004, 2005, 2008).

Barley ranks fourth most important crop all over world. It is susceptible to
Common Root Rot, Spot Blotch, Net Blotch, Stagonospora Leaf Blotch, Septoria
Leaf Blotch, Scald, Leaf Rust, Powdery Mildew, Bacterial Blight, Scab or Head
Blight, Barley Yellow Dwarf Virus and Loose Smut. In Germany, Trumpf, the best-



known barley mutant cultivar obtained after crossing with cultivar Diamant occupied
more than 70% of the barley planting area in Germany. The mutant had a yield
increased by 15% and better disease resistance. Used extensively in crossbreeding,
Trumpf became incorporated into many barley breeding programmes in a large
number of countries (Harten 1998). Mutation breeding has been very successfully
used in breeding barley, the fourth most important food crop in terms of area in Peru.
Centenario, a barley mutant with high yield (37% over the parent cultivar), earliness
(18 days), higher protein (10.3%), better test weight and resistance to yellow rust,
was released in 2006, is replacing the traditional cultivars of the central highlands of
Peru and contributes significantly to the food security of the country (Pando et al.
2008).
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Lupine is susceptible to Brown Leaf Spot and Root Rot caused by Pleiochaeta
setosa. The two lupine mutants (Tanjil-AZ-33 and Tanjil-AZ-55) are highly tolerant,
six times more tolerant to metribuzin herbicide than the original parental cultivar
Tanjil. This mutant Tanjil-AZ-33 is the most tolerant germplasm in narrow-leafed
lupine. Both mutants also maintain the high yield and resistance to the disease
anthracnose as cv Tanjil. These facts indicate that the mutation process has created
tolerance to metribuzin in Tanjil but has not altered Tanjil’s yield capacity and
anthracnose resistance. Induced mutation proved to be an effective tool in lupine
improvement (Si et al. 2008).

Due to wheat rust almost 14% of wheat grain yield losses was found in Great
Plains of North America. Mutant variety, Stadler, a high-yielding wheat mutant
released in Missouri (USA) had early maturity, resistance to races of leaf rust and
loose smut, as well as better lodging resistance. Almost 90% of wheat varieties are
highly susceptible to black stem rust (Ug99). Due to the coordinated efforts made by
IAEA, three mutant cultivars for black stem rust (Ug99) resistance have been
developed in Kenya (Forster 2014).

In commercial crops like banana and sugarcane, induced mutations have played a
significant role in the development of disease-resistant mutants/mutant varieties
(Jain 2010; Oloriz et al. 2012b). In sugarcane, mutagenesis with NaN3 and gamma
irradiation resulted in brown rust resistance in mutants which also exhibited superior
agronomic traits (Oloriz et al. 2012b). The exposure of sugarcane cultivar CoC671 to
EMS resulted in a TC2628 mutant which was highly resistant to smut disease with
high sucrose content (23.33%) than parent (21.39%) at maturity (Dalvi et al. 2018).

6.8 Conclusions

Crop plants are often threatened by biotic and abiotic stresses which challenge
productivity. Improvement of plant stress tolerance in a sustainable manner strongly
needs breeding efforts and knowledge of the genetic and physiological mechanisms.
Towards the development of tolerant/resistant crop varieties, induced mutations
have played a significant role in the generation novel genetic variability for various
traits and trait-associated secondary responses that contribute to resistance phenom-
ena. FAO/IAEA mutant database catalogues about 558 mutants and 248 biotic and



abiotic stresses tolerant mutant varieties in different crop plants. Interest in plant
mutation breeding is growing as mutants isolated and evaluated for several agro-
nomic traits including biotic stress are grown and contribute to food security in
different countries, providing good economic impact. In this regard, it is necessary to
expand mutant population-lines and rapidly evaluate the large mutant population by
using efficient screening/phenotyping methods. Various in vivo and in vitro methods
for screening mutant germplasm are now available. Although mutagenesis and
selection processes can be improved by such methods, mutant screening can benefit
more by using molecular and/or high-throughput approaches.
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Induced Mutagenesis for Developing
Climate Resilience in Plants 7
Mithlesh Kumar, Kirti Rani, and Suprasanna Penna

Abstract

Climate change has an impact on global agricultural productivity. Increased
food demand and significant reduction in crop yields are projected to worsen as
a result of global warming. This scenario has prompted plant scientists to produce
climate change resilient crops that can endure a wide range of conditions,
including drought, heat, cold, salt, flood, submergence, diseases, insect and
pests, and thus boost yield. Understanding mutations and their exploitation in
plant improvement has aided in the discovery of the genetic, physiological, and
biochemical basis of mutation induction and mutant characterization. As a result,
creating genetic variability through mutations has become one of the most
essential techniques for crop improvement. Random and targeted mutations
have yielded successful genetic changes. Techniques have also been developed
to identify mutations and the molecular control of DNA damage repair systems in
the plant genome. Consequently, the genetic diversity of accessible germplasm is
being expanded with novel alleles influencing essential agronomic traits being
discovered and new crop cultivars with greater resistance to biotic and abiotic
stresses and superior nutritional quality are developed. In light of this, the present
chapter elaborates on climate resilience and approaches of induced mutagenesis
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for the development of climate resilience in crop varieties, which are expected to
play an increasingly important role in global food security.
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7.1 Introduction

Climate change is currently posing a severe threat to global agriculture, which is
expected to result in lower agricultural output. Reduced productivity results in rising
food costs and increased global food insecurity (FAO 2014), and this situation, if it
continues, will result in even higher food prices, and famine in some cases. Climate
resilience is considered as an essential core of sustainable agriculture. Resilience is
generally framed in such way so as to combine both aspects of anticipation and
preparedness to develop adaptiveness to thrive under the impacts of climate changes.
Within a given ecosystem, resilience can be built up by taking into vulnerabilities of
exposure and responses of the organisms, and this could involve strategies of climate
mitigation and adaptation (Fig. 7.1). There are several strategies for adopting climate
resilient measures which take into plant and environmental conditions.

• Produce more and better food to
   improve nutritional security

Increased
productivity

• Increased resistance to drought, pests, diseases
   and other climate-related risks; and higher
   adaptability and under stress scenario

Enhanced
resilience

Fig. 7.1 Climate resilient breeding: strategy and framework
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Global warming, changes in rainfall patterns, and other extreme weather events
could all play a role in food insecurity, with the changing climate trend leading to
increased pathogen and insect attacks. Furthermore, increased CO2 levels are
expected to lower the nutritional content of many crops, while some crops may
become toxic as a result of changes in their tissue’s chemical makeup (Dwivedi et al.
2013). As a result, increasing crop resilience to climate change is a critical compo-
nent of ensuring food and nutritional security, which could be accomplished through
creation of novel genetic variation. New concerns, such as climate change and
human population expansion, are now posing a significant danger to global food
production. Local temperatures and terrestrial ecosystems will shift, posing a hazard
to human livelihoods in many circumstances. Climate change will have a greater
negative impact on food production, environmental services, and rural livelihoods in
developing countries. These are confronted with pressing need to increase food
security, eliminate poverty, and provide a sufficient standard of living for ever-
increasing populations. Furthermore, substantial percentages of the population in
poor nations, as high as 80%, rely on agriculture for their livelihoods, making them
more vulnerable to climate change. Furthermore, there is no longer any potential for
expanding arable land, which is gradually being lost to other human development
activities. Rapid industrialization is taking a severe toll on the environment, includ-
ing ozone layer depletion, acid rain, irregular weather patterns, and global warming.
The unpredictable rainfall pattern could result in a water deficit or an increase in
flooding, both of which would have a negative impact on food production and raise
food prices.

7.2 Climate Change and Associated Plant Functional Traits

Crop plants have evolved to adapt to environmental stresses, and there are several
plant responses and traits ranging from physiological, morphological, cellular,
biochemical to molecular alterations (Raza et al. 2019; Suprasanna et al. 2021).
Diverse changes involving physiological features related to plant growth, develop-
ment include morphological attributes, regulation of stomata, photosynthesis, tran-
spiration, water balance, nutrient homeostasis, etc. Many of these “functional traits”
are now considered as indicators of climate change-associated plant responses
(Zhang and Li 2019). In this context, it is often viewed that understanding of these
traits in relation to the environmental setting is essential to evolve strategies for
developing crops with better resilience to climate change-associated stresses (Kole
et al. 2015; Milanović et al. 2020). Plant functional traits act in response to
environmental stimuli not only in terms of their individual response, but the traits
can signify the responsive plant population. One of the traits, the leaf related
morphological, physiological response profile has been used since the tissue exhibits
plasticity as well as differential responses in diverse environmental stresses (Ahrens
et al. 2020). In recent years, there has been a great emphasis on exploring different
functional traits related to whole plant, canopy, leaf, root, and other tissues. Techno-
logical breakthroughs in phenomics and image analysis have enabled to predict the



impact of global climate change by simulation studies under controlled conditions
(Tardieu et al. 2017; Bohra et al. 2021). With the advances in metabolomics, interest
has begun into investigating plant metabolism-related responses as indicators of
stress responses (Bueno and Lopes 2020).
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Fig. 7.2 Climate change-associated plant functional traits

Plant scientists use different strategies for plant improvement, such as conven-
tional breeding, hybridization, and recombination followed by selection, molecular
breeding, and genetic engineering to develop genetically modified and genetically
edited crops to ensure that food supply is sustained to feed the increasing population
(Jain 2010; Suprasanna et al. 2015; Qaim 2020). Novel plant breeding technologies
have also been developed to understand and design crop plants having better
adaptability to climate change-driven stresses (Suprasanna et al. 2021). In this
regard, genetic variants or induced mutants for diverse phenological and physiolog-
ical traits can be explored to understand and develop crops with better stress
adaptation (Snowdon et al. 2021). Figure 7.2 has illustrated the different climate
change-associated plant functional traits including host plant resistance to pathogens
and pests, drought-adaptive traits, root architecture, stay-green traits, canopy tem-
perature, and limiting Na+ accumulation. Methodologies to screen for these traits
using different cellular, analytical and molecular tools will have to be extensively
adopted in plant populations under stress scenario. Additionally, the harmful impacts
of climate change necessitate appropriate strategies for ensuring food security. Since



we often depend on only 12 crops for all of our 75% of plant-based food
requirements, there is a need to explore new, novel germplasm among the existing
plant species and exploit other 10,000 edible plants through precision domestication
(Fernie and Yan 2019). In this regard, innovative, technological advancements will
have to emerge, for example, random mutagenesis or precise targeted mutagenesis
that will become useful for creating useful genetic variation (Jung and Till 2021). In
this chapter, we have presented an account of classical and advanced induced
mutagenesis tools and their potential applications for the development of climate
resilient plant varieties.
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7.3 Classical Mutagenesis and Plant Breeding

Plant breeding is a field that focuses on the production of new plant types in a
systematic and continued manner. It takes advantage of genetic variation among
individuals within a plant species and combines desired traits to create new and
improved varieties. Plant breeding relies on genetic variation, and new variation is
critical for introducing novel features into breeding programs. When a certain
genetic feature is not immediately available for crossing into breeding materials,
the genetic variation in a crop species can be increased by alternative techniques.
Moreover, crop breeders’ thorough screening in the crop domestication process and
subsequent breeding of elite cultivars has resulted in a significant loss of natural
genetic variation. As a result, further genetic erosion has become a bottleneck to
improve crops (Sikora et al. 2011). As a result, induced mutations to extend the
genetic base of crops has become useful for creating novel genetic variation for use
in crop improvement programs (Mousavi-Derazmahalleh et al. 2019). The goal of
induced mutations is to increase the frequency of mutations in order to select
appropriate variants for plant breeding. The mutation frequency rate of spontaneous
mutations is rather low and difficult for plant breeders to exploit. Physical (e.g.,
X-rays, gamma rays, fast neutrons) and chemical (e.g., ethyl methanesulfonate,
methyl methanesulfonate, sodium azide) mutagen treatments of both seed and
vegetatively propagated plants cause novel genetic variations. The mutagen treat-
ment breaks the nuclear DNA, and new mutations are induced randomly and
heritably during the DNA repair mechanism (Jain 2010). The mutants with desirable
phenotypes are then searched in the populations generated through physical and
chemical mutagenesis, and the genetic basis for those characteristics is understood
through mutant characterization (Li et al. 2020). Physical mutagenesis can increase
the natural mutation rate by 106-fold and routinely employed to generate heritable
genetic variability in the production of novel agricultural cultivars for the past
century, producing billions of dollars in the process (Mousavi-Derazmahalleh
et al. 2019). Chemical mutagens often affect single nucleotide pairs, with the extent
of mutation depending on the tissue targeted, time, and degree of exposure. Physical
mutagens such as gamma rays and neutrons often cause large-scale DNA deletion



and chromosomal structure alterations (Jankowicz-Cieslak et al. 2017). The goal of
mutagenesis breeding is to cause maximal genetic variation with maximum viability
(Sikora et al. 2011). Because large-scale modifications in chromosome architecture
frequently have substantial negative repercussions, crop breeders are particularly
interested in mutations at single nucleotide pairs (Singh et al. 2014).
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In crop plants, for example, several mutant cultivars in cereals, legumes (pulses),
oilseeds, forage/fodder, vegetables, fruits, fiber crops, medicinal plants with better
productivity, earliness, abiotic and biotic stress tolerance have been produced using
mutagenesis techniques (FAO/IAEA-MVD 2021; https://mvd.iaea.org/) (Table 7.1;
Fig. 7.3). Mutant germplasm will be of significant interest to be viewed as a genetic
resource for understanding climate change-associated plant functional traits and also
exploiting such available mutant germplasm for cultivation in the environmentally
challenging conditions.

7.4 TILLING (Targeting Induced Local Lesions in Genomes)

The mutational changes enable plant breeders to select for useful mutants for the
development of climate resilient crops. When one or a few characteristics of an
outstanding cultivar are to be modified, a specific advantage of mutation induction is
also the possibility of exploring unselected genetic variation for associated traits.
Despite the benefit of useful mutations, the mutagenesis procedures cause hundreds,
if not thousands, of random mutations, all of which have unknown effects. Mean-
while, developments in genome sequencing, bioinformatics, and HTP (high through-
put phenotyping) technologies, as well as recent advances in reverse genetics and
gene discovery tools, have sparked renewed interest in the use of chemically induced
mutations for crop enhancement (Fruzangohar et al. 2019). Chemically induced-
mutagenesis-based crop breeding has been transformed by the introduction of
TILLING (targeting induced local lesions in genomes) technology. TILLING is a
reverse genetics technology that identifies a series of single base pair allelic changes
within a gene of interest by combining standard chemical mutagenesis with a high-
throughput mismatch detection technique (Chen et al. 2014). This method produces
a large range of mutant alleles, is quick and easy to automate, and may be used on
any organism that can be mutated chemically (McCallum et al. 2004). TILLING has
been successfully used for the improvement of abiotic stress tolerance like salt
tolerance for genes OsAKT1, OsHKT6, OsNSCC2, OsHAK11, and OsSOS1 in rice
(Hwang et al. 2016); drought tolerance for genes PLD in peanut (Guo et al. 2015);
Lis1 and NAC7 in sorghum (Nida et al. 2016); and low leaf temperature phenotype
gene slac1 in rice (Kusumi et al. 2012). The biotic stresses like powdery mildew
resistance for gene TaMlo in wheat; fungal immunity for gene HvHox1 in barley
(Gottwald et al. 2009); resistance to northern corn leaf blight for the genes ZmWAK-
RLK1 and ZmWAK-RLK2 in maize (Severune et al. 2015); and disease resistance
genes EDR1 and NPR1 in barley (Hu 2012). Although TILLING populations have

https://mvd.iaea.org/
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traditionally been used for reverse genetic approaches, recent advances in whole-
genome sequencing have opened up new avenues for the identification of mutants in
candidate genes, and the availability of sequence data from the entire mutant
population that will allow TILLING populations to be used for forward genetic
methodologies such as starting from a known genotype (Bettgenhaeuser and
Krattinger 2019). The efficacy of TILLING technology has been demonstrated, for
example, in the cloning of the wheat gene Stb6 that gives pathogen resistance to the
fungal disease Septoria tritici blotch (Saintenac et al. 2018). TILLING technique
presents new opportunities for gene cloning, disease resistance and abiotic stress
genes in plants in the face of a changing global climate (Bettgenhaeuser and
Krattinger 2019).
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Fig. 7.3 Proportion of mutant varieties developed for biotic and abiotic stress tolerance

7.5 Insertional Mutagenesis

Insertional mutagenesis is based on the random insertion of T-DNA (transfer DNA),
transposon, and retrotransposon into the genome, resulting in a wide spectrum of
mutations (Sallaud et al. 2004). The entire genome sequencing of most crop plants
makes insertion detection easier, as does the efficacy of Agrobacterium infection
methods, which enhance T-DNA insertion in the plant genome (Wang et al. 2013).
T-DNA insertions, which can induce loss of function and a direct relation to their
biological function, are without a doubt one of the most commonly utilized
techniques for gene function identification (Lo et al. 2016). The insertional activity
of transposons has been routinely used to generate large-scale alterations in plant
genomes. DNA repair can cause up to ten times more mutations when transposons
excision and reinsertion sequences, owing to the fact that transposons preferentially
insert in sites proximal to genes, resulting in a higher frequency of mutations in genic
regions. Because it preferentially inserts into genic rather than intergenic areas,



retrotransposon insertion can have an impact on gene function (Miyao et al. 2003).
As a result of the retrotransposon Tos17 insertion in the upstream region of OsHd1
(Heading date 1), rice blooming time was altered (Hori et al. 2016). Transposable
elements played a significant role in crop evolution and continue to do so. The role of
insertional mutagenesis in tolerance against the biotic and abiotic stresses providing
the functional identification of crop genes involved in many important traits have
been described (Table 7.2).
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7.6 Targeted Mutagenesis Using Gene Editing Tools

Random mutations are caused by physical and chemical mutagens, which provide a
limited mutation frequency in desired/target loci. In contrast, the genome editing
systems, such as meganucleases (MN), zinc finger nucleases (ZFN), transcription
activator-like effector nucleases (TALENS), and clustered regularly interspaced
short palindromic repeat (CRISPR) cause target mutations which can be utilized as
an alternative systems for developing biotic and abiotic stress tolerance in crop
plants. There are several examples of application of CRISPR and TALEN
based genome editing technology for the improvement of specific traits of relevance
to climate resilience (Table 7.3). In wheat, TALEN-induced editing of three TaMLO
homoeologs which are responsible for heritable broad-spectrum resistance to pow-
dery mildew, resulted in plants having mutations in the TaMLO-A1 allele for
improving powdery mildew disease resistance in wheat and the technology could
pave way to improve other polyploid crops (Wang et al. 2014). Osakabe et al. (2016)
developed new mutant alleles of OST2 which resulted in alterations in stomatal
closing suggesting the application of the method for developing plants with adapt-
ability to different environmental conditions.

7.7 Conclusion and Future Prospectus

Climate change is expected to pose a serious threat to agricultural productivity
around the world, putting food security and nutritional security in jeopardy. Crop
breeders are always looking for quick and accurate ways to obtain genetically
enhanced breeding elites with desirable attributes. Generating new plants with better
or desirable characteristics has traditionally relied on arduous and time-consuming
breeding processes. The frequency of spontaneous mutations is extremely low,
making them challenging to exploit in plant breeding. The goal of mutation induc-
tion is to increase the rate of mutation in a short period of time. Technological
advancements, especially transgene-based induced mutagenesis and genome editing
technologies, have aided the establishment of elite genotypes with long-term climate
change resilience. Induced mutations have the advantage of being able to isolate
several trait mutants as opposed to conventional transgenic approaches, which only
allow for the introduction of a single characteristic into the crop. Further,
advancements have been made to enhance the mutation frequency, to characterize
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Table 7.2 Application of biological mutagens for biotic and abiotic stress tolerance in plants

Crop Method Stress Gene(s) Reference

Biotic stresses

Arabidopsis t-DNA Pseudomonas resistance Cdr1-d Xia et al.
(2004)

Rice t-DNA Blast resistance Rac1 Kim et al.
(2012)

Rice t-DNA False smut UvPRO1 Lv et al.
(2016)

Rice t-DNA BLB resistance Xa21 Vo et al.
(2018)

Rice t-DNA BLB resistance rrsRLK Yoo et al.
(2018)

Rice t-DNA Blast and BLB resistance SPL35 Ma et al.
(2019)

Abiotic stresses

Arabidopsis t-DNA Cold temperature
germination tolerance

Ctg Salaita et al.
(2005)

Arabidopsis t-DNA Drought tolerance edt1 Yu et al.
(2008)

Rice t-DNA Drought and osmotic
stress tolerance

DSM2 Du et al.
(2010)

Solanum
pennellii

t-DNA Salt and drought
tolerance

SPss-2, SPds-1 Atarés et al.
(2011)

Rice t-DNA Drought tolerance OsDERF1 Wan et al.
(2011)

Rice t-DNA Fe efficiency OsYSL16 Lee et al.
(2012)

Barley Copia
retroposon

Drought stress HvDME Kapazoglou
et al. (2013)

Rice t-DNA Drought tolerance Glutamate-
receptor like gene

Lu et al.
(2014)

Rice TOS17
retroposon

Tolerance to
PEG-generated osmotic
stress

OsGI Li et al.
(2016)

Rice Ac/Ds
transposon

Water use efficiency/
abiotic stress tolerance

RPL6, RPL23A Moin et al.
(2016)

Rice t-DNA Cold tolerance OsCPK17 Almadanim
et al. (2018)

Rice t-DNA Chilling stress OsWRKY94 + D14 Chen et al.
(2018)

Rice t-DNA P use efficiency OsAUX1 Giri et al.
(2018)

Rice t-DNA Salt tolerance osphyB Kwon et al.
(2018)

Rice t-DNA Aluminum tolerance WRKY22 Li et al.
(2018a)



genes, to create new cultivars from mutants, and even to create genetically
engineered mutant genotypes with multiple insertions of DNA sequences. As a
result, the mutant crop varieties developed contributed significantly to global food
and nutritional security. In many field crops, for example, various cultivars with
better production, abiotic stress tolerance, biotic stress resistance, and nutritional
value have been produced. The use of mutation induction techniques has resulted in
a significant quantity of allelic diversity, which has been useful in plant breeding,
genetics and advanced genomics research. For developing climate resilient crop
cultivars, this has prompted application of reverse genetic methods such as TILLING
and insertional mutagenesis, and the use of novel gene editing tools like TALENs
and CRISPR-Cas9. Genome editing tools have now enabled the mutational modifi-
cation of target genes and have successfully yielded biotic and abiotic stress tolerant
lines. In the coming years, it is expected that crop improvement using conventional
and genome editing-based mutagenesis methods will contribute to development of
new crop varieties for sustainable agriculture and climate resilience.
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Table 7.2 (continued)

Crop Method Stress Gene(s) Reference

Biotic stresses

Rice t-DNA Cu detoxification OsWAK11 Xia et al.
(2018)

Rice t-DNA Cu toxicity OsMSRB5 Xiao et al.
(2018)

Rice t-DNA Fe distribution OsYSL13 Zhang et al.
(2018a)

Maize Retroposon Salinity tolerance ZmHKT1 Zhang et al.
(2017a)

Rice t-DNA Salt and drought
tolerance

OsPLC4 Deng et al.
(2019)

Rice t-DNA Salt stress OsDOF15 Qin et al.
(2019)

Rice t-DNA N use efficiency OsUPS1OX Redillas et al.
(2019)

Rice t-DNA Arsenic accumulation in
shoots

OsABCC7 Tang et al.
(2019)

Rice t-DNA Salt stress OsHSP40 Wang et al.
(2019)

Rice t-DNA Osmotic stress SQD2.1 Zhan et al.
(2019)

Rice t-DNA Drought and salt
tolerance

OsMADS23 Li et al.
(2021)
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Table 7.3 Use of gene editing techniques as mutagens for stress tolerance in plants

Crop Method Target gene Stress Reference

Rice TALEN OsSWEET14 BLB resistance Li et al. (2012)

Bread wheat TALEN TaMLO-A1,
TaMLO-B1,
TaMLOD1

Powdery mildew
resistance

Wang et al.
(2014)

Potato TALEN Vlnv Cold storage shelf life Clasen et al.
(2016)

Rice TALEN LOX3 Enhanced disease
resistance

Ma et al. (2015)

Rice TALEN OsDERF1 Drought tolerance Zhang et al.
(2016)

Rice TALEN OsSWEET14 Bacterial leaf blight
resistance

Blanvillain-
Baufumé et al.
(2017)

Rice CRISPR OsERF922 Blast resistance Wang et al.
(2016)

Rice CRISPR OsPDS,
OsMPK2,
OsBADH2

Multiple abiotic stress
tolerance

Shan et al.
(2013)

Rice CRISPR OsMPK5 Abiotic stress tolerance
and disease resistance

Xie and Yang
(2013)

Rice CRISPR OsMPK2,
OsPDS

Multiple stress tolerance Shan et al.
(2014)

Rice CRISPR OsMPK2,
OsDEP1

Yield under stress Shan et al.
(2014)

Wheat CRISPR TaMLO-A Powdery mildew
resistance

Wang et al.
(2014)

Rice CRISPR OsDERF1,
OsPMS3,
OsEPSPS,
OsMSH1,
OsMYB5

Drought tolerance Zhang et al.
(2014)

N. benthamiana CRISPR ORFs and the
IR sequence
sDNA of
virus

Tomato yellow leaf curl
virus (TYLCV) and
Merremia mosaic virus
(MeMV)

Ali et al. (2015)

N. benthamiana CRISPR BeYDV Bean yellow dwarf virus
(BeYDV) resistance

Baltes et al.
(2015)

A. thaliana/N.
benthamiana

CRISPR dsDNA of
virus (A7, B7,
and C3
regions)

Beet severe curly top virus
resistance

Ji et al. (2015)

Rice CRISPR OsAOX1a,
OsAOX1b,
OsAOX1c,
OsBEL

Multiple abiotic stress
tolerance

Xu et al. (2015)

Rice CRISPR OsSWEET13 Bacterial blight disease
resistance

Zhou et al.
(2015)
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Table 7.3 (continued)

Crop Method Target gene Stress Reference

Cucumber CRISPR eIF4E Cucumber vein yellowing
virus (CVYV), Zucchini
yellow mosaic virus
(ZYMV), and papaya ring
spot mosaic virus type-W
(PRSV-W)

Chandrasekaran
et al. (2016)

Soybean CRISPR Avr4/6 Resistance to
Phytophthora sojae

Fang and Tyler
(2016)

Grape CRISPR MLO-7 Effective against the
powdery mildew

Malnoy et al.
(2016)

A. thaliana CRISPR OST2 (AHA1) Increased stomatal closure
in response to abscisic acid
(ABA)

Osakabe et al.
(2016)

A. thaliana CRISPR IF(iso)4E Turnip mosaic virus
(TuMV) resistance

Pyott et al.
(2016)

A. thaliana CRISPR MIR169a Drought tolerance Zhao et al.
(2016)

Rice CRISPR OsHAK-1 Low caesium
accumulation

Cordones et al.
(2017)

A. thaliana CRISPR UGT79B2,
UGT79B3

Cold, salt, and drought
stress tolerance

Li et al. (2017)

Tomato CRISPR SlMlo1 Improved resistant against
powdery mildew

Nekrasov et al.
(2017)

Citrus, Duncan
grapefruit

CRISPR CsLOB1 Citrus canker resistance Peng et al.
(2017), Jia et al.
(2017)

Rice CRISPR OsAnn3 Cold stress tolerance Shen et al.
(2017)

Maize CRISPR ARGOS8-v1,
ARGOS8-v2

Increased grain yield
under drought stress

Shi et al. (2017)

Tomato CRISPR SlMAPK3 Drought tolerance Wang et al.
(2017)

Wheat CRISPR TaEDR1 Improved resistant against
powdery mildew

Zhang et al.
(2017b)

Soybean CRISPR GmDrb2a,
GmDrb2b

Salt and drought tolerance Curtin et al.
(2018)

Lettuce CRISPR NCED4 Seed germination thermo-
tolerance

Bertier et al.
(2018)

Cacao CRISPR TcNPR3 Resistance to pathogen
Phytophthora tropicalis

Fister et al.
(2018)

Wheat CRISPR TaDREB2,
TaERF3

Abiotic stress tolerance Kim et al.
(2018)

Tomato CRISPR SlCBF1 Cold tolerance Li et al. (2018b)

Rice CRISPR SAPK1,
SAPK2

Salinity tolerance Lou et al. (2018)

Rice CRISPR eIF4G Rice tungro spherical
virus

Macovei et al.
(2018)
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Table 7.3 (continued)

Crop Method Target gene Stress Reference

Rice CRISPR OsPRX2 Potassium deficiency
tolerance

Mao et al.
(2018)

Tomato CRISPR SlJAZ2 Bacterial speck resistant Ortigosa et al.
(2018)

Rice CRISPR OsNAC14 Drought tolerance Shim et al.
(2018)

Wheat CRISPR TaLpx-1,
TaMLO

Resistance to Fusarium
graminearum and
powdery mildew

Wang et al.
(2018a)

Grape CRISPR VvWRKY52 Resistance to fungal
infection (Botrytis
cinerea)

Wang et al.
(2018b)

A. thaliana CRISPR IF(iso)4E Turnip mosaic virus
(TuMV) resistance

Zhang et al.
(2018b)

Cotton CRISPR Gh14-3-3d Resistance to cotton
Verticillium wilt

Zhang et al.
(2018c)

Rice CRISPR TMS5 Generation of a new
thermo-sensitive genic
male sterile line

Barman et al.
(2019)

Rice CRISPR OsNAC041 Salinity tolerance Bo et al. (2019)

Rice CRISPR Pi21, Xa13 Resistance to blast and
bacterial blight diseases

Li et al. (2019b)

Tomato CRISPR SlNPR1 Drought tolerance Li et al. (2019a)

Rice CRISPR OsOTS1 Salinity tolerance Sadanandom
et al. (2019)

Rice CRISPR OsRR22 Salinity tolerance Zhang et al.
(2019)

Tomato CRISPR PMR4 Powdery mildew
resistance

Santillán
Martínez et al.
(2020)

Watermelon CRISPR CIPSK1 Enhanced resistance to
Fusarium oxysporum f.sp.
niveum

Zhang et al.
(2020)
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Abstract

Mutants are either obtained spontaneously or artificially induced frequently in
various organisms to serve several purposes like expanding the variability,
undertaking genetic studies, and adopting them as new genotypes for diverse
commercial applications. Identification and development of a mutant is generally
accomplished through phenotypic screening and/or molecular analysis at DNA,
RNA, or protein levels. Markers are currently being used to identify and charac-
terize the mutants and epimutants against their parents (wild type) and rest of the
genotypes. Though morphological and biochemical markers were among the first
to be employed, DNA markers became the widely used system for mutant
characterization. These markers when used along with a set of conventional and
novel methods of mutant analysis would reveal the extent and nature of mutations
which help in understanding the phenotypic effects of mutations. With the
advancements in DNA sequencing, novel classes of markers (single nucleotide
polymorphism, transposable element, copy number variation, and presence/
absence variation) are being envisaged. Markers have been successfully
employed for mutant characterization, trait mapping, and identification of mutant
loci and molecular breeding in various plant systems like wheat, rice, barley,
maize, soybean, peanut, and tomato. This chapter reviews the types of mutants
(classical, DNA-tagged, gene silencing, gene edited, and deletion) and
epimutants at DNA level, and discusses the morphological, biochemical, and
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DNA markers used to detect them. Further, the successful applications of these
markers in mutant characterization have been discussed.
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8.1 Introduction

Genes, being constituted by the nucleic acids and carried on the chromosomes, are
the units of heredity. They undergo mutation to change from one form to another.
Mutations involve sudden heritable changes as termed by Hugo de Vries (1901).
These heritable changes can be identified at the chromosomal level and nucleic acid
level (see Auerbach 2013). The changes at chromosome level include changes in
chromosome number, changes in the entire set of genes, and changes in individual
genes, while the molecular changes at nucleic acid level include base substitutions,
additions, and deletions. Apart from occurring spontaneously, the mutations can be
induced. Mutations are the chief source of genetic variability leading to phenotypic
alterations profoundly contributing to biological evolution (Kutschera and Niklas
2004; Schoen and Schultz 2019; Jay et al. 2021) (Fig. 8.1).

Apart from being extensively used in genetics, mutations have been applied for
crop improvement. Till date, several mutants have been developed in plants,
animals, and microbes, and many have been characterized. With the advancements

Fig. 8.1 Number of PubMed publications reporting the use of genetic markers in mutant analysis
till date



in genetics and genomics, now the characterization of mutants and mutations is
employed as an approach for gene discovery. Mutant characterization generally
refers to identifying the type and location of genetic changes, determining the
mode of inheritance, and recognizing the phenotype due to the genetic changes.
Nowadays, the mutants are characterized at the level of phenome, genome,
epigenome, transcriptome, proteome, metabolome, ionome, etc. With the advances
in DNA sequencing, the genome-wide approach of characterization is becoming the
method of choice, however considering its huge demand for the resources, molecular
markers are widely used for mutant characterization. Reciprocally, the mutant
resources offer an opportunity to develop new markers and marker systems that
can be employed for mutant characterization. In this chapter, an effort is made to
review the molecular markers that have been successfully employed for identifying
and characterizing the mutations in plants.
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8.2 Types of Mutations

8.2.1 Classical Mutations

Mutation refers to change in the genetic material and the process by which the
changes occur. Thus, the mutations involve sudden and heritable changes that cannot
be explained by recombination of pre-existing genetic variability. Such genotypic
changes include changes in the chromosome number (euploidy and aneuploidy),
gross changes in the structure of chromosomes (deletions/deficiencies, duplications,
inversions, and translocations), and changes individual genes (excluding changes in
chromosome number or structure) (Gardener et al. 1991). Changes in the structure of
chromosomes require breaks (one or more) in the chromosome (single or a set of
chromosomes). Based on the first cytological observations of maize chromosome
rearrangements by McClintock, four structural changes were identified;
(1) deletions/deficiencies (parts of chromosomes lost or deleted), (2) duplications
(parts added or duplicated), (3) inversions (sections detached and reunited in reverse
order), and (4) translocations (parts of chromosomes detached and join to nonho-
mologous chromosomes).

Mutations involving single base-pairs are referred to as point mutations which
can be found due to substitutions (change of one base-pair to another), duplications,
and deletions. Mutations resulting from tautomeric shifts in the DNA involve the
replacement of a purine in one strand of DNA with other purine and/or the replace-
ment of a pyrimidine in the complementary strand with the other pyrimidine, which
collectively are called transitions. While base-pair substitutions involving the
replacement of a purine with a pyrimidine and vice versa are called transversions.
Four different transitions and eight different transversions are possible in DNA.
Additions and deletions of one or a few base-pairs are collectively called as
frameshift mutations since they alter the reading frame of a gene distal to the site
of mutation.
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Based on the occurrence, the mutations can be classified as spontaneous (those
occurring without a known cause) or induced (resulting from the exposure to
mutagenic agents). Operationally, it is difficult to discern spontaneous mutations
from induced mutations. The effect of mutation on the phenotype might range from
minor alterations, which can be detected only through special genetic or biochemical
techniques to gross modifications of morphology to lethals.

Any mutation occurring within a given gene will produce a new allele. Because of
the degeneracy of the genetic code, the mutant allele coding for the unaltered protein
and the phenotype is called as isoallele. Mutant alleles coding for altered gene
product (protein) may show modified phenotype, and the mutation resulting into
loss of gene product in an essential gene may be lethal.

Mutations may be either recessive or dominant. In diploids (or polyploids), the
recessive mutations can be recognized only in their homozygous state, whereas the
dominant mutations can be identified both in the heterozygous state and their
homozygous state. Most of the mutations that have been identified and studied by
geneticists are recessive in nature. It is also important to note that a mutation can
continue to exist in heterozygous condition (Branch et al. 2020). Mutations can
occur in any cell cycle state of somatic and germinal cells (Schoen and Schultz
2019). Thus, the effect of mutation and the subsequent phenotypic change depends
on its nature of dominance, the cell type, and state of the cell cycle.

8.2.2 Epimutations

Classical mutations (explained above) involve changes in DNA base sequences. In
contrast, the changes in gene function that are mitotically and/or meiotically herita-
ble and that do not involve any change in DNA sequence were named “epimutation”
by Holliday (1984). These changes generally entail DNA methylation and histone/
chromatin modifications (Noshay and Springer 2021; Shah 2021). Two types of
epimutations can be identified: primary and secondary (Horsthemke 2006). The
primary epimutations occur in the absence of any DNA sequence change while the
secondary epimutations occur secondary to a DNA mutation in a cis- or trans-acting
factor (Oey and Whitelaw 2014). Epimutations can also be recognized as germ line
and somatic. Germ line epimutations being derived from the germ line would be
present in all of the tissues (constitutive) of an individual, while the somatic
epimutations arise in the somatic cells (Hitchins and Ward 2009). These possibilities
explain the differences in zygosity of epimutations. Spontaneous epimutations
leading to phenotypic changes in plants are well documented (Johannes and Schmitz
2019). DNA methylation is not always faithfully maintained somatic and germ line
cells despite the regulation. As a result, cytosine methylation is sometimes gained or
lost in a stochastic fashion due to spontaneous epimutations (Johannes and Schmitz
2019) not only in the somatic cells but also in the germ line cells thereby passing
through the gametes to subsequent generations, and giving rise to heritable epige-
netic variation. Epimutations can also be induced by biotic (Dowen et al. 2012; Bhat
et al. 2019a) and abiotic (Verhoeven et al. 2010) stresses in plants. Profiling the



DNA methylomes of Arabidopsis plants exposed to bacterial pathogen and salicylic
acid (SA) hormone revealed numerous differentially methylated regions, many of
which were transposon-associated regions (Dowen et al. 2012). Multi-generational
drought-induced random epimutations were found at a high proportion among the
cluster of drought-responsive genes in rice. Many of such epimutations were
maintained in advanced generations, and they improved the drought adaptability
of offsprings (Zheng et al. 2017).
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8.2.3 Gene-Tagged Mutants

A large number of mutants in various crops have been developed using gene-tagging
and trapping methods. They employed T-DNA or transposons for generating the
insertional inactivation mutants (loss of gene function), activation tagged mutants
(gain of gene function), and trans-activation tagged mutants for functional genomics
(see Upadhyaya 2007). Till date, a large number of mutants have been characterized
and the genes have been identified (Upadhyaya et al. 2003; Lo et al. 2016). Also, Ds
insertion mutagenesis has been used as an efficient tool to produce diverse variations
for rice breeding (Jiang et al. 2007). However, this method of characterizing the
mutants largely do not involve any DNA markers since the genes are discovered by
isolating the flanking sequences and further validated by overexpression, gene
silencing, reversion, etc. (Pereira 2011).

8.2.4 Gene Silencing Mutants

Gene silencing is a straightforward approach to reduce or knockout expression of a
gene with the hope of seeing a phenotype that is suggestive of its function (see
Ghosh et al. 2020). Transcriptional gene silencing (TGS) and post-transcriptional
gene silencing (PTGS) methods have been demonstrated in several plant species
with clear advantages over insertional mutagenesis like not being limited by gene
redundancy, free from lethal knockouts, lack of non-tagged mutants, and the ability
to target the inserted element to a specific gene. Mutant characterization requires
gene expression and phenotypic evaluation (see Curtin et al. 2007).

8.2.5 Gene-Edited Mutants

Targeted mutagenesis through genome-editing technologies (Przybyla and Gilbert
2021; Singh and Shekhawat 2021) allows direct and irreversible mutations through
nonhomologous end joining of double-stranded breaks generated by CRISPR–Cas9
to get altered phenotype. Recently developed Cas9 variants, novel RNA-guided
nucleases and base-editing systems, and DNA-free CRISPR–Cas9 delivery methods
now provide great opportunities for inducing mutations (see Yin et al. 2017; Atkins



and Voytas 2020; Porto et al. 2020). DNA sequencing and DNA markers are useful
in detecting such gene-edited mutations.
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Targeted mutagenesis in the conserved coding regions of AhFAD2 genes was
undertaken using TALENs (Wen et al. 2018). Mutation frequencies among AhFAD2
mutant lines were significantly correlated with oleic acid accumulation. Using
CRISPR/Cas9 activity, three mutations were generated; G448A in AhFAD2A, and
441_442insA and G451T in AhFAD2B leading to high oleic acid content in peanut
(Yuan et al. 2019). Applications of gene-editing technologies are being
demonstrated in various systems (Sattar et al. 2021; Singh and Shekhawat 2021).

8.2.6 Deletion Mutants

Gene isolation for genomic research (in the absence of genome sequence) employs
generating random DNA fragments and sequencing. Unfortunately, this strategy
requires a labor-intensive assembling of contiguous sequences. In addition, the
redundant DNA segments which are quite frequent in plant genomes make this
strategy inefficient in terms of time, effort, and cost. The effective methods typically
involve the production of a series of nonrandom nested DNA deletions using DNA
sonication, DNase I digestion, exonuclease III digestion, and restriction endonucle-
ase digestion. Several nested deletion strategies utilizing PCR have also been
reported (see Dennis and Zylstra 2002). In addition, a number of in vivo or
in vitro transposon-mediated methods have been developed that utilize random
transposon insertions as a binding site for sequencing primers. An alternative
method which rapidly produces deletions in a cloned DNA fragment using a rare-
cutting restriction enzyme and a frequent-cutting restriction enzyme was also
demonstrated to generate contiguous and colinear cloned DNA fragment (Dennis
and Zylstra 2002).

Like gene-tagged mutants and gene silencing mutants, these deletion mutants also
do not largely involve any DNA markers but depend on expression analysis.
Recently, a CRISPR/Cas9 genome-editing system based on RNA endoribonuclease
Csy4 processing to induce high-efficiency and inheritable targeted deletion of
transcription factors involved in floral development was reported in Arabidopsis
(Liu et al. 2019).

8.3 Characterization of Mutants

Mutations in both somatic and germ lines are retained at a tolerable level in spite of
DNA repair mechanisms (photoreactivation, excision repair, and postreplication
recombination repair) which are probably universal. These mutations are invaluable
to the process of evolution, and they provide the new alleles required for the various
types of genetic analysis (Mendel’s two-factor crosses to chromosome mapping to
studies on genetic structures of populations. Mutations have extensively been used
for elucidating the metabolic pathways. These applications of mutations are now



being increasingly realized with the use of several advanced molecular tools and
techniques. Among them, genetic markers (Amom and Nongdam 2017; Nadeem
et al. 2018; Barman and Kundu 2019) are being used for various purposes like
mutant characterization, mapping the mutations, fine-mapping, candidate gene dis-
covery, etc. The genetic marker is a gene or DNA sequence that directly controls a
trait or shows linkage/association with a trait. They can be classical markers (mor-
phological and biochemical) and DNA/molecular markers. Genetic markers are
playing a major role in detecting the mutations (Wu et al. 2012) and evaluating
mutant and non-mutant populations (Gupta et al. 1999; Jehan and Lakhanpaul 2006)
since 1970s.
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8.3.1 Morphological Markers

Morphological markers can visually distinguish phenotypes at the traits like seed
structure, flower color, growth habit, and other important agronomic traits. They are
easy to use, with no requirement for specific instruments and specialized biochemi-
cal and molecular techniques to measure. Wagner et al. (1992) used hypocotyl color,
monogerm character, pollen fertility, and stem fasciation as the morphological
markers to construct the linkage groups using the mutants in sugar beet. Morpholog-
ical markers have been successfully employed for linkage map construction and
diversity analysis among the mutants of alfalfa (Kiss et al. 1993), rye (Voylokov
et al. 1998), banana (Miri et al. 2009), etc. However, the main disadvantages of
morphological markers are: they are limited in number, influenced by the plant
growth stages and various environmental factors.

8.3.2 Biochemical Markers

With the application of biochemical techniques, identifying the variation in the
physical and chemical properties of proteins has been made possible using the gel
electrophoresis. Forms of the same protein that show different mobility in gel
electrophoresis due to the difference in amino acid sequence and the electric charge
are called allozymes. Since allozymes are coded by different alleles, allozymic
variation is direct indication of genetic variation. Specifically, two or more forms
an enzyme coded by the different alleles of the same gene are called allozymes, and
the enzymes that process or catalyze the same reaction but coded by different genes
are called as isozymes. Though allozyme analysis has the advantage of being
relatively rapid, cost-effective, efficient, and sampling being spread over a variety
of presumably independent gene loci, it has the chief disadvantage of relatively low
abundance and low level of polymorphism. In many species, the maximum
allozymic variation is 20–30%. Another drawback of allozyme electrophoresis is
that the bands (alleles) that have the same electric charge and migrate to the same
pole in the gel may not be truly allozymic. In an initial effort on biochemical
markers, Scandalios and Espiritu (1969) reported two forms of aminopeptidase



(AmP) using conventional zone electrophoresis in Pisum sativum. Isozyme analysis
was used for characterizing the mutants in maize (Schwartz 1971), tomato (Caruso
and Glier 1973; Mattoo and Vickery 1977), rice (Alvarez et al. 2000), etc.

212 R. S. Bhat et al.

With the advances in proteomics (Ingole et al. 2021), metabolomics (Francisco
et al. 2021; Murphy et al. 2021; Shen et al. 2021; Zheng et al. 2021), and ionomics
(Murgia and Vigani 2015; Sevanthi et al. 2018), the mutant characterization and
gene identification turned out to be more robust. The role of gibberellins (GAs) in
germination of Arabidopsis seeds was examined by a proteomic approach, and
changes in 46 proteins were detected during germination using two-dimensional
(2D) electrophoresis (Gallardo et al. 2002). 2D electrophoresis was used to analyze
the proteome of the salt-tolerant mutant (RH8706-49) and the salt-sensitive mutant
(H8706-34) of wheat (Huo et al. 2004). With MALDI-TOF-MS analysis, the
qualitative and quantitative differences were identified between the two mutants
for five chloroplast candidate proteins: H+-transporting two-sector ATPase, gluta-
mine synthetase 2 precursor, putative 33 kDa oxygen evolving protein of photosys-
tem II and ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit.

8.3.3 DNA Markers

DNA/molecular markers detect differences in DNA sequence arising due to base-
pair substitutions, deletions, and additions, and are thus less ambiguous than the
morphological and biochemical markers, which depend upon gene expression
(Williams et al. 1993). Wessler and Varagona (1985) attempted the molecular
analysis of more than 40 mutant alleles of the waxy (Wx) locus of maize which
were phenotypically unstable due to the insertion of the maize transposable activator
(Ac) and dissociation (Ds) elements. The Wx transcription unit had insertions
ranging in size from 150 base-pairs to 6.1 kilobases and deletions resulting in the
mutant phenotype. Later, Spell et al. (1988) sequenced the upstream region of Wx
transcription unit and found restriction fragment length polymorphism (RFLP).
Okagaki and Wessler (1988) cloned the waxy gene from maize and rice and found
that many restriction sites within the translated exons were conserved. Helentjaris
et al. (1986) constructed the first genetic map based on the RFLP markers in maize
and tomato. RFLP markers were also employed to construct genetic map using the
Arabidopsis mutants (Chang et al. 1988). Petunia hybrida line V30 harbors three
dihydroflavonol-4-reductase (DFR) genes (A, B, C), and they were mapped by
RFLP analysis on three different chromosomes (IV, II, and VI, respectively) (Beld
et al. 1989).

Williams et al. (1993) demonstrated mapping of mutant genes using RAPD
markers which employed a set of primers corresponding to mapped RAPDs
distributed throughout the genome of Arabidopsis on the pools of F2 plants obtained
by crossing homozygous wild type genotype with a mutant. Subsequent advances in
marker technology witnessed the use of AFLP (Castiglioni et al. 1998; Qu et al.
1998; Li et al. 2000), SSR (Tang et al. 2001), ISSR (Schwarz-Sommer et al. 2003),
DArT (Vipin et al. 2013; Shasidhar et al. 2017), and EST (Kuraparthy et al. 2008)



markers for mutant characterization and mapping of mutations. da Silva et al. (2016)
employed TRAP and SRAP markers on guarana plant accessions which showed
more polymorphism than the RAPD markers. SRAP markers were also useful in
capturing the variation among morphologically similar accessions. Utility of TRAP
markers to determine indel mutation frequencies induced by gamma ray irradiation
was also demonstrated in faba bean (Vicia faba L.) by Lee et al. (2019). The TRAP
markers distinguished mutant lines and showed association between mutation fre-
quency and gamma doses.
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By far the most common type of molecular variation exists at single nucleotide
level in terms of substitutions, insertions, and deletions. These polymorphisms
collectively are referred to as single nucleotide polymorphisms (SNPs). SNP
genotyping can be done either at whole-genome level or reduced genome represen-
tation level (atrial genome) to differentiate the mutants from its parents. Till date, a
large number of SNPs have been identified and their structural and functional
features have been studied (Bhat et al. 2022).

An initial study with SNP-derived cleaved amplified polymorphic sequence
(CAPS) analysis could identify the structural variations for the rice semi-dwarfing
gene, sd-1, the rice “green revolution gene” encoding a mutant enzyme involved in
gibberellin synthesis (Monna et al. 2002) between the Dee-Geo-Woo-Gen-type sd-1
mutant and the normal-type variety. Further, PCR-RF-SSCP (PRS), which combines
CAPS and single-strand conformation polymorphism (SSCP) was used to detect
SNP between wild type Waxy gene and its mutant types (Sato and Nishio 2003).
SNP detection reactions based on multiplexed primer extension assay called
multiplexed SNaP shot assay and matrix-assisted laser desorption/ionization time-
of-flight (MALDI-ToF) assay were established for high-throughput SNP genotyping
the mutants in Arabidopsis (Torjek et al. 2003). SNPs derived via diversity arrays
technology (DArT)seq were used to map liguleless mutant (LM) of Aegilops tauschii
(Dresvyannikova et al. 2019).

Genotyping by sequencing (GBS)-derived SNPs were used to map the homolo-
gous transformation sterility gene (hts) in wheat (Yang et al. 2018), Anthocyanin
Acyltransferase1 (AAT1) gene in maize (Paulsmeyer et al. 2018), the three-pistil
gene (Pis1) in wheat (Yang et al. 2017) Breviaristatum-e (ari-e) locus in cultivated
barley (Liu et al. 2014), etc. where the polymorphic alleles were derived from the
mutations.

Genetic mapping using a 9 K SNP genotyping assay and restriction site-
associated DNA sequencing (RAD-Seq) on bulked segregants derived from a
cross between the susceptible cultivar Columbus, thought to possess the suppressor,
and Columbus-NS766, a resistant, near-isogenic line believed to contain a mutant
non-suppressor allele introgressed from Canthatch could identify the markers linked
to a locus of stem rust resistance in wheat (Pujol et al. 2015).

To expedite the discovery of mutant gene for assessing gene function, the
SHOREmap (SHOrtREad map) (Schneeberger et al. 2009), NGM (Next-Generation
Mapping) (Austin et al. 2011), MutMap (Abe et al. 2012), MutMap+ (Fekih et al.
2013), MutMap-Gap (Takagi et al. 2013b), and QTL-Seq (Takagi et al. 2013a)
methods were developed. In all of these methods, except QTL-Seq, mutation is



generated using mutagens and the mutant population is screened for the desired
phenotype.

214 R. S. Bhat et al.

Later, a few other variants of SHOREmap like synteny-based mapping-by-
sequencing (Galvao et al. 2012) and SHOREmap (version 3.0) (Sun and
Schneeberger 2015) were introduced. SHOREmap, the GATK pipeline, and the
samtools pipeline were used to identify the mutations in HASTY locus governing
leaf hyponasty in Arabidopsis (Allen et al. 2013). NGM was used to identify three
genes involved in cell-wall biology in Arabidopsis thaliana (Austin et al. 2011).
MutMap-Gap was applied to isolate the blast-resistant gene Pii from the rice
cv. Hitomebore using mutant lines that have lost Pii function (Takagi et al.
2013b). These related techniques were used to identify the mutation in ent-kaurene
synthase, a key enzyme involved in gibberellin biosynthesis conferring a
non-heading phenotype in Chinese cabbage (Brassica rapa L. ssp. pekinensis)
(Gao et al. 2020), GWC1 for high grain quality in rice (Guo et al. 2020b), PAMP-
triggered immunity in Arabidopsis (Kato et al. 2020), single nucleotide substitution
at the 3′-end of SBPase gene involved in Calvin cycle affecting plant growth and
grain yield in rice (Li et al. 2020), ZmCLE7 underlying fasciation in maize (Tran
et al. 2020), Brnym1, a magnesium-dechelatase protein, causing a stay-green phe-
notype in an EMS-mutagenized Chinese cabbage (Wang et al. 2020), PINOID
regulating floral organ development by modulating auxin transport and interacting
with MADS16 in rice (Wu et al. 2020), etc.

Genes underlying mutant phenotypes can be isolated and characterized by com-
bining marker discovery, genetic mapping, and resequencing. However, direct
comparison of mutant and wild type genomes could be a straightforward method
to identify the mutant loci. NIKS (needle in the k-stack), a reference-free algorithm
based on comparing k-mers in whole-genome sequencing data for precise discovery
of homozygous mutations was proposed (Nordstrom et al. 2013). NIKS was applied
in eight mutants induced in nonreference rice cultivars and also in two mutants of the
nonmodel species Arabis alpina. In both the species, comparing pooled F2 plants
selected for mutant phenotypes revealed small sets of causal mutations. Thus, NIKS
enables forward genetics without requiring segregating populations, genetic maps,
and reference sequences possibly in any species. Later, NIKS along with high-
resolution melting (HRM) was used to identify regulators of postharvest senescence
in EMS-derived mutants of Arabidopsis (Hunter et al. 2018).

A targeting-induced local lesions in genomes (TILLING) population was devel-
oped by irradiating rice seeds with X-rays, and the wild type and the early-maturing
mutant were subjected to whole-genome resequencing (WGRS) to identify the
SNPs. The expression of at least 202 structurally altered genes was changed in the
mutant, and functional enrichment analysis of these genes revealed that their molec-
ular functions were related to flower development (Hwang et al. 2014).

Genome-wide survey of artificial mutations induced by ethyl methanesulfonate
and gamma rays in tomato indicated that C/G to T/A transitions were predominant in
the EMS mutants, while C/G to T/A transitions, A/T to T/A transversions, A/T to
G/C transitions, and deletion mutations were equally common in the gamma ray



mutants. More than 90% of the mutations were located in intergenic regions, and
only 0.2% were deleterious (Shirasawa et al. 2016).

8 Molecular Markers for Mutant Characterization 215

8.3.4 Transcriptome and miRNA Profiling

RNA-Seq (RNA-sequencing) is a technique employed to examine the quantity and
sequences of RNA in a sample using next-generation sequencing (NGS). It has
become an indispensable tool for transcriptome-wide analysis of differential gene
expression, differential splicing of mRNAs and RNA biology (single-cell gene
expression, translation, and RNA structure) (Stark et al. 2019). RNA-Seq has been
successfully used for characterizing the transcriptome of mutants in comparison to
the wild types, thus identifying the underlying genes.

RNA-Seq was used to characterize a late leaf spot (LLS) disease susceptible
EMS-derived mutant (M14) from a resistant genotype (Yuanza 9102) of peanut, and
to identify the candidate genes under diseased condition. A total of 2219 differen-
tially expressed genes including 1317 up-regulated genes and 902 down-regulated
genes were detected. Pathogenesis-related (PR) protein genes were significantly
up-regulated, while photosynthesis genes were down-regulated in M14. Moreover,
the up-regulated WRKY transcription factors and down-regulated plant hormones
related to plant growth were detected in the M14 (Han et al. 2017). RNA-Seq was
also used to understand the molecular and genetic basis of plant height using a semi-
dwarf peanut mutant and its wild line Fenghua 1 (FH1) at the mature stage. The
DEGs were involved in hormone biosynthesis and signaling pathways, cell-wall
synthetic and metabolic pathways (Guo et al. 2020a).

Transcriptome analysis and miRNA profile sequencing of seeds from the
hydroxyproline (HYP)-tolerant mutant and its parent (Huayu 20) was conducted to
elucidate the molecular basis of higher grain size and oil content. Major transcription
factors linked to seed development and/or oil biosynthesis were differentially
expressed between the genotypes. Moreover, differentially expressed genes related
to seed development or oil biosynthesis were also identified. Differentially expressed
miRNAs (116) and their target genes playing important role in seed development
were identified (Sui et al. 2019).

8.3.5 Transposable Element Markers

Various types of transposable elements together make up a large (50–70%) portion
of the plant genome. Largely, two types of TEs have been identified based on the
transposition intermediates. Class I TEs transpose through RNA, while class II TEs
do so by DNA. This difference results in the increase in the copy number of class I
TEs within the genome. Structurally, class I TEs (specifically called
retrotransposons) can either have direct long terminal repeats (LTRs) (as in LTR
retrotransposons) or can be free from LTRs (as in non-LTR retrotransposons). Class
II transposons generally have short terminal inverted repeat (TIR). Transposons have



allowed the development of TE markers (Izsvak et al. 1999; Casa et al. 2000; Kumar
and Hirochika 2001) because of their ubiquitous and wide distribution in genomes,
and high polymorphism at their insertion sites. Also, the transposons have a particu-
lar genomic and transcriptional pattern thereby differentially influencing the genome
and transcriptome (Marcon et al. 2015), and shaping the organization, stability
(Chen and Ni 2006; Lu et al. 2012), and evolution of the genome (Casacuberta
and Santiago 2003). Since a large number of mutations and genetic instabilities
involve TE polymorphisms, development of TE markers (Flavell et al. 1998; Bhat
et al. 2019b; Venkatesh and Nandini 2020) to detect such polymorphisms is very
important.
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8.3.6 Retrotransposon Markers

Several types of retrotransposon markers have been developed. They are sequence-
specific amplification polymorphisms (S-SAP) (Waugh et al. 1997), inter-
retrotransposon amplified polymorphism (IRAP), retrotransposon-microsatellite
amplified polymorphism (REMAP) (Kalendar et al. 1999), and iPBS (Kalendar
et al. 2010). Recently, a high-throughput sequencing platform was developed for
an efficient screening of LTR retrotransposon families that show high levels of
insertion polymorphism among closely related cultivars (Monden et al. 2014a, d).
This approach was tested in strawberry genome to determine 24 LTR
retrotransposon families. Among them, several families were experimentally con-
firmed for their high levels of insertion polymorphism among closely related
cultivars. Additionally, a large number of insertion sites for retrotransposon families
that showed diverse insertion patterns were identified using high-throughput
sequencing (Yamane et al. 2012; Monden et al. 2014b, c, e). A marker system
based on TaqMan quantitative PCR (qPCR) combined with retrotransposon-based
insertion polymorphism (RBIP) was developed to estimate the dosage of an LTR
retrotransposon (scIvana) in sugarcane (Metcalfe et al. 2015). Apart from LTR
retrotransposons, Short Interspersed Nuclear Elements (SINEs), a non-LTR
retrotransposon, was employed for the development Inter-SINE Amplified Polymor-
phism (ISAP) marker, which was employed for genotype-specific high-resolution
fingerprinting in potato (Wenke et al. 2015). Suppression PCR was used for the
whole-genome experimental identification of insertion/deletion polymorphisms of
interspersed repeats (Mamedov et al. 2005). The same technique was applied for
identifying genome-wide polymorphic insertion sites of PHARE1, a retrotransposon
from the red bean (Vigna angularis (Willd.) Ohwi & H. Ohashi) (unpublished).
Since many of the spontaneous and induced mutants involve TE activities, the
aforesaid markers can be employed for mutant characterization. In fact, IRAPs
were developed to differentiate the mutants from non-mutants in apple (Antonius-
Klemola et al. 2006) and citrus (Du et al. 2018). In addition, IRAPs were also used in
wheat (Belyayev et al. 2010; Nasri et al. 2013), flax (Smýkal et al. 2011), and
Lallemantia iberica (Cheraghi et al. 2018), and REMAPs were generated in apple
Antonius-Klemola et al. (2006), barley (Kalendar et al. 1999, 2000), wheat (Nasri



et al. 2013), Lallemantia iberica (Cheraghi et al. 2018), almond (Sorkheh et al.
2017), etc. Sequence-specific amplified polymorphism (S-SAP) was developed
through modification of the AFLP method, which has been widely used in several
plant species (Waugh et al. 1997; Syed et al. 2005; Lou and Chen 2007; Konovalov
et al. 2010; Petit et al. 2010; Melnikova et al. 2012; Du et al. 2018).
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iPBS was used in Tetradium ruticarpum (Xu et al. 2018) and many Fagaceae
species (Coutinho et al. 2018). To screen diverse LTR retrotransposon families at a
genome-wide scale, iPBS method was employed using the Illumina HiSeq 2000
sequencing platform to obtain LTR sequences in citrus, apple, and soybean
(unpublished data).

8.3.7 DNA Transposon Markers

Among the DNA transposons, miniature inverted-repeat transposable elements
(MITEs) are most abundant (1000–15,000 per haploid genome) among the genomes.
When compared to the non-autonomous elements of class II TEs, MITEs are
relatively small (100–500 bp) and have a preference for insertion into 2–3 bp targets
that are rich in A and T residues (Casa et al. 2000). Various families of MITEs have
been described (Zhang et al. 2000).Heartbreaker (Hbr) family was the first one to be
considered for marker development (Casa et al. 2000) after it was identified (Johal
and Briggs 1992) and isolated from maize (Zhang et al. 2000). Subsequently, the
diversity and dynamics of DcMaster-like elements of the PIF/Harbinger superfam-
ily was studied in carrot (Grzebelus and Simon 2009) and Medicago truncatula
(Grzebelus et al. 2007b). Vulmar/VulMITE were identified in Chenopodiaceae
subfamily Betoideae (Grzebelus et al. 2011). Genomic distribution of MITEs in
barley was determined by MITE-AFLP mapping (Takahashi et al. 2006), and the
novel MITEs were isolated and analyzed for marker utility (Lyons et al. 2008). TEs
were also identified using whole-genome sequencing in banana (Hřibová et al.
2010), peanut (Bertioli et al. 2016), wheat (Wanjugi et al. 2009), foxtail millet
(Yadav et al. 2015), etc.

An exhaustive effort has been made in peanut to identify (Patel et al. 2004) and
develop Arachis hypogaea miniature inverted-repeat transposable element
1 (AhMITE1) markers (Bhat et al. 2008; Gowda et al. 2010, 2011; Shirasawa et al.
2012a, b; Gayathri et al. 2018). Before the availability of the genome sequence of
peanut (or its progenitors), Shirasawa et al. (2012a), followed a modified method of
Nunome et al. (2006), which is generally used to develop SSR markers, to find out
the polymorphic sites of AhMITE1.

Transposon display (TD) was also attempted for TEs other than MITE. TD for
dTph1 (Ac/Ds family) in Petunia hybrida (Van den Broeck et al. 1998), DcMaster
(PIF/Harbinger-like) in carrot (Grzebelus et al. 2007a), Rim2/Hipa (CACTA family)
in Oryza ssp. (Kwon et al. 2005), nDart (hAT family) in rice (Takagi et al. 2007) etc.
have been reported in the past.

Alternatively, transposon sites in genomes could be identified from the whole-
genome sequence reads obtained by next-generation sequencing technology. Many



tools are available for TE discovery and annotation (Goerner-Potvin and Bourque
2018). In peanut, with the availability of the genome sequences of the diploid
progenitors of peanut (Bertioli et al. 2016), efforts were made to identify the
genome-wide distribution of AhMITE1 (Gayathri et al. 2018). For this, a set of
diverse genotypes (33) including the genetically unstable peanut mutants which
show hyperactivity of AhMITE1 (Hake et al. 2018) were used to discover the
AhMITE1 insertion polymorphic sites (AIPs). Whole-genome re-sequencing
(WGRS) reads from a large number of diverse genotypes were analyzed using the
computational method polymorphic TEs and their movement detection (PTEMD)
(Kang et al. 2016) for the de novo discovery of AIPs. This tool has been applied in
peanut lines (Gayathri et al. 2018) to find hundreds of AhMITE1 copies over the
diploid peanut genomes and to develop AhMITE1 markers. These AhTE markers
showed as high as 20% polymorphism. This effort demonstrated the utility of
mutants as a source of TE polymorphism to develop TE markers. These AhTE
markers were used to find the differences between TMV 2 and its EMS-derived
mutant TMV 2-NLM for the AhMITE1 insertion polymorphisms and to map impor-
tant taxonomic and productivity traits in peanut (Hake et al. 2017b; Jadhav et al.
2021). AhTE markers were also employed to identify the marker-trait associations
for disease resistance (Kolekar et al. 2016; Shirasawa et al. 2018), quality traits
(Hake et al. 2017a), and nutritional traits (Nayak et al. 2020) in peanut. Checking
background genome recovery in marker-assisted backcross breeding is an important
activity to ensure that the promising backcross line resembles the recurrent parent at
all other genomic region except the region being transferred. AhTE markers have
been successfully used assessing the background genome recovery in peanut (Yeri
and Bhat 2016; Kolekar et al. 2017).
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8.3.8 Markers to Detect Epimutations

With the growing understanding on epimutations, techniques to detect DNA meth-
ylation and histone modifications are being developed (Albertini and Marconi 2013;
Ghosh et al. 2021). The methods which use comprehensive knowledge of an
organism’s genome sequence are bisulfite modification and chromatin immunopre-
cipitation (ChIP). Methylation-sensitive amplification polymorphism (MSAP) is a
modified amplified fragment length polymorphism (AFLP) technique which does
not require genome sequencing. High-performance separation techniques such as
high-performance capillary electrophoresis (HPCE) and high-performance liquid
chromatography (HPLC) can also be used for detecting the cytosine methylation
(Ghosh et al. 2021). metAFLP approach which allows for partition of complex
variation into sequence changes, de novo methylation and demethylation was
proposed and employed among the regenerants derived tissue culture in triticale
(Machczyńska et al. 2014). A computational method AlphaBeta was demonstrated
for estimating the precise rate of stochastic events using pedigree-based DNA
methylation data as input to study transgenerationally heritable epimutations in



clonal or sexually derived mutation accumulation lines, as well as somatic
epimutations in long-lived perennials (Shahryary et al. 2020).

8 Molecular Markers for Mutant Characterization 219

Initial method for the identification and quantification of histone post-
translational modifications depended on mass spectrometry (Freitas et al. 2004).
Later, the techniques like DNase-seq, which is based on nuclease DNase I, and
ATAC-seq, which is based on transposase Tn5, have been widely used to identify
genomic regions associated with open chromatin. These techniques have played a
key role in dissecting the regulatory networks in gene expression in both animal and
plant species. Zhao et al. (2020) developed a technique, named MNase hypersensi-
tivity sequencing (MH-seq), to identify genomic regions associated with open
chromatin in Arabidopsis thaliana. Genomic regions enriched with MH-seq reads
were referred as MNase hypersensitive sites (MHSs), and these MHSs overlapped
with the majority (~90%) of the open chromatin identified previously by DNase-seq
and ATAC-seq. Further, 22% MHSs not covered by DNase-seq or ATAC-seq reads
were identified by this technique, and they were referred to as “specific MHSs”
(sMHSs).

8.4 Opportunities to Develop New Marker Systems

Various marker systems are in demand for their applications in crop improvement.
The development of new marker systems requires identification of genome-wide
DNA features. Like SNPs and TE insertion polymorphisms, DNA copy number
variation (CNV) is an important source of genetic variation, which has been
recognized recently (Sebat et al. 2004). Nearly 12% of the human genome is covered
by 1447 CNV (Redon et al. 2006). A new method called CNV-Seq was proposed to
detect copy number variation using high-throughput sequencing (Xie and Tammi
2009). Genome-wide analysis in the mutant and wild type genotypes could identify
the CNVs in wheat (Diaz et al. 2012; Nilsen et al. 2020), soybean (Bolon et al. 2014;
Lemay et al. 2019), maize (Jamann et al. 2014), banana (Datta et al. 2018), etc. Yin
et al. (2020) observed the structural variations (SVs like CNVs and PAVs) among
the resistant gene analogs (RGAs) in peanut. Differential expression between the
resistant and the susceptible genotypes was more pronounced among the RGAs with
SV than those RGAs without SVs. Thus, availability of SV-based markers in future
may help identifying the candidate genes apart from characterizing the mutants.

In peanut, we made an effort to identify SNPs, insertion sites of AhMITE1, copy
number variations and DNA methylation sites among the mutants and non-mutant
genotypes to assess their scope in developing the new marker systems (Table 8.1) by
analyzing the WGRS data of 231 peanut genotypes, including a few mutants,
available in the public domain as an effort towards marker development (unpub-
lished data). CNV analysis with a mean window size of 7672 bases identified a large
number of CNVs in mutants though non-mutant genotypes showed more CNVs
across all the chromosomes. Presence and absence variations (PAVs) were also
observed at a few loci. Currently, the efforts are in progress to use CNVs and
PAVs for marker development by designing the primers flanking the DNA sequence
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which shows CNV/PAV. Peanut mutants also showed considerably large number of
SNPs, AhMITE1 insertion sites, and DNA methylation sites though the numbers
were more in non-mutant genotypes (Table 8.1), indicating the possibility of devel-
oping the markers to detect the SNPs, AhMITE1, and DNA methylation for various
applications (Fig. 8.2).
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Fig. 8.2 Copy number variation between the mutant and the wild types of peanuts (Hake et al.
2018)

8.5 Conclusions and Prospects

Beginning with the morphological markers to biochemical markers to DNAmarkers,
they have been successfully used for mutant characterization, and mapping and
identification of mutant loci in various plant systems. Considerably large number
of genes have been identified from these mutants for various uses. Other categories
of mutants obtained with DNA tagging, gene editing, gene silencing, etc. have also
contributed extensively for the gene discovery. In spite of these progresses, efforts
are underway to use other genomic features (CNVs, PAVs) for marker development.
DNA and RNA sequencing and methylome sequencing are being applied in various
crops to detect the mutations and epimutations. In the future, the mutant characteri-
zation at global levels of genome, transcriptome, and methylome could greatly
enhance the efficiency of gene identification for better crop productivity.
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Application of TILLING as a Reverse
Genetics Tool to Discover Mutation
in Plants Genomes for Crop Improvement

9

M. I. Siddique, A. Younis, M. A. Gururani, and J. Venkatesh

Abstract

The deployment of mutant resources for plant functional genomics is ever
increasing with the availability of genome information of economically important
crops. Targeting Induced Local Lesions IN Genomes (TILLING) is a reverse
genetics approach for high-throughput discovery of induced mutations in the
desired gene(s) from a mutant population developed through mutagenesis.
TILLING accelerates trait discovery and crop genetic improvement. TILLING
strategies for several crops have been developed for the identification of the
desired mutants. The combined use of TILLING and the high-throughput
sequencing technologies can overcome the bottlenecks of traditional TILLING
approaches and facilitates the rapid discovery of useful mutations. Several impor-
tant mutants related to economically important traits have been identified in
agronomic and horticultural crops by employing TILLING by sequencing
(TbyS) and, thus, have sizeable potential in crop improvement. In this chapter,
we highlight significant developments in the use of TILLING strategies along
with the application of high-throughput techniques, such as high-resolution
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melting (HRM) and next-generation sequencing (NGS) in the discovery of
mutations and further discuss the challenges and prospects of TILLING in
modern crop breeding.
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9.1 Introduction

Forward and reverse genetics approaches are two classical approaches often used to
discover the underlying mechanisms of biological processes and systems (Robinson
and Parkin 2009). Basically, both approaches include analysis of mutants or plants
with altered phenotypes to reveal the genetic association between genotype and
phenotype in order to determine the gene function underlying the phenotype.
Forward genetics is a typical approach used for the identification of the genetic
alterations or mutations responsible for the altered or abnormal phenotypes. It is a
phenotype-driven approach and does not rely on any a prior assumption about the
molecular basis of phenotypes. The classical forward genetic approach involves
random mutagenesis and subsequent isolation of defective genetic mutants for a
specific biological process or phenotype. The genetic variations responsible for the
varied phenotype can be identified by employing map-based cloning, genome-wide
association studies, and resequencing-based approaches. The forward genetic
approaches have been effectively used for cloning various genes in different crop
species (Keller et al. 2005; Komatsuda et al. 2007; Desiderio et al. 2016; Szurman-
Zubrzycka et al. 2018; Liu et al. 2016). Reverse genetics is a classical tool that has
been successfully employed in plant biology to infer causal relationships between
phenotype and genotype. Unlike forward genetic approaches, reverse genetic
approaches aim to identify the function of a known gene through phenotypic
analysis of an organism’s impaired or altered gene function. Commonly used reverse
genetic approaches include targeted gene disruption/replacement (knockout), gene
silencing (knock-down), insertional mutagenesis, targeting induced local lesions in
genomes (TILLING), and genome-editing approaches (Caldwell et al. 2004;
Gilchrist and Haughn 2010; Desiderio et al. 2016). Typically, reverse genetics
encompasses selecting a target gene, creating mutants of the selected gene, and
examining the associated phenotypes to reveal the function of the gene of interest.
Mutants can also be identified in natural plant populations, or mutant populations
developed by various approaches, including chemical and physical mutagenesis,
T-DNA- and transposon-based insertional mutagenesis, RNAi-mediated knock-
down, or genome-editing approaches (Martienssen 1998; Ostergaard and Yanofsky
2004; Robinson and Parkin 2009; Altpeter et al. 2016). Mutant populations devel-
oped through the aforementioned approaches can be used for both forward and
reverse genetic studies. In this chapter, we reviewed the main concepts, recent



research trends, and importance of TILLING analyses in plants. In particular, we
focused on the utilization of TILLING for crop improvement.
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9.2 Targeting Induced Local Lesions IN Genomes (TILLING)

Large-scale DNA sequencing approaches have radically changed the way many
biological problems are addressed. The traditional genetic analysis of a gene starts
with a phenotype (forward genetics), where most of the genes are known from their
sequence, but the mechanism underpinning the phenotypes and identity of causative
genes is unknown, which has paved the way for the rapid reverse genetic
approaches. Thus, reverse genetic approaches have become an important tool for
many researchers, and new technological advancements are in great demand (Nagy
et al. 2003). Nevertheless, reverse-genetic approaches are not similarly applicable
for all organisms. TILLING is the conventional strategy, applicable for all organisms
which involve traditional mutagenesis and high-throughput screening for induced
mutations. Furthermore, reverse genetics approaches provide indispensable
resources to study the desirable plant features and the identification of sequence
variations of the genes with known function. There are yet voluminous predicted
genes in fully sequenced plant genomes with unknown function or phenotype that
can be discovered through experimental evidence (Desiderio et al. 2016). TILLING
(Targeting Induced Local Lesions IN Genomes) term was coined by McCallum et al.
(2000) for large-scale mutation discovery in Arabidopsis thalianamutant population
targeting the CMT1 gene, which encodes a DNA methyltransferase homolog with a
chromodomain, termed as “chromomethylase.” TILLING does not involve trans-
genic modifications. It is an attractive approach for functional genomics and is also
an ideal pre-breeding tool for the development of improved crop varieties that can
overcome public concerns as they are not regulated as genetically modified organism
(GMOs). TILLING can be applied in both prokaryote and eukaryote organisms of
any genome size, the number of chromosomes, and ploidy level. Furthermore,
TILLING method does not require a complete genome sequence but the minimum
information of the DNA sequence of the gene(s) of interest. It is based on conven-
tional PCR followed by mutation detection by any suitable method according to the
accessibility of facilities and equipment, as described in the following sections. A
TILLINGmutagenized population can, however, be used as an effective forward and
reverse genetic tools for the identification of economically important genes.

TILLING integrates conventional mutagenesis with high-throughput mutation
detection (Colbert et al. 2001; McCallum et al. 2000). It allows the generation of
novel allelic series of mutations in candidate genes in the mutagenized populations.
This approach combines the use of synthetic chemical or physical mutagenesis
techniques with sequence-specific mutation discovery processes. As described
above, TILLING has the benefit of genome-wide mutation discovery and broader
applicability for the pursuit of point mutations in any organism. Many TILLING
populations have been constructed for numerous crop species using diverse
mutagens (Table 9.1). The TILLING technology can also provide a collection of
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alleles that can offer a range of phenotypic asset and enable structural and functional
studies. Moreover, mutations causing stop codon or amino acid replacements in the
encoded proteins have the capability to modify the specific action of enzymes by
providing alleles with varying strength; for example, a mutation might lead to an
enzyme with only 10% of wild-type activity. This may cause a major reduction in the
end product but maintains a basic level needed for normal plant growth and
development. Thus, mutagenesis can offer useful novel insights into the gene
function in a species under investigation.
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9.2.1 TILLING Process

Producing a suitable mutagenized population and TILLING process requires con-
sideration of several important factors, such as the target population genetic struc-
ture, the choice of mutagen, the mode of sampling, DNA quality, and the pooling
strategy. The genetic structure of the target population can be simple for highly
homozygous, and inbreeding species and factors, such as ploidy level, heterozygos-
ity, and dioecy complicate the TILLING process (Draper et al. 2004; Slade and
Knauf 2005; Wienholds et al. 2003).

Mutagenesis is generally performed by soaking seeds in the suitable mutagen.
Alternatively, pollen can be treated with mutagens, which is the method of choice in
maize (Till et al. 2004). Mutant individuals (the M1 population) derived from
mutagenized seeds are not suitable for TILLING since they are chimeric for
mutations; therefore, seeds from M1 are planted to produce the M2 generation.
M2 individual DNA samples are pooled using an appropriate pooling strategy,
followed by PCR amplification of the target gene sequence (Fig. 9.1). DNA
containing point mutations were detected by denaturing and re-annealing of the
PCR products. This process results in the formation of heteroduplex DNA in which
one strand drives from the mutant and the other strand originate from the wild-type
PCR product. A mismatch formed at the mutation can be recognized by mismatch-
specific endonucleases, such as CEL I (Yang et al. 2000) or ENDO1 (Triques et al.
2008). These enzymes cleave the heteroduplex DNA at the mismatched sites. The
cleavage products can be resolved by gel electrophoresis, usually, sequencing-type
denaturing polyacrylamide gels using an LI-COR DNA analyzer (PAGE).

9.3 Mutagenesis Agents

The first prerequisite for the TILLING approaches is to construct a mutant popula-
tion by applying appropriate mutagens (Fig. 9.1). Mutagens can be either physical
energy or chemical elements that induce a range of genetic variations, including
DNA point mutations, indels, and larger chromosomal aberrations, and thus in the
genomes of treated organisms, novel allelic series that can specify a range of
phenotypes can be created. Defining the ultimate dosage of mutagen is crucial for
optimal mutagenesis; at suboptimal levels, a huge number of plants will be needed to



identify mutations in a gene of interest, and high dosage levels could cause seed or
plant mortality, loss of viability, and sterility problems. It is critical to identify
an optimal dosage because different species and varieties respond differently to
mutagen dosage in terms of lethality (Mba et al. 2010; Till et al. 2007). Observation
of differences in mutation density between mutagenized organisms can be due to
differences in the cytotoxic response to the mutagen and restoration of injuries
induced by the mutagen. The density of induced mutations in the genome is the
main factor for measuring the effectiveness and rate of mutation discovery. The
density of mutation has been assessed for several mutagenized populations
(Table 9.1). The ploidy level of a target mutagenized species can be another factor
that may contribute to the different mutation densities. Due to the redundancy of
several of their genes, polyploids may endure a greater number of mutations per
genome as homologous sequences compensate for the loss of gene function. The
maximum mutation density was found in hexaploid wheat (1 mutation/24 kb),
followed by tetraploid wheat (1 mutation/40 kb), Arabidopsis (1 mutation/300 kb),
maize (1 mutation/500 kb), and rice and barley (1 mutation/1 Mb) (Greene et al.
2003; Caldwell et al. 2004; Till et al. 2004; Wu et al. 2005; Slade et al. 2005).
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Fig. 9.1 Overview of TILLING approaches. Generally, seeds are treated with either physical or
chemical mutagen to induce genetic variation, and then seeds are sown to germinate. The resulting
M1 population is chimeric for mutations. Therefore, each M1 is selfed to create the M2 population.
M2 DNA is extracted from leaf tissue, and M3 seeds are stored (Occasionally, M3 population can
be used for TILLING). DNA samples are pooled to increase throughput. Mutation detection can be
performed by any of the known mutation detection approaches, such as DHPLC, LI-COR, CSCE,
DEco-TILLING, HRM, and TbyS. Mutations were validated through experiments by analyzing the
related phenotypes of mutants
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9.3.1 Chemical Agents

Chemical mutagenesis induces irreversible high-density mutations, including point
mutations and minor deletions, and can also cause chromosomal breaks. Among the
chemical mutagens, alkylating agents are the most frequently used in plant mutant
population construction (Till et al. 2006; Siddique et al. 2020). These are base-
altering compounds that modify the arrangement and properties of the bases.
Alkylating agents trigger all type of point alteration, such as transversions (A$C;
G$T), transitions (A$G; C$T), small base omissions, which may induce
frameshifts in coding sequences, as well as chromosome ruptures (Maluszynski
et al. 2003; Desiderio et al. 2016). Various alkylating substances have been used
for TILLING projects, such as ethyl methanesulfonate (EMS), N-methyl-N-
nitrosourea (MNU), N-ethyl-N-nitrosourea (ENU), methyl nitrosourea (MNH), and
sodium azide. EMS is one of the chemical mutagens most commonly used in
TILLING experiments (Table 9.1). EMS induces random point mutations at a high
frequency, some of which can create novel stop codons in genes of interest. EMS
attaches the alkyl group to the hydrogen-bonding oxygen of guanine, which
produces O-6 alkylguanine that pairs up with T (instead of C) and causes G/C to
A/T base conversion in DNA. In Arabidopsis, wheat, and maize, up to 98–99% of all
EMS-induced mutations are ascribed to this kind of DNA base conversion (Greene
et al. 2003; Till et al. 2003, 2004; Slade et al. 2005). Whereas in rice, barley, and
pepper, G/C to A/T transitions were observed up to 70% (Caldwell et al. 2004; Till
et al. 2007; Siddique et al. 2020). Point mutations induced by the EMS are usually
randomly distributed across the genome and are less destructive compared with the
chromosomal aberrations generally induced by the physical mutagens. Furthermore,
a high degree of mutation saturation can be attained in a mutant population, which
enables the investigation of gene function at a genomic level. ENU usually produces
O6-ethylguanine alterations, but some researches revealed frequent transversions
(A:T/T:A) in the genome, perhaps due to the outcome of O4-ethylthymidine
modifications (Jansen et al. 1995; Skopek et al. 1992). N-methyl-N-nitrosourea
(MNU, MNH) generates merely G/C to A/T transitions. Studies in rice and soybean
indicated, MNU treatment resulted in approximately 90% GC–AT base
modifications (Cooper et al. 2008; Suzuki et al. 2008). The mutation rate achieved
with MNU in soybean (1 mutation/140 kb) was comparable to the mutation rate
obtained with EMS treatment, whereas in rice the MNU mutant population (1 muta-
tion/135 kb) had twofold higher mutation rate than that of an EMS mutant popula-
tion (1 mutation/294 kb) (Till et al. 2007; Cooper et al. 2008; Suzuki et al. 2008).
These studies evidently proved that the chemical reagents are crucial for mutation
density attained. Sodium azide is a chemical substance that is usually used as a
mutagenic agent in some microbes and plants, such as Escherichia coli, Saccharo-
myces cerevisiae, Brachypodium distachyon, Oryza sativa, and Hordium vulgare
(Dalmais et al. 2013; Talamè et al. 2008). Various species have been tested with
different combinations of concentration and treatment time with this mutagen. For
example, in the barley TILLING experiment, 10 mM concentration of sodium azide
was found to be ideal. The mutation rate achieved was 1 mutation/374 kb, which was



three times greater than the mutation frequency obtained with EMS treatment
(1 mutation/1 Mb) (Caldwell et al. 2004; Talamè et al. 2008).
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It has been observed that most insertional mutagenesis applications generate only
loss-of-function alleles, whereas chemical mutagenesis can produce either loss-of-
function (hypomorphic phenotypes) or gain-of-function mutations (hypermorphic
phenotypes) (Desiderio et al. 2016). The hypomorphic alleles might be highly
suitable for devising wild-type gene function. In contrast, hypermorphic alleles are
more expected to be dominant and are highly possible to produce an observable
phenotype for either trivial or important genes. Generally, the incidence of missense
mutations is much higher than the nonsense mutations; however, the majority of
them may not cause visible phenotype changes (Greene et al. 2003).

9.3.2 Physical Agents

In earlier mutation breeding projects, physical mutagens, usually ionizing radiations,
have been used broadly for inducing hereditary mutations, and about 70% of mutant
cultivars were bred through the application of physical mutagenesis (reviewed by
Oladosu et al. 2016). X-rays were the initial agents used to induce mutations. Other
physical mutagens, such as fast neutrons and gamma irradiation are also used to
mutagenize the organisms in functional genomics. In the case of radiation-induced
mutations, the frequency, rate, and spectrum of mutations rely on several factors,
involving radiation form and dosage, linear energy transfer (LET; i.e., the volume of
energy transferred to the test materials), and plant tissue nature and condition (Jo and
Kim 2019). Thus, an extensive delineation of the mutagenic effects for a particular
irradiation treatment is essential for breeding and genomics studies. Gamma irradia-
tion can induce about 30% of small indels of few base pairs length, suggesting it as a
powerful tool for knocking out genes (Sato et al. 2006). In rice, exposure of seeds
with 500 Gy of gamma rays induced single nucleotide substitutions and small
deletions (2–4 bp) with the mutation rate of 1 mutation/6.2 Mb (Sato et al. 2006).
Fast neutrons are a type of strong-energy radiation, which predominantly induces
deletions of several hundred to thousands of base pairs in plant genomes. A
TILLING process that utilizes fast neutrons for inducing mutations was named as
delete-a-gene TILLING (Li et al. 2001). Fast neutron induces a range of diverse
deletions. However, one of the potential drawbacks of using deletion mutants
generated through the use of neutron mutagenesis is that some genomic deletions
can affect more than one gene. Furthermore, large genomic deletions are poorly
transmitted through male gametes (Li et al. 2001).

Physical and chemical mutagens vary in their efficiency in inducing genetic
mutations as well as in the range of mutations induced. Physical mutagens generally
cause chromosomal abbreviation or rearrangements to a greater degree and rigor-
ously decrease viability compared to chemical mutagens (Wu et al. 2005). However,
chemical mutagens are easy to use, easily available; no requirement of expensive
irradiation chambers and can facilitate a very high mutation frequency and thus
gained wider popularity in mutation breeding programs.
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9.4 DNA Extraction and Pooling

Once an appropriate mutant population has been constructed, then good-quality
DNA requires to be extracted, and the DNA samples are needed to be at the same
concentrations for pooling to be performed. Generally, for diploid organisms, pooled
DNA can include up to eight individuals to permit successful uncovering of
mutations (Fig. 9.1). Further increase in pool sizes, the sensitivity of mutation
identification reduces due to the decreased fraction of heteroduplex (hybrids between
mutant and wild-type DNA) compared with homoduplexes. Accordingly, the ploidy
level, heterozygosity, and the volume of naturally occurring SNPs, optimal pooling
for a test population should be ascertained experimentally. Two basic pooling
methods have been used frequently including one-dimensional and
two-dimensional methods. In a one-dimensional pooling strategy, DNA from eight
individuals is generally mixed to achieve the desired DNA pooling. If a mutation is
detected in a pool containing eight individuals, then every member of that pool is
screened separately to identify the individual line exhibiting the mutation. In the
two-dimensional pooling strategy, eightfold pools are organized in a bidimensional
array so that, detection of the same mutations in two pools identifies the mutant
individual with a unique row and column address; therefore, you need to exclude the
screening of individual samples as performed for the one-dimensional scheme.
Moreover, since two-dimensional pooling implicates screening each individual
with double coverage, possible false-negative and false-positive errors are decreased
at the preliminary screening phase. Another pooling strategy is three-dimensional
pooling, in which samples are pooled in X, Y, and Z dimensions (Reddy et al. 2012).
This approach is usually combined with next-generation sequencing (NGS)-based
TILLING approaches (Tsai et al. 2011; Reddy et al. 2012). The three-dimensional
pooling scheme permits the direct examination of individual mutant sample for the
molecular identification of mutation and avoid the additional sequencing steps
required for mutation discovery (Tsai et al. 2011). Regardless of the approach
used, it is important that all DNA samples are equivalent and normalized with
respect to the concentration; otherwise, distinctive induced mutations may remain
unidentified regardless of pooling schemes.

9.5 Mutation Detection Methods for TILLING

An easy, basic, and simple method to detect mutations in a mutagenized population
is direct Sanger sequencing of the target gene from individual samples. This method
has been used to screen a mutant population of wheat (Feiz et al. 2009). Nonetheless,
compared to other approaches for mutation identification, direct Sanger sequencing
is expensive, not very effective, and thus not regularly used. Therefore, as described
above, most approaches for mutation detection depend on DNA pools in a range of
between 4 and 8 individuals (8–16 alleles) from the mutant population. Once the
DNA pools have been constructed, mutation detection can be followed by any of the
methods as described below.
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9.5.1 Denaturing High-Performance Liquid Chromatography
(DHPLC)

The initial TILLING technique was performed using a commercial denaturing
HPLC referred to as Denaturing High-Performance Liquid Chromatography
(DHPLC) (McCallum et al. 2000). This is a powerful approach originally developed
to examine a mutant population of barley (Caldwell et al. 2004). This approach
allows the discovery of point mutation, such as single-base substitutions as well as
small insertions and/or deletions in a huge number of samples (Xiao and Oefner
2001) and relies on heteroduplex formation between mutated and wild-type DNA
strands due to mismatches in the DNA sequence. Heteroduplex molecules can be
detected by mixing, denaturing, and re-annealing the PCR products, followed by the
sample separation by reverse-phase liquid chromatography on a unique column
matrix with heat denaturation of DNA strands (Keller et al. 2001). However, this
approach would not scale up easily (Colasuonno et al. 2016), this led to the
development of alternative approaches.

9.5.2 Endonuclease Cleavage Followed by Electrophoresis

An enzymatic mismatch cleavage approach was successfully adapted for high-
throughput mutant screening (Oleykowski et al. 1998) much before the discovery
of TILLING. Henikoff and coworkers, in the year 2001, developed a “high-through-
put TILLING” approach that combined eightfold sample pooling, enzymatic mis-
match cleavage assay, single base-pair resolution denaturing polyacrylamide gel
electrophoresis, and laser-based fluorescence detection analysis using LI-COR gene
analyzers (Colbert et al. 2001). Since then, many TILLING studies to date have
commonly employed the LI-COR system for the identification of mutations. In this
approach, the target DNA of around 1.0–1.5 kb is end tagged by PCR using
fluorescently labeled primers with the IRDye 700 (forward) and IRDye 800 (reverse)
dyes. Subsequently, the PCR samples are denatured and re-annealed to produce
heteroduplexes between mutant and wild-type amplicons. Mismatches are then
cleaved by a single strand-specific nuclease, generally CEL 1 nuclease from celery
stalks (Apium graveolens), or ENDO1 from Arabidopsis. Cleaved products are then
refined, normally on Sephadex plates, fractionated according to size by denaturing
polyacrylamide gel electrophoresis, and envisioned by fluorescence detection by
means of the LI-COR gene analyzers (Till et al. 2006). To date, the LI-COR system
has been employed successfully in several crops, such as Arabidopsis, wheat, melon,
and pepper (Henikoff et al. 2004; Dahmani-Mardas et al. 2010; Sestili et al. 2010;
Siddique et al. 2020).
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9.5.3 Alternate Approaches to LI-COR Screening

TILLING systems commonly use LI-COR gene analyzers for mutation detection,
which use fluorescently labeled primers for amplification and are relatively expen-
sive. An economical and cost-effective substitute to the LI-COR system has been
demonstrated with the use of conventional agarose or polyacrylamide electrophore-
sis. The procedure is similar to the mismatch-cleave system as mentioned above;
however in this system, labeled primers are not used, and thus expensive fluores-
cently labeled primers are not required. The ethidium bromide staining is utilized to
visualize the DNA fragments after separation on agarose or polyacrylamide gel. This
technique has proved to have nearly comparable sensitivity as that of LI-COR
systems and can be the optimal method for inexpensive TILLING (Raghavan et al.
2007; Uauy et al. 2009).

Other potential economic alternates are agarose-based mutation detection
methods using SYBR Green I dye (Sato et al. 2006) or fine agarose gels (<4 mm)
containing ethidium bromide (Dong et al. 2009a). However, these methods may
have less mutation detection sensitivity compared to an LI-COR gel analyzer
system. Another approach named as “DEco-TILLING” (double-stranded
EcoTILLING) originally used for SNP detection in chum salmon (Oncorhynchus
keta) is a rapid and inexpensive technique that includes digestion of both strands of
DNA using CEL 1 enzyme similar to the EcoTILLING. Unlike EcoTILLING, in
which the cleavage products need to be purified to remove unincorporated
dye-labeled primers and dye label prior to loading samples on a gel agarose gel
(Garvin and Gharrett 2007). Another alternative method, Endonucleolytic Mutation
Analysis by Internal Labelling (EMAIL), was originally used for mismatch finding
in rice starch synthase IIa encoding gene. In this approach, internal amplicon
labeling is performed using fluorescently labeled deoxynucleotides instead of
5′-end labeling, which enhances CEL nucleases exonucleolytic activity, causing
the removal of the dye-labeled terminal nucleotides and thus limited signal strength
(Cross et al. 2008).

However, it should be noted that procedures utilizing specific mismatch cleavage
enzymes have certain shortcomings since these enzymes do not distinguish all types
of mismatches and they also have less sensitivity in sensing an allele of the DNA or
yield gels with a high background produced by nonspecific cleavage (Kurowska
et al. 2011; Desiderio et al. 2016).

9.5.4 Conformation Sensitive Capillary Electrophoresis (CSCE)

CSCE is an approach used for non-enzymatic mutation discovery based on differen-
tial migration of DNA heteroduplexes (Gady et al. 2009). In this approach, DNA
pools of amplified product from mutant and wild-type alleles are allowed to anneal
randomly to form several duplex species, including homoduplexes from the
annealing of mutant/mutant or wild-type/wild-type fragments, and heteroduplexes
from mutant/wild-type fragments. Mismatches that are formed are resolved and



identified by capillary electrophoresis on an ABI 3130xl Genetic Analyzer. The
DNA heteroduplexes and homoduplexes migrate at differential speeds during elec-
trophoresis in 3130xl Genetic Analyzer, thus facilitating the detection of DNA pools
carrying a mutation within the targeted gene fragment (Gady et al. 2009).
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The CSCE depend on direct assessment of the PCR product from mutant DNA
pools and therefore circumvent some of the laborious and time-consuming steps
require in CEL 1 or gel-based systems. One of the limitations of the CSCE is the
shorter target fragment lengths of 200–500 bp are optimal (Davies et al. 2006)
compared to fragments up to 1.5 kb for the LI-COR-based systems (Gady et al.
2009). CSCE for mutation detection approach has been used in tomato for identifi-
cation of SNPs between Solanum lycopersicum and S. pimpinellifolium (Gady et al.
2009).

9.5.5 Matrix-Assisted Laser Desorption/Ionization-Time of Flight
(MALDI-TOF)

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF) is a technique in which samples are ionized, followed by the transfer
to the mass analyzer to record their mass to charge ratio and then analyzed by using
specially developed software. In TILLING using the MALDI-TOF approach,
samples were amplified in a standard PCR-reaction using the gene-specific primers
followed by MALDI-TOF analysis (Chawade et al. 2010). The MALDI-TOF
generated mass spectra were compared to the mass peaks of the wild-type spectra,
and the samples showing a noticeable deviation from wild-type were sequenced to
confirm the mutations. This system was utilized to discover mutations in a hexaploid
oat TILLING population (Chawade et al. 2010). This method has been described as a
worthy alternative to other screening methods, especially due to its low cost and
capability of high-throughput screening (Chawade et al. 2010).

9.5.6 High-Resolution Melt (HRM)

High-resolution melt (HRM) curve analysis discerns mutations based on
dissimilarities in melting curves of heteroduplexes and homoduplexes. HRM has
been reported as a technique for high-throughput screening in TILLING experiments
(Dong et al. 2009b; Gady et al. 2009; Jeong et al. 2012). The system circumvents all
post-PCR handling of products and can differentiate heterozygous and homozygous
mutations among samples. The optimum amplicon size is smaller compared to those
used in LI-COR and other gel-based systems, making this method most appropriate
for genes with small exons.
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9.5.7 NGS-Based TILLING Approaches

NGS technologies have emerged to overcome some of the difficulties associated
with the traditional TILLING procedures, such as the sample pooling with greater
than eight individuals. NGS approaches have simplified the procedure of linking
mutations detected in TILLING populations to the pertinent phenotypes (Fig. 9.1).
By leveraging NGS technologies, it is now feasible to sequence candidate amplicons
in multiple parallel reactions (SCAMPR) for detecting mutations in target genes in
cost-effective ways comparable to current TILLING strategies. TbyS has been
performed in Arabidopsis, wheat, rice, tobacco, and tomato using Illumina sequenc-
ing of genes amplified from the multidimensional pooled DNA samples (Rigola
et al. 2009; Tsai et al. 2011; Reddy et al. 2012). Each pool of PCR products was
barcoded individually by the ligation of specific DNA adapters allowing accumula-
tion and processing of manifold amplicons. The sequenced samples were
deconvoluted using bioinformatics tools, which can sort sequence reads based on
the adapter sequence. Mutations are identified by comparison against the wild-type
reference sequence; thus TbyS is devoid of enzymatic cleavage or PCR-based
melting systems. It was shown that for grain crops, such as wheat and rice, TbyS
could be very useful to find mutations in target genes using mutated populations
(Tsai et al. 2011).

Another approach, called MutMap which also depends on NGS-based whole-
genome resequencing to detect the causative mutation that is underlying a phenotype
spotted in the mutant population (Fekih et al. 2013). In the MutMap+ approach,
pools of genomic DNA of phenotypically distinct individuals obtained from a
mutant line are subjected to whole-genome sequencing followed by the alignment
of reads to the reference genome and SNP-calling. An SNP-index was determined
for all the SNPs induced by mutagenesis. Genomic regions displaying a distinctive
SNP-index peak were linked to locations of the underlying mutations accountable
for the altered phenotype (Fekih et al. 2013).

A variant of TbyS strategy, exome-capture technology (Henry et al. 2014), in
which a particular part of genes (exons) have been sequenced in order to examine the
expressions of specific proteins that absolutely affect the phenotypes of the plants
(Henry et al. 2014). This approach allows sequencing the coding region of mRNA
for proteins. It circumvents the sequencing of non-coding regions of genes (introns)
that generally do not participate in protein function (Uauy et al. 2017). This approach
has been utilized in various grain crops, such as rice and wheat (Henry et al. 2014;
Uauy et al. 2017).

9.6 Identification and Evaluation of the Individual Mutant

Once a DNA pool having a tentative mutation has been determined, it is required to
identify a DNA sample containing mutations (Fig. 9.1). When a one-dimensional
pooling scheme has been applied, in the second phase of TILLING, only pools of
wild-type DNA and mutant DNA need to be analyzed to verify the mutated



individuals before resequencing the mutant allele. Sequence assessment against the
wild-type allele will endorse an induced mutation and define its nature. It will also
determine whether it aligns with the known mechanism of action of the mutagen
applied. The connection between induced mutation and phenotype can be evaluated
by sibling scrutiny of heterozygous M3 families directly. Another way is to perform
selfing of families of homozygous M3 plants, followed by backcross to the wild-type
parent. Practically, there is little need for widespread backcrossing or further popu-
lation expansion to verify the association between mutation and phenotype, espe-
cially when several independent alleles have been discovered. Moreover, it is not
required to eliminate background mutations to evaluate potential phenotypic impact
though the construction of isogenic lines as they may be needed for other purposes.
However, in polyploid species like wheat, the condition is slightly different in which
introgression of mutant alleles of all homologs through conventional breeding is
normally required to achieve the required phenotype. Furthermore, recurrent
backcrossing to the wild-type or an adapted variety to remove the unwanted back-
ground mutations also is required (Slade et al. 2005, 2012; Uauy et al. 2009).
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9.7 Bioinformatics Tools

Bioinformatics tools and packages are used in the TILLING approach from the
earlier stages, at the time of amplicon selection, till the final step and when the
identity of alleles in question is realized in terms of their influence on protein
function. The analysis of the amplicon is a decisive stage in the TILLING procedure.
In a CEL 1 or gel-based system, the designed primers should be highly specific to the
target gene to achieve the optimum sensitivity of mutation identification. For
polyploid species, such as wheat, this involves designing of homolog-specific
primers (Slade et al. 2005, 2012; Uauy et al. 2009). The primers should bind and
amplify the exonic regions of the gene, largely those that are significant for protein
function analysis or where the probability of finding deleterious mutations is highest
(McCallum et al. 2000). The web-based tool CODDLE (Codons Optimized to
Discover Deleterious Lesions) has been frequently used to anticipate the ideal region
for TILLING. The primer design can also be performed using the web-based
program Primer3 (http://primer3.sourceforge.net/) through recommended
parameters as described in the previous study (Till et al. 2006). The designing of
gene-specific primer and the condition for amplification and optimization are critical,
and there is a strong association between amplicon quality and the success of
TILLING experiment. After the alleles have been detected and categorized, the
SIFT (Sorting Intolerant from Tolerant; http://sift.jcvi.org/) program can be
employed to predict the consequence of mutations on protein function (Ng and
Henikoff 2003). Mutations that have a SIFT score value less than 0.05 was consid-
ered to be deleterious. In addition, the bioinformatics tools SOPMA (Self-Optimized
Method for secondary structure prediction with Alignment; http://npsa-pbil.ibcp.fr/
cgi-bin/npsa_automat.pl?page=npsa_sopma.html) and SAS (Sequence Annotated
by Structure; http://www.ebi.ac.uk/thornton-srv/databases/sas/) can be used to
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estimate the hypothetical influence of mutations on the structure of the secondary
protein. In silico analysis, using ASD (Alternative Splicing Database; http://www.
ebi.ac.uk/asd/) can also be implemented for mutations existing in the non-coding
zones with respect to supposed alternative splicing events.
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For the analysis of the TbyS results, several tools have been used. Among them,
MAPS (mutations and polymorphisms surveyor) is a common tool for assessing
polyploid genomes since it uses each sample as a control for others, and it allows
differentiation between allelic alternatives as per the deviation among homologous
and induced mutations (Henry et al. 2014). However, further improvements in the
use of bioinformatics tools employed for the TbyS datasets are required for precise
results. TbyS technology has ample prospects for future applications. The bioinfor-
matics programs to estimate the possible effect of the observed mutations can be
used as a guide for making a strategy for the specific mutants to be analyzed;
however, they may need to be validated through experiments by analyzing the
related phenotypes of each mutant (Desiderio et al. 2016).

9.8 Modified TILLING Approaches

9.8.1 EcoTILLING

EcoTILLING denotes the modification of TILLING to examine natural populations
to discover natural single nucleotide polymorphism associated with significant
phenotypic traits (Comai et al. 2004). This approach provides a rapid and precise
method to identify a wide range of haplotype varieties in the gene of interest in
the group of accessions or cultivar collections. All the methodologies used in the
TILLING process for mutation detection can be utilized in EcoTILLING. The level
of pooling is smaller in EcoTILLING, compared to TILLING, because the occur-
rence of variations prevailing in natural populations is greater than those in artifi-
cially mutagenized populations. Hence, DNA pooling in EcoTILLING is performed
by mixing the DNA of the examined material and the control genotype in a 1:1 ratio
(Chen et al. 2011; Comai et al. 2004). EcoTILLING allows the fast discovery of
variations in a large number of individuals. It could be more cost-effective by the
grouping of haplotypes and then performing sequencing of one representative from
each haplotype group. The procedure can be applied to any organism when the
sequence information of the gene(s) of interest is accessible. It offers an invaluable
tool for mining of SNPs in plant populations, uncovering variants for the trait of
interests, or determining the regulatory element controlled by any gene, and also the
identification of DNA polymorphisms in individuals with high genetic similarity
(Desiderio et al. 2016).

EcoTILLING has been applied to study a variety of crops, including Arabidopsis,
wheat, rice, and sorghum to discover new allelic variations for imminent molecular
breeding programs (Jawher et al. 2018; Wang et al. 2008). For example, in an
EcoTILLING study, 192 different kabuli and desi chickpea accessions were assessed
to detect polymorphisms for 1133 transcription factors linked to seed weight (Bajaj
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et al. 2016). Concerning the abiotic and biotic stress, EcoTILLING accelerates the
process of identifying naturally occurring resistance alleles, which can be used in
breeding programs and improve elite cultivars. Different researches have shown the
effectiveness of this approach to identify alleles that could enhance resistance to
various plant-related stresses (Desiderio et al. 2016). For example, after identifying
polymorphisms using EcoTILLING, association analyses were performed to cate-
gorize allelic variations underlying drought resistance in rice (Kadaru et al. 2006).
Similarly, EcoTILLING was applied in barley to discover an allelic variation within
the powdery mildew resistance genes mlo andMla (Mejlhede et al. 2006). In another
study, this technique was effectively applied to study natural allelic variation for
resistance to Melon Necrotic Spot Virus disease (MNSV) in diverse Cucumis species
(Nieto et al. 2007). An overview of previous studies using EcoTILLING is
summarized in (Table 9.2).
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9.8.2 Individualized TILLING (iTILLING)

TILLING approach has been applied with minor modifications, which have proven
to be effective. A modified TILLING method, that lessens costs and the duration
required for mutation examination, was developed in Arabidopsis and named as
“individualized TILLING” (iTILLING) (Bush and Krysan 2010). The iTILLING
approach offers that M2 seeds from the whole population are collected in bulk, so no
classification of M2 progenies or DNA samples is needed. The M2 individuals are
grown on agar plugs of 96-well spin plates, and the plant tissue for genomic DNA
isolation is collected directly from plates using the Ice Cap method (Krysan 2004;
Clark and Krysan 2007). The high-resolution melt curve (HRM) analysis of the PCR
amplicon is then conducted to identify mutations without using enzymatic cleavage
and gel electrophoresis. After the detection of mutations, the matching seedling with
the coveted genotype can be transplanted from the 96-well plate to soil or growing
media for seed collection to delineate its phenotype and maintain the individuals and
produce further generations. The iTILLING approach is suitable for the detection of
mutations at a comparatively small number of loci since the screening individuals
used are grown for a short span, and only plants containing mutations that can be
specified in a rather short time could be grown to reach maturity and harvest seeds
for storage.

9.8.3 VeggieTILLING

Another approach is called VeggieTILLING which represents the application of
TILLING in vegetatively propagated crops (apple, potato, strawberry). Natural
vegetative propagation happens through diverse mechanisms involving the genera-
tion of rhizomes and stolons. To develop TILLING platform for vegetatively
propagated plants, the first step is to generate a mutagenized population with an
appropriate density of induced mutation and removal of chimeric sectors (Mba et al.



–

(continued)
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Table 9.2 Important mutants identified by Eco-TILLING in various crops

Species Ploidy Trait Gene name Methodology References

Arabidopsis 2x – DMMT2, DRM1C7,
PIF2, AtWR

LI-COR Comai et al.
(2004)

Wheat 6x Vernalization VRN-A1 CJE/Agarose Liang et al.
(2011)

Wheat 6x Kernel
hardness

Pin a, Pin b LI-COR Ma et al.
(2017)

Rice 2x – LI-COR/UL Rakshit
et al. (2007)

Rice 2x – MYB1, TPP, ADF Agarose gel Raghavan
et al. (2007)

Rice 2x Boron
toxicity

CJE/Agarose
gel

Ochiai et al.
(2011)

Rice 2x Salt tolerance OSCP17 CJE/Agarose
gel

Negrão
et al. (2011)

Rice 2x Drought
tolerance

– LI-COR Yu et al.
(2012)

Rice 2x Salt resistant osCPK17, osRMC,
osNHX1

LI-COR Negrao
et al. (2013)

Rice 2x – osHKTI;5, SalT

Rice 2x Starch
synthesis

GBSSI, SSI, SSIIa,
SSIIIa

EcoTbyS Raja et al.
(2017)

Rice 2x – SBEIa, SBEIIb

Barley 2x Chlorophyll
protein

Lhcb1 LI-COR Xia et al.
(2012)

Barley 2x Heat shock
protein

HSP17.8 LI-COR Xia et al.
(2013)

Brassica
spp.

2x Erucic acid
content

FAE1-A8, FAE1-C3 LI-COR Wang et al.
(2010)

Brassica
spp.

4x Organelle
genome

accD, matK, rbcL,
atp6

LI-COR Zeng et al.
(2012)

Brassica
spp.

– Chloroplast
DNA

Chloroplast DNA EcoTbyS Qiao et al.
(2016)

Tomato 2x Folate
biosynthesis

GCH1, ADCS,
ADCL1, ADCL2,
FPGSp, FPGSm,
GGH1, GGH2,
GGH3

LI-COR Upadhyaya
et al. (2017)

Tomato 2x Plant
development

ACS2, CoP1, CYC-
B, MSH2, NAC-
NOR, PHoT1,
PHYA, PHYB, PSY1

LI-COR Mohan
et al. (2016)

Cotton 4x Sucrose
synthesis

GhSus1At,
GhSus1Dt,
GhSus3At,
GhSus4Dt,
GhSus5Dt,
GhSus6At

LI-COR Zeng et al.
(2016)



2009). The procedure of elimination of chimeras involves successive rounds of
tissue culture. Previous studies indicate that chimeras can be significantly reduced
or stabilized at the third vegetative cycle (Jain et al. 2011).
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Table 9.2 (continued)

Species Ploidy Trait Gene name Methodology References

Pepper 2x Virus
resistance

eIF4E, I1F(iso)4E,
eIF(iso)4G, eIF4G

LI-COR Ibiza et al.
(2010)

Black
poplar

2x Lignin
biosynthesis

CAD4, HCT1,
C3H3, CCR7, 4CL3

TbyS Marroni
et al. (2011)

Rice 2x Seed protein alk, waxy LI-COR Kadaru
et al. (2006)

Olive 2x Fatty acid
enzyme

fad7 LI-COR Sabetta
et al. (2013)

Jatropha 2x Oil and stress
tolerance

AF, DQ66, EUO6,
EFO3, DQ98, EU10,
EU22, EU39, EU23,
EU21, SUSY11,
DQ15

LI-COR Maghuly
et al. (2015)

Chickpea 2x Seed weight – Agarose gel Bajaj et al.
(2016)

9.9 Application of TILLING in Crop Improvement

9.9.1 TILLING for Disease-Resistance Traits

TILLING populations have been used for the purposes of crop improvement by
applying high-throughput mutation screening. Particularly for disease resistance, the
technique can be used to validate candidate genes for the disease resistance
(Desiderio et al. 2016). The powdery mildew disease caused by Blumeria graminis
f. sp. tritici is a major problem in wheat cultivation. It has been reported that natural
and induced loss of function in the barley Mlo gene confers durable resistance. In
wheat, TILLING was employed to detect loss-of-function alleles for the TaMlo
gene, which is found to be an ortholog of the barley Mlo gene. Through TILLING,
16 mutations that caused amino acid alterations were discovered in three TaMlo
homologs which were proven to affect powdery mildew susceptibility and were used
for development of powdery mildew resistant lines. These resistant lines signify an
important move towards the development of commercial non-transgenic wheat
varieties resistant to powdery-mildew (Acevedo-Garcia et al. 2017; Irshad et al.
2020).

TILLING in the hexaploid wheat line “UC1041+Gpc-B1/Yr36” (carrying the
Gpc-B1 gene for high grain protein content, and the Yr36 gene for partial stripe rust-
resistance) identified mutations in the single copy number genes, Kinase Start 1
(WKS1) andWKS2 located on chromosome arm 6BS. By TILLING six mutations in
the WKS1 gene causing an alteration in conserved amino acids were identified,



whereas three mutations causing premature stop codons in the WKS2 gene were
identified for stripe rust resistance (Fu et al. 2009). The WKS2 mutants displayed
considerable resistance compared with controls suggesting that TILLING method
can be used to identify and breed resistant cultivar in wheat (Fu et al. 2009).
Similarly, in maize, TILLING populations were examined for two genes, ZmWAK-
RLK1 and ZmWAK-RLK2 conferring resistance to northern corn leaf blight. A total
of seven mutant lines were identified carrying amino acid substitutions in these two
genes. The analysis showed that the mutants of ZmWAK-RLK2 (RLK2b, RLK2d, and
RLK2e) did not show any change in susceptibility compared to wild-type. Whereas
the mutants of ZmWAK-RLK1 (RLK1b, RLK1d, and RLK1f) exhibited high suscep-
tibility compared to wild-type. One ZmWAK-RLK1 mutant, RLK1e, showed compa-
rable disease resistance to wild-type (Hurni et al. 2015).
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TILLING was also performed in a mutant population of the tomato for potyvirus
resistance gene, eIF4E isoforms. TILLING was accomplished by screening a
TILLING population for mutations in the five translation initiation factors,
eIF4E1, eIF4E2, eIF(iso)4E, eIF4G, and eIF(iso)4G (Piron et al. 2010). In this
study, a splicing mutant of eIF4E1 was discovered conferring resistance to two
strains of Potato virus Y and Pepper Mottle Virus (Piron et al. 2010). Similarly,
TILLING was performed in 1300 EMS-mutagenized pepper M2 lines and discov-
ered the nine mutations in the eIF4E1 (Siddique et al. 2020). TbyS was used in
tomato to target the eIF4E gene, and two mutants were discovered carrying
mutations in the eIF4E gene. Furthermore, the eIF4E gene was also screened
using 92 accessions of tomato to discover natural polymorphisms using TbyS, and
six haplotypes were identified (Rigola et al. 2009).

A TILLING-based method was also used for the positional cloning of the
soybean gene, Rhg4 harboring resistance to the soybean cyst nematode (SCN)
Heterodera glycines (Liu et al. 2012). Previous molecular mapping work detected
QTLs for resistance for SCN on chromosomes 18 (rhg1) and 8 (Rhg4) in the cultivar
“Forrest.” A molecular cloning procedure designated two genes in the Rhg4 vicinity
coding for a subtilisin-like protease (SUB1) and a serine hydroxyl methyltransferase
(SHMT), respectively (Liu et al. 2012). A population of 1920 M2 families
mutagenized by EMS containing cultivar “Forrest” (harboring rhg1 and Rhg4
resistance) genetic background were examined for mutations in the SHMT gene,
which identified two mutants causing missense mutations at amino acid positions
61 (E61K) and 125 (M125I). Both mutants were highly susceptible to SCN (Liu
et al. 2012). In the barley mutant population, two genes (NPR1 and EDR1) involved
in plant defense mechanism through the salicylic acid (SA) signaling pathway were
examined using TILLING approach. Two missense mutations were discovered
among the five total mutations (Hu et al. 2012). Thus these studies demonstrated
that TILLING is a suitable technology to discover new resistance alleles for eco-
nomically important plant diseases and could be utilized as a new genetic resource
for breeding programs. Details of other TILLING studies for disease resistance are
listed in Table 9.1.
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9.9.2 TILLING for Abiotic Stress Tolerance Traits

In rice, TILLING was performed using an M2 mutant population consisting of
961 lines with the aim of screening nine target genes that show vital roles in
membrane transport and the control of the salt-tolerance mechanism. Forty-one
mutants comprising SNPs were identified in the target genes, including OsAKT1,
OsHKT6, OsNSCC2, OsCAX2, OsHKA11, OsP5CS1, OsSOS1, OsNHX1, and
OsNAC60. The mutation rate was one mutation per 492 kb, and the mutation
percentage per total sequence was 0.67%. Among these 41 mutants, 9 showed
mutations in the exon region, and 7 of them were highly salt-tolerant (Hwang
et al. 2017). In barley a mutant population was constructed applying a chemical
mutagen (sodium azide). Screening of mutant alleles through TILLING revealed a
substantial role of the target genes in waterlogging and DNA repair mechanism in
barley (Stolarek et al. 2015; Mendiondo et al. 2016).

In a legume crop Medicago truncatula, identification of a leucine-rich repeat
RLK gene, Srlk, which is responsible for salt stress tolerance, was confirmed through
TILLING approach. Two Srlk-TILLING mutants in M. truncatula were used to
validate the role of LLR-RLKs related to salt stress tolerance (de Lorenzo et al.
2009). Recently, lipoxygenase (LOX) genes were analyzed by exploiting TbyS, and
these genes exhibited greater expression in peanut roots (Guo et al. 2015). A total of
782 individuals of an M2 population were used to screen, which resulted in the
discovery of four missense variations in AhLOX. Likewise, the phospholipase gene,
AhPLD, which plays an imperative role in stress and drought tolerance, was
assessed, and three missense mutations were discovered.

9.9.3 TILLING for Plant Architecture

In barley, two large EMS mutagenized populations were used for the mutation
discovery (Caldwell et al. 2004). Two target genes Hordeum vulgare Floral
Organ Regulator-1 (HvFor1) and Hordoindoline-a (Hin-a) were assessed, and out
of 10 SNPs detected, 6 of them were missense mutations (Caldwell et al. 2004).
Phenotyping of the M3 generations revealed that 20% of the individuals had
noticeable mutant phenotypes (Caldwell et al. 2004). In another study, the barley
HvD14 gene, which is involved in strigolactone signaling, was studied. TILLING
was employed to examine 6912 M2 individuals from the mutant population named
HorTILLUS, which identified seven mutations of the HvD14 gene (Marzec et al.
2016). Among them, one mutation named hvd14.d, was semi-dwarf and exhibited a
considerably greater number of tillers compared to wild-type (Sebastian). This
mutation changed the amino acid “glycine” at position 193 to glutamic acid (Marzec
et al. 2016). An EMS-mutagenized oat population was constructed to discover
mutants through TILLING (Chawade et al. 2010). The M2 plants were at first
evaluated by visual observation for numerous phenotypes containing a range of
early-flowering to late-flowering, dwarfs to tall, and variations in leaf physiology
and chlorosis. Phloroglucinol/HCl staining using M3 seeds from 1824 M2 mutants



uncovered several potential lignin mutants. These mutants were further confirmed by
experiments using a quantitative approach (Chawade et al. 2010).
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9.9.4 TILLING for Yield and Quality-Related Traits

The identification of the genes controlling the yield-related traits in economically
important crops and development of novel genomic resources and tools offers
unique opportunities for improving productivity and yield. In wheat, many signifi-
cant genes have been discovered using mutant populations. For example, in noodle
manufacturing, fractional waxy wheat varieties are preferred. The SBEIIa (starch
branching enzymes of class II) gene has been studied in various studies, and
overexpression or suppression of this gene influences amylose content. In wheat,
246 allelic sequences were discovered in the SBEIIa gene homologs through
TILLING (Slade et al. 2012). Among these allelic sequences, 84 missense, 3 non-
sense, and 5 splice junction mutations were detected, with a mutation frequency of
one mutation per 40 kb (Slade et al. 2012). Wheat TaAGP.L-B1 gene, encoding the
AGPase large subunit plays a vital role in starch biosynthesis in wheat endosperm
and also promotes carbon metabolism and photosynthesis. Using TILLING
approach, Guo et al. (2017) identified four major missense mutations in
the TaAGP.L-B1 alleles. Out of these four, an allele with a nonsynonymous mutation
influences grain starch content (Guo et al. 2017). Similarly, in wheat starch synthesis
gene, TaSSIV which plays an important role in granule development during starch
production 54 mutations were identified. One of the nonsense mutations and three of
the missense mutations were found to be affect the protein function (Guo et al.
2017). TILLING was also performed to identify mutations in rice SBEI gene, which
plays a crucial role in amylose synthesis (Kim et al. 2018). A total of 37 mutations
were recognized using a chemically induced mutant population of cultivar
Nipponbare; among the 37 mutants discovered, one mutant M-4936 was found to
be characterized with drastically decreased grain thickness and width (Kim et al.
2018). In peanut TILLING identified three silent and six missense mutations in Ara
h1.02, Ara h2.02, and Arah1.01genes, which are responsible for the regulation of the
ratio of linoleic acid contents in seeds. Mutants carrying these mutations were
successively employed to discover the functions of mutated genes (Guo et al. 2015).

In rice, to investigate the stomatal limitations to photosynthesis, mutant popula-
tion was screened for stomatal anion channel protein gene, SLAC1 which regulates
stomatal closure in response to environmental [CO2] (Kusumi et al. 2012). TILLING
identified four mutations of the SLAC1, one mutation designated as “slac1,” was
characterized with a lower leaf temperature phenotype and high stomatal conduc-
tance exhibiting high photosynthesis level (Kusumi et al. 2012). In barley, the
“Sebastian” cultivar was mutagenized to develop a population comprising 9600
M2 mutant lines. Thirty-two genes related to plant growth and development was
pursued in a population screening. This screening revealed 382 mutations containing
a mutation rate of 1 mutation per 477 kb. Among the 67 identified mutations, 71%
detected as missense, and others were nonsense (Szurman-Zubrzycka et al. 2018). In



oat, using the TILLING approach, 520 oat mutant lines were assessed for alterations
in seed lignin contents. The lignin content of the examined population differs from
20 to 63 g/kg. The lignin content in the mutant lines was enhanced significantly, and
the quality was also improved compared to wild-type (Chawade et al. 2010).
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In sorghum, few enzymes play a role in synthesizing, and catabolizing cyano-
genic glycosides (CG), which adversely affect humans and animals because of
poisonousness upon discharge of hydrogen cyanide (HCN). Dhurrinase1 and
dhurrinase2 are enzymes that regulate the release of HCN in sorghum. In sorghum,
EMS-mutated 1000 M2 families were screened using TbyS technology (Krothapalli
et al. 2013). A single point mutation was discovered and revealed to cause premature
stop codon in the coding region of the gene encoding dhurrinase2 enzyme, thus
influencing the dhurrin catabolic pathway of the sorghum mutants. In line with this,
the mutant is characterized by an altered phenotype of less HCN accumulation in
leaves compared to wild-type plants (Krothapalli et al. 2013). TbyS has also been
applied in polyploid species, such as camelina, to improve the nutritional value
(increased protein content and less oil content) by targeting the FUSCA3 gene
(Kashtwari et al. 2019).

TILLING was also performed to find the mutation in the genes associated with
the tomato shelf-life enhancement, indirectly affecting the yield. For instance,
unique mutations in the ETHYLENE RECEPTOR 1, the sletr1-1, and sletr1-2 alleles
were identified by TILLING, and found to be involved in fruit shelf-life increase.
Thus, these alleles could be exploited as an ultimate breeding tool to develop tomato
cultivars with an increased shelf-life (Okabe et al. 2011).

9.10 TILLING Versus Genome Editing

Recently, genome-editing technologies have developed rapidly for targeted editing
of the plant genomes. Unlike TILLING, which generally creates random knockout
mutants, the key advantage of genome editing is that it can produce a range of
mutations in a specific region in the target genes in a wide range of plants, including
diploid or polyploids. This can both produce functional alleles and substitute mutant
alleles (Petolino et al. 2016). CRISPR/Cas9 technology has been successfully used
in a number of crops to induce mutations with detectable mutation rates (Jiang et al.
2013; Zhang et al. 2015; Xu et al. 2017; Yoon et al. 2020). For instance, in rice and
pepper, CRISPR/Cas9 has been used to improve resistance against blast disease and
potyviral disease by disrupting the ethylene-responsive factor (ERF) transcription
factor and eIF4E1 genes, respectively (Wang et al. 2016; Yoon et al. 2020). The
main challenge to integrate these genome-editing technologies and TILLING is to
obtain mutants with the required phenotypic response as well as reduce the off-target
variations. Both approaches can be employed to generate allelic variants in the same
gene; nevertheless, the result can be different since CRISPR/Cas9 uses only a few
targets, whereas TILLING generates genome-wide mutations. For the genetic
improvement of polyploids, it is essential to recognize the allelic multiplicity and
homologous genes that govern the phenotypes of diverse traits. Recent studies have



determined that both approaches are imperative tools to analyze these traits (Wang
et al. 2018; Avni et al. 2017). For example, the CRISPR/Cas9 and TILLING
technologies were applied to induce mutation in all homologs of the TaGW2 gene
in the wheat cultivars Bobwhite and Paragon, respectively. The results revealed that
the TaGW2 gene homologs negatively affected the size of grain and weight for
thousand grains (Wang et al. 2018). Plants containing single-copy nonsense
mutations in different genomes revealed different levels of grain weight and size,
and the weight of a thousand grain enhanced by an average of 5.5% in edited lines
and 5.3% in TILLING mutants. In several combinations, the double homolog
mutants exhibited greater phenotypic effects than the individual single-genome
mutants. The double mutants showed on average 10.5% (TILLING mutants) and
12.1% (edited lines) greater weight for thousand grains compared to wild-type lines.
The maximum increase in grain weight was revealed for triple mutants with 20.7%
and 16.3% increase in weight for thousand grains, respectively, for TILLING and
edited lines (Wang et al. 2018). This pattern evidently determines that both modern
technologies have exclusive advantages and disadvantages, and their integrated use
may improve the efficiency of generation/development of desired mutants for crop
improvement. It can be anticipated that TILLING and genome editing can be a
powerful complement in plant science for crop improvement.
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9.11 Conclusions and Future Prospective

Recent interest in genetic dissection of genes involved in the control of economically
important traits, such as biotic and abiotic stress tolerance and yield-related traits, has
promoted the development of high-efficiency TILLING techniques. Since recently
only, modern technologies emerged, including next-generation sequencing,
genome-wide association analysis, genomic selection, and new plant breeding
technologies, TILLING as a reverse genetic approach has been advanced to expedite
trait discovery. With the advancements made in the NGS technologies, genome
sequencing become much cheaper and the genome sequences for several plant
species are now available. The availability of high-density linkage maps along
with the accessibility of the reference genomes can immensely facilitate the detec-
tion of candidate genes for the trait of interest. Once candidate genes are predicted,
validation of these genes can be achieved by the identification of loss-of-function
mutants using the TILLING, EcoTILLING, and improved TILLING methods.
Currently, available TbyS procedures are enabling resourceful mutation discovery.
Furthermore, the application of multidimensional pooling with increased likelihood
threshold is permitting to uncover mutation with related base alteration and having
genetic effects (Tsai et al. 2011).

Identification of candidate genes underlying mutant phenotypes of important
traits would further benefit from appropriate phenotyping strategies. High-
throughput phenotyping, also denoted as phenomics, is a recent and most interesting
research area in biology. Progressive plant phenomics technologies comply with a
high-throughput examination of phenotypes linked to the genetic variants



(Douchkov et al. 2014), thus refining the discovery of phenotypes linked to a certain
trait in mutants detected by TILLING or TILLING-associated approaches.
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Advancement in genome-editing technology will further circumvent or reduce
off-target mutations by CRISPR/Cas9. The CRISPR/Cas9 specificity can be
enhanced by using the Cas9 nickase or Cas9-FokI fusion proteins approaches, and
SpCas9-HF or the Cas12a nuclease, which both significantly mitigate the number of
possible off-target sequences knockouts (Bortesi and Fischer 2015; Kleinstiver et al.
2016; Strohkendl et al. 2018). Although the emerging CRISPR/Cas9 and other gene-
editing approaches to modify plant genomes have increasingly become popular (Yin
et al. 2017) and can be an alternate for TILLING approach for some applications.
The decision of the European Union to subject CRISPR/Cas9-edited crops to
regulatory requirements as similar to transgenic crops (Callaway 2018) indicate
that crops developed by TILLING may have easier access to the market than the
genome-edited crops at least in some countries.

References

Acevedo-Garcia J, Spencer D, Thieron H, Reinstädler A, Hammond-Kosack K, Phillips AL,
Panstruga R (2017) mlo-based powdery mildew resistance in hexaploid bread wheat generated
by a non-transgenic TILLING approach. Plant Biotechnol J 15:367

Altpeter F, Springer NM, Bartley LE, Blechl AE, Brutnell TP, Citovsky V, Conrad LJ, Gelvin SB,
Jackson DP, Kausch AP, Lemaux PG (2016) Advancing crop transformation in the era of
genome editing. Plant Cell 7:1510–1520

Avni R, Nave M, Barad O, Baruch K, Twardziok SO, Gundlach H, Hale I, Mascher M,
Spannagl M, Wiebe K (2017) Wild emmer genome architecture and diversity elucidate wheat
evolution and domestication. Science 357:83–97

Bajaj D, Srivastava R, Nath M, Tripathi S, Bharadwaj C, Upadhyaya HD, Tyagi AK, Parida SK
(2016) EcoTILLING-based association mapping efficiently delineates functionally relevant
natural allelic variants of candidate genes governing agronomic traits in chickpea. Front Plant
Sci 7:450

Bortesi L, Fischer R (2015) The CRISPR/Cas9 system for plant genome editing and beyond.
Biotechnol Adv 33:41–52

Botticella E, Sestili F, Hernandez-Lopez A, Phillips A, Lafiandra D (2011) High resolution melting
analysis for the detection of EMS induced mutations in wheat SbeIIa genes. BMC Plant Biol 11:
156

Bush SM, Krysan PJ (2010) iTILLING: a personalized approach to the identification of induced
mutations in Arabidopsis. Plant Physiol 154:25–35

Caldwell DG, McCallum N, Shaw P, Muehlbauer GJ, Marshall DF, Waugh R (2004) A structured
mutant population for forward and reverse genetics in barley (Hordeum vulgare L.). Plant J 40:
143–150

Callaway E (2018) CRISPR plants now subject to tough GM laws in European Union. Nature 560:
16

Chawade A, Sikora P, Brautigam M, Larsson M, Vivekanand V, Nakash MA, Chen T, Olsson O
(2010) Development and characterization of an oat TILLING-population and identification of
mutations in lignin and beta-glucan biosynthesis genes. BMC Plant Biol 10:86

Chen L, Wang SQ, Hu YG (2011) Detection of SNPs in the VRN-A1 gene of common wheat
(Triticum aestivum L.) by a modified Ecotilling method using agarose gel electrophoresis. Aust J
Crop Sci 5:321–329



9 Application of TILLING as a Reverse Genetics Tool to Discover Mutation. . . 261

Chen L, Huang LZ, Min DH, Phillips A, Wang SQ, Madgwick PJ, Parry MAJ, Hu YG (2012)
Development and characterization of a new TILLING population of common bread wheat
(Triticum aestivum L.). PLoS One 7:e41570

Clark KA, Krysan PJ (2007) Protocol: an improved high-throughput method for generating tissue
samples in 96-well format for plant genotyping (Ice-Cap 2.0). Plant Methods 3:8

Colasuonno P, Incerti O, Lozito ML, Simeone R, Gadaleta A, Blanco A (2016) DHPLC technology
for high-throughput detection of mutations in a durum wheat TILLING population. BMC Genet
17:43

Colbert T, Till BJ, Tompa R, Reynolds S, Steine MN, Yeung AT, McCallum CM, Comai L,
Henikoff S (2001) High-throughput screening for induced point mutations. Plant Physiol 126:
480–484

Comai L, Young K, Till BJ, Reynolds SH, Greene EA, Codomo CA (2004) Efficient discovery of
DNA polymorphisms in natural populations by Ecotilling. Plant J 37:778–786

Cooper JL, Till BJ, Laport RG, DarlowMC, Kleffner JM, Jamai A, El-Mellouki T, Liu S, Ritchie R,
Nielsen N, Bilyeu KD, Meksem K, Comai L, Henikoff S (2008) TILLING to detect induced
mutations in soybean. BMC Plant Biol 8:9

Cross MJ, Waters DLE, Lee LS, Henry RJ (2008) Endonucleolytic mutation analysis by internal
labeling (EMAIL). Electrophoresis 29:1291–1301

Dahmani-Mardas F, Troadec C, Boualem A, Leveque S, Alsadon AA, Aldoss AA, Dogimont C,
Bendahmane A (2010) Engineering melon plants with improved fruit shelf life using the
TILLING approach. PLoS One 5:e15776

Dalmais M, Antelme S, Ho-Yue-Kuang S, Wang Y, Darracq O (2013) A TILLING platform for
functional genomics in Brachypodium distachyon. PLoS One 8:e65503

Davies H, Dicks E, Stephens P, Cox C, Teague J, Greenman C, Bignell G, O’Meara S, Edkins S,
Parker A (2006) High throughput DNA sequence variant detection by conformation sensitive
capillary electrophoresis and automated peak comparison. Genomics 87:427–432

de Lorenzo L, Merchan F, Laporte P, Thompson R, Clarke J, Sousa C, Crespi M (2009) A novel
plant leucine-rich repeat receptor kinase regulates the response of Medicago truncatula roots to
salt stress. Plant Cell 21:668–680

Desiderio F, Torp AM, Valè G, Rasmussen SK (2016) Tilling in plant disease control: applications
and perspectives. In: Collinge DB (ed) Biotechnology for plant disease control. Wiley,
New York, pp 365–384

Dong C, Dalton-Morgan J, Vincent K, Sharp P (2009a) A modified TILLING method for wheat
breeding. Plant Genome 2:39

Dong C, Vincent K, Sharp P (2009b) Simultaneous mutation detection of three homoeologous
genes in wheat by high resolution melting analysis and Mutation Surveyor®. BMC Plant Biol 9:
143

Douchkov D, Baumb T, Ihlowc A, Schweizer P, Seiffert U (2014) Microphenomics for interactions
of barley with fungal pathogens. In: Tuberosa R, Graner A, Frison A (eds) Genomics of plant
genetic resources, vol 2. Springer, Heidelberg, pp 123–148

Draper BW, McCallum CM, Stout JL, Slade AJ, Moens CB (2004) A high-throughput method for
identifying N-ethyl-N-nitrosourea (ENU)-induced point mutations in zebrafish. Methods Cell
Biol 77:91–112

Feiz L, Martin JM, Giroux MJ (2009) Creation and functional analysis of new Puroindoline alleles
in Triticum aestivum. Theor Appl Genet 118:247–257

Fekih R, Takagi H, Tamiru M, Abe A, Natsume S, Yaegashi H, Sharma S, Sharma S, Kanzaki H,
Matsumura H, Saitoh H, Mitsuoka C, Utsushi H, Uemura A, Kanzaki E, Kosugi S, Yoshida K,
Cano L, Kamoun S, Terauchi R (2013) MutMap+: genetic mapping and mutant identification
without crossing in rice. PLoS One 8:e68529

Fitzgerald TL, Kazan K, Li Z, Morell MK, Manners JM (2010) A high-throughput method for the
detection of homologous gene deletions in hexaploid wheat. BMC Plant Biol 10:264



262 M. I. Siddique et al.

Fu D, Uauy C, Distelfeld A, Blechl A, Epstein L, Chen X, Sela H, Fahima T, Dubcovsky J (2009) A
kinase-START gene confers temperature-dependent resistance to wheat stripe rust. Science 323:
1357–1360

Gady AL, Hermans FW, Van de Wal MH, van Loo EN, Visser RG, Bachem CW (2009)
Implementation of two high throughput techniques in a novel application: detecting point
mutations in large EMS mutated plant populations. Plant Methods 5:13

Garvin MR, Gharrett AJ (2007) Deco-TILLING: an inexpensive method for single nucleotide
polymorphism discovery that reduces ascertainment bias. Mol Ecol Notes 7:735–746

Gilchrist E, Haughn G (2010) Reverse genetics techniques: engineering loss and gain of gene
function in plants. Brief Funct Genomics 9:103

Gonzalez M, Xu M, Esteras C, Roig C, Monforte AJ, Troadec C, Pujol M, Nuez F, Bendahmane A,
Garcia-Mas J, Pico B (2011) Towards a TILLING platform for functional genomics in Piel de
Sapo melons. BMC Res Notes 4:289

Gottwald S, Bauer P, Komatsuda T, Lundqvist U, Stein N (2009) TILLING in the two-rowed barley
cultivar ‘Barke’ reveals preferred sites of functional diversity in the gene HvHox1. BMC Res
Notes 2:258

Greene EA, Codomo CA, Taylor NE, Henikoff JG, Till BJ (2003) Spectrum of chemically induced
mutations from a large-scale reverse-genetic screen in Arabidopsis. Genetics 164:731–740

Guo Y, Abernathy B, Zeng Y, Ozias-Akins P (2015) TILLING by sequencing to identify induced
mutations in stress resistance genes of peanut (Arachis hypogaea). BMC Genomics 16:157

Guo H, Yan Z, Li X, Xie Y, Xiong H, Liu Y, Zhao L, Gu J, Zhao S, Liu L (2017) Development of a
high-efficient mutation resource with phenotypic variation in hexaploid winter wheat and
identification of novel alleles in the TaAGP.L-B1 gene. Front Plant Sci 8:1404

Gupta P, Reddaiah B, Salava H, Upadhyaya P, Tyagi K, Sarma S, Datta S, Malhotra B, Thomas S,
Sunkum A, Devulapalli S, Till BJ, Sreelakshmi Y, Sharma R (2017) Next-generation sequenc-
ing (NGS)-based identification of induced mutations in a doubly mutagenized tomato (Solanum
lycopersicum) population. Plant J 92:495–508

Henikoff S, Till BJ, Comai L (2004) TILLING. Traditional mutagenesis meets functional geno-
mics. Plant Physiol 135:630–636

Henry IM, Nagalakshmi U, Lieberman MC, Ngo KJ, Krasileva KV, Vasquez-Gross H,
Akhunova A, Akhunov E, Dubcovsky J, Tai TH (2014) Efficient genome-wide detection and
cataloging of EMS-induced mutations using exome capture and next-generation sequencing.
Plant Cell 26:1382–1397

Himelblau E, Gilchrist EJ, Buono K, Bizzell C, Mentzer L, Vogelzang R, Osborn T, Amasino RM,
Parkin IA, Haughn GW (2009) Forward and reverse genetics of rapid-cycling Brassica
oleracea. Theor Appl Genet 118:953–961

Hu X, Qi X, Lv B, Jj W, Dl F (2012) TILLING-based analysis of disease resistance genes in barley.
J Shandong Agric Univ (Natural Science Edition) 1:002

Hurni S, Scheuermann D, Krattinger SG, Kessel B, Wicker T, Herren G, Fitze MN, Breen J,
Presterl T, Ouzunova M, Keller B (2015) The maize disease resistance gene Htn1 against
northern corn leaf blight encodes a wall-associated receptor-like kinase. Proc Natl Acad Sci U
S A 112:8780–8785

Hwang JE, Jang DS, Lee KJ, Ahn JW, Kim SH, Kang SY, Kim DS, Kim JB (2017) Identification of
gamma ray irradiation-induced mutations in membrane transport genes in a rice population by
TILLING. Genes Genet Syst 91:245–256

Ibiza VP, Cañizares J, Nuez F (2010) EcoTILLING in Capsicum species: searching for new virus
resistances. BMC Genomics 11:631

Irshad A, Guo H, Zhang S, Liu L (2020) TILLING in cereal crops for allele expansion and mutation
detection by using modern sequencing technologies. Agronomy 3:405

Jain S, Till B, Suprasanna P, Roux N (2011) Mutations and cultivar development of banana. In:
Pillay M, Tenkouano A (eds) Banana breeding, progress and challenges. CRC Press, Boca
Raton, FL, pp 203–217



9 Application of TILLING as a Reverse Genetics Tool to Discover Mutation. . . 263

Jansen JG, Vrieling H, Vanteijlingen CMM, Mohn GR, Tates AD, vanZeeland AA (1995) Marked
differences in the role of O-6-alkylguanine in HPRT mutagenesis in T-lymphocytes of rats
exposed in-vivo to ethylmethanesulfonate, N-(2-hydroxyethyl)-N-nitro-sourea, or N-ethyl-N-
nitrosourea. Cancer Res 55:1875–1882

Jawher M, Arabi MIE, MirAli N, Till BJ (2018) Efficient discovery of single-nucleotide variations
in Cochliobolus sativus vegetative compatibility groups by EcoTILLING. J Plant Biochem
Physiol 6:2

Jeong HJ, Kwon JK, Pandeya D, Hwang J, Hoang NH, Bae JH, Kang BC (2012) A survey of
natural and ethyl methane sulfonate-induced variations of eIF4E using high-resolution melting
analysis in Capsicum. Mol Breed 29:349–360

Jiang W, Zhou H, Bi H, Fromm M, Yang B, Weeks DP (2013) Demonstration of CRISPR/Cas9/
sgRNA-mediated targeted gene modification in Arabidopsis, tobacco, sorghum and rice.
Nucleic Acids Res 41:e188

Jo YD, Kim JB (2019) Frequency and spectrum of radiation-induced mutations revealed by whole-
genome sequencing analyses of plants. Quantum Beam Sci 3:7

Kadaru SB, Yadav AS, Fjellstrom RG, Oard JH (2006) Alternative EcoTILLING protocol for rapid,
cost-effective single-nucleotide polymorphism discovery and genotyping in rice (Oryza sativa
L.). Plant Mol Biol Rep 24:3–22

Kashtwari M, Wani AA, Rather RN (2019) TILLING: an alternative path for crop improvement. J
Crop Improv 33:83–109

Keller G, Hartmann A, Mueller J, Hofler H (2001) Denaturing high pressure liquid chromatography
(DHPLC) for the analysis of somatic p53 mutations. Lab Invest 81:1735–1737

Keller B, Feuillet C, Yahiaoui N (2005) Map-based isolation of disease resistance genes from bread
wheat: cloning in a supersize genome. Genet Res 85:93–100

Kim SI, Tai TH (2014) Identification of novel rice low phytic acid mutations via TILLING by
sequencing. Mol Breed 34:1717–1729

Kim H, Yoon MR, Chun A, Tai TH (2018) Identification of novel mutations in the rice starch
branching enzyme I gene via TILLING by sequencing. Euphytica 214:94

King R, Bird N, Ramirez-Gonzalez R, Coghill JA, Patil A, Hassani-Pak K, Uauy C, Phillips AL
(2015) Mutation scanning in wheat by exon capture and next-generation sequencing. PLoS One
10:e0137549

Kleinstiver BP, Pattanayak V, Prew MS, Tsai SQ, Nguyen NT, Joung JK (2016) High-fidelity
CRISPR–Cas9 nucleases with no detectable genome-wide off-target effects. Nature 529:490–
495

Knoll JE, Ramos ML, Zeng Y, Holbrook CC, Chow M, Chen S, Maleki S, Bhattacharya A, Ozias-
Akins P (2011) TILLING for allergen reduction and improvement of quality traits in peanut
(Arachis hypogaea L.). BMC Plant Biol 11:81

Komatsuda T, Pourkheirandish M, He C, Azhaguvel O, Kanamori H, Perovic D, Stein N, Graner A,
Wicker T, Tagiri A, Lundqvist U, Fujimura T, Matsuoka M, Matsumoto T, Yano M (2007)
Six-rowed barley originated from a mutation in a homeodomain-leucine zipper I-class homeo-
box gene. Proc Natl Acad Sci U S A 104:1424–1429

Krothapalli K, Buescher EM, Li X, Brown E, Chapple C, Dilkes BP, Tuinstra MR (2013) Forward
genetics by genome sequencing reveals that rapid cyanide release deters insect herbivory of
Sorghum bicolor. Genetics 195:309–318

Krysan P (2004) Ice-Cap. A high-throughput method for capturing plant tissue samples for
genotype analysis. Plant Physiol 135:1162–1169

Kurowska M, Daszkowskagolec A, Gruszka D, Marzec M, Szurman M, Szarejko I, Maluszynski M
(2011) TILLING—a shortcut in functional genomics. J Appl Genet 52:371

Kusumi K, Hirotsuka S, Kumamaru T, Iba K (2012) Increased leaf photosynthesis caused by
elevated stomatal conductance in a rice mutant deficient in SLAC1, a guard cell anion channel
protein. J Exp Bot 63:5635–5644

Lakhssassi N, Zhou Z, Liu S, Piya S, Cullen MA, El Baze A, Knizia D, Patil GB, Badad O, Embaby
MG, Meksem J, Lakhssassi A, AbuGhazaleh A, Hewezi T, Meksem K (2020) Soybean



TILLING-by-Sequencing+ reveals the role of novel GmSACPD members in unsaturated fatty
acid biosynthesis while maintaining healthy nodules. J Exp Bot 71:6969–6987

264 M. I. Siddique et al.

Li X, Song Y, Century K, Straight S, Ronald P, Dong X, Lassner M, Zhang Y (2001) A fast neutron
deletion mutagenesis-based reverse genetics system for plants. Plant J 27:235–242

Li W, Guo H, Wang Y, Xie Y, Zhao L, Gu J, Zhao S, Zhao B, Wang G, Liu L (2017) Identification
of novel alleles induced by EMS-mutagenesis in key genes of kernel hardness and starch
biosynthesis in wheat by TILLING. Genes Genomics 39:387–395

Liang C, Wang SQ, Hu YG (2011) Detection of SNPs in the VRN-A1 gene of common wheat
(Triticum aestivum L.) by a modified EcoTILLING method using agarose gel electrophoresis.
Aust J Crop Sci 5:318–326

Liu S, Kandoth PK, Warren SD, Yeckel G, Heinz R, Alden J, Yang C, Jamai A, El-Mellouki T,
Juvale PS, Hill J, Baum TJ, Cianzio S, Whitham SA, Korkin D, Mitchum MG, Meksem K
(2012) A soybean cyst nematode resistance gene points to a new mechanism of plant resistance
to pathogens. Nature 492:256–260

Liu L, Venkatesh J, Jo YD, Koeda S, Hosokawa M, Kang JH, Goritschnig S, Kang BC (2016) Fine
mapping and identification of candidate genes for the sy-2 locus in a temperature-sensitive chili
pepper (Capsicum chinense). Theor Appl Genet 8:1541–1556

Ma X, Sajjad M, Wang J, Yang W, Sun J, Li X, Zhang A, Liu D (2017) Diversity, distribution of
Puroindoline genes and their effect on kernel hardness in a diverse panel of Chinese wheat
germplasm. BMC Plant Biol 17:158

Maghuly F, Jankowicz-Cieslak J, Pabinger S, Till BJ, Laimer M (2015) Geographic origin is not
supported by the genetic variability found in a large living collection of Jatropha curcas with
accessions from three continents. Biotechnol J 10:536–551

Maluszynski M, Szarejko I, Maluszynska J (2003) Mutation techniques. In: Thomas B, Murphy DJ,
Murray BG (eds) Encyclopedia of applied plant sciences. Elsevier Academic Press, San Diego,
pp 186–201

Marroni F, Pinosio S, Di Centa E, Jurman I, Boerjan W, Felice N, Cattonaro F, Morgante M (2011)
Large-scale detection of rare variants via pooled multiplexed next-generation sequencing:
towards next-generation EcoTILLING. Plant J 67:736–745

Martienssen RA (1998) Functional genomics: probing plant gene function and expression with
transposons. Proc Natl Acad Sci U S A 95:2021–2026

Marzec M, Gruszka D, Tylec P, Szarejko I (2016) Identification and functional analysis of the
HvD14 gene involved in strigolactone signaling in Hordeum vulgare. Physiol Plant 158:341–
355

Mba C, Afza R, Jankowcz-Cieslak J, Bado S, Matijevic M, Huynh O, Till B (2009) Enhancing
genetic diversity through induced mutagenesis in vegetatively propagated plants. In: Qy S
(ed) Induced plant mutations in the genomic era. Food and Agriculture Organization of the
United Nations, Rome, pp 293–296

Mba C, Afza R, Bado S, Jain S (2010) Induced mutagenesis in plants using physical and chemical
agents. In: Davey M, Anthony P (eds) Plant cell culture: essential methods. Wiley, New York,
pp 111–130

McCallum CM, Comai L, Greene EA, Henikoff S (2000) Targeting Induced Local Lesions IN
Genomes (TILLING) for plant functional genomics. Plant Physiol 123:439–442

Mejlhede N, Kyjovska Z, Backes G, Burhenne K, Rasmussen SK, Jahoor A (2006) EcoTILLING
for the identification of allelic variation in the powdery mildew resistance genes mlo andMla of
barley. Plant Breed 125:461–467

Mendiondo GM, Gibbs DJ, Szurman-Zubrzycka M, Korn A, Marquez J, Szarejko I,
Maluszynski M, King J, Axcell B, Smart K (2016) Enhanced waterlogging tolerance in barley
by manipulation of expression of the N-end rule pathway E3 ligase PROTEOLYSIS 6. Plant
Biotechnol J 14:40–50

Minoia S, Boualem A, Marcel F, Troadec C, Quemener B, Cellini F, Petrozza A, Vigouroux J,
Lahaye M, Carriero F (2016) Induced mutations in tomato SlExp1 alter cell wall metabolism and
delay fruit softening. Plant Sci 242:195–202



9 Application of TILLING as a Reverse Genetics Tool to Discover Mutation. . . 265

Mo Y, Howell T, Vasquez-Gross H, de Haro LA, Dubcovsky J, Pearce S (2018) Mapping causal
mutations by exome sequencing in a wheat TILLING population: a tall mutant case study. Mol
Genet Genomics 293:463–477

Moehs CP, Austill WJ, Holm A, Large TA, Loeffler D, Mullenberg J, Schnable PS, Skinner W, van
Boxtel J, Wu L (2018) Development of reduced gluten wheat enabled by determination of the
genetic basis of the lys3a low hordein barley mutant. Plant Physiol 179:1692–1703

Mohan V, Gupta S, Thomas S, Mickey H, Charakana C, Chauhan VS, Sharma K, Kumar R,
Tyagi K, Sarma S, Gupta SK (2016) Tomato fruits show wide phenomic diversity but fruit
developmental genes show low genomic diversity. PLoS One 11:e0152907

Muth J, Hartje S, Twyman RM, Hofferbert HR, Tacke E, Prufer D (2008) Precision breeding for
novel starch variants in potato. Plant Biotechnol J 6:576–584

Nagy A, Perrimon N, Sandmeyer S, Plasterk R (2003) Tailoring the genome: the power of genetic
approaches. Nat Genet 33:276–284

Negrão S, Almadanim C, Pires I, McNally KL, Oliveira MM (2011) Use of EcoTILLING to
identify natural allelic variants of rice candidate genes involved in salinity tolerance. Plant Genet
Resour 9:300–304

Negrao S, Almadanim MC, Pires IS, Abreu IA, Maroco J, Courtois B, Gregorio GB, McNally KL,
Oliveira MM (2013) New allelic variants found in key rice salt-tolerance genes: an association
study. Plant Biotechnol J 11:87–100

Ng PC, Henikoff S (2003) SIFT: predicting amino acid changes that affect protein function. Nucleic
Acids Res 31:3812–3814

Nieto C, Piron F, Dalmais M, Marco CF, Moriones E, Gomez-Guillamon ML, Truniger V,
Gomez P, Garcia-Mas J, Aranda MA, Bendahmane A (2007) EcoTILLING for the identification
of allelic variants of melon eIF4E, a factor that controls virus susceptibility. BMC Plant Biol 7:
34

Ochiai K, Shimizu A, Okumoto Y, Fujiwara T, Matoh T (2011) Suppression of a NAC-like
transcription factor gene improves boron-toxicity tolerance in rice. Plant Physiol 156:1457–
1463

Okabe Y, Asamizu E, Saito T, Matsukura C, Ariizumi T, Brès C, Rothan C, Mizoguchi T, Ezura H
(2011) Tomato TILLING technology: development of a reverse genetics tool for the efficient
isolation of mutants from Micro-Tom mutant libraries. Plant Cell Physiol 52:1994–2005

Okabe Y, Asamizu E, Ariizumi T, Shirasawa K, Tabata S, Ezura H (2012) Availability of Micro-
Tom mutant library combined with TILLING in molecular breeding of tomato fruit shelf-life.
Breed Sci 62:202–208

Oladosu Y, Rafii MY, Abdullah N, Hussin G, Ramli A, Rahim HA, Miah G, Usman M (2016)
Principle and application of plant mutagenesis in crop improvement: a review. Biotechnol
Biotechnol Equip 30:1–16

Oleykowski CA, Bronson Mullins CR, Godwin AK, Yeung AT (1998) Mutation detection using a
novel plant endonuclease. Nucleic Acids Res 26:4597–4602

Ostergaard L, Yanofsky MF (2004) Establishing gene function by mutagenesis in Arabidopsis
thaliana. Plant J 39:682–696

Petolino JF, Srivastava V, Daniell H (2016) Editing plant genomes: a new era of crop improvement.
Plant Biotechnol J 14:435–436

Piron F, Nicolai M, Minoia S, Piednoir E, Moretti A, Salgues A, Zamir D, Caranta C, Bendahmane
A (2010) An induced mutation in tomato eIF4E leads to immunity to two potyviruses. PLoS
One 5:e11313

Qiao J, Cai M, Yan G, Wang N, Li F, Chen B, Gao G, Xu K, Li J, Wu X (2016) High-throughput
multiplex cpDNA resequencing clarifies the genetic diversity and genetic relationships among
Brassica napus, Brassica rapa and Brassica oleracea. Plant Biotechnol J 14:409–418

Raghavan C, Naredo MEB, Wang H, Atienza G, Liu B, Qiu F, McNally KL, Leung H (2007) Rapid
method for detecting SNPs on agarose gels and its application in candidate gene mapping. Mol
Breed 19:87–101



266 M. I. Siddique et al.

Raja RB, Agasimani S, Jaiswal S, Thiruvengadam V, Sabariappan R, Chibbar RN, Ram SG (2017)
EcoTILLING by sequencing reveals polymorphisms in genes encoding starch synthases that are
associated with low glycemic response in rice. BMC Plant Biol 17:13

Rakshit S, Rakshit A, Matsumura H, Takahashi Y, Hasegawa Y, Ito A, Ishii T, Miyashita NT,
Terauchi R (2007) Large-scale DNA polymorphism study of Oryza sativa and O. rufipogon
reveals the origin and divergence of Asian rice. Theor Appl Genet 114:731–743

Rawat N, Sehgal SK, Joshi A, Rothe N, Wilson DL, McGraw N, Vadlani PV, Li W, Gill BS (2012)
A diploid wheat TILLING resource for wheat functional genomics. BMC Plant Biol 12:205

Reddy TV, Dwivedi S, Sharma NK (2012) Development of TILLING by sequencing platform
towards enhanced leaf yield in tobacco. Ind Crop Prod 40:324–335

Rigola D, van Oeveren J, Janssen A, Bonné A, Schneiders H, van der Poel HJ, van Orsouw NJ,
Hogers RC, de Both MT, van Eijk MJ (2009) High-throughput detection of induced mutations
and natural variation using KeyPoint™ technology. PLoS One 4:e4761

Robinson SJ, Parkin IA (2009) Bridging the gene-to-function knowledge gap through functional
genomics. Methods Mol Biol 513:153–173

Sabetta W, Alba V, Blanco A, Montemurro C (2011) sunTILL: a TILLING resource for gene
function analysis in sunflower. Plant Methods 7:20

Sabetta W, Blanco A, Zelasco S, Lombardo L, Perri E, Mangini G, Montemurro C (2013) Fad7
gene identification and fatty acids phenotypic variation in an olive collection by EcoTILLING
and sequencing approaches. Plant Physiol Biochem 69:1–8

Sato Y, Shirasawa K, Takahashi Y, Nishimura M, Nishio T (2006) Mutant selection from progeny
of gamma-ray-irradiated rice by DNA heteroduplex cleavage using Brassica petiole extract.
Breed Sci 56:179–183

Sestili F, Botticella E, Bedo Z, Phillips A, Lafiandra D (2010) Production of novel allelic variation
for genes involved in starch biosynthesis through mutagenesis. Mol Breed 25:145

Siddique MI, Back S, Lee JH, Jo J, Jang S, Han K, Venkatesh J, Kwon JK, Jo YD, Kang BC (2020)
Development and characterization of an ethyl methane sulfonate (EMS) induced mutant popu-
lation in Capsicum annuum L. Plants 9:396

Skopek TR, Walker VE, Cochrane JE, Craft TR, Cariello NF (1992) Mutational spectrum at the
Hprt locus in splenic T cells of B6C3F1 mice exposed to N-ethyl-N-nitrosourea. Proc Natl Acad
Sci U S A 89:7866–7870

Slade AJ, Knauf VC (2005) TILLING moves beyond functional genomics into crop improvement.
Transgenic Res 14:109–115

Slade AJ, Fuerstenberg SI, Loeffler D, Steine MN, Facciotti D (2005) A reverse genetic,
nontransgenic approach to wheat crop improvement by TILLING. Nat Biotechnol 23:75–81

Slade AJ, McGuire C, Loeffler D, Mullenberg J, Skinner W, Fazio G, Holm A, Brandt KM, Steine
MN, Goodstal JF (2012) Development of high amylose wheat through TILLING. BMC Plant
Biol 12:10

Sparla F, Falini G, Botticella E, Pirone C, Talamè V, Bovina R, Salvi S, Tuberosa R, Sestili F, Trost
P (2014) New starch phenotypes produced by TILLING in barley. PLoS One 9:e107779

Stephenson P, Baker D, Girin T, Perez A, Amoah S, King GJ, Ostergaard L (2010) A rich TILLING
resource for studying gene function in Brassica rapa. BMC Plant Biol 10:62

Stolarek M, Gruszka D, Braszewska-Zalewska A, Maluszynski M (2015) Alleles of newly
identified barley gene HvPARP3 exhibit changes in efficiency of DNA repair. DNA Repair
28:116–130

Strohkendl I, Saifuddin FA, Rybarski JR, Finkelstein IJ, Russell R (2018) Kinetic basis for DNA
target specificity of CRISPR-Cas12a. Mol Cell 71:816–824

Suzuki T, Eiguchi M, Kumamaru T, Satoh H, Matsusaka H, Moriguchi K, Nagato Y, Kurata N
(2008) MNU-induced mutant pools and high performance TILLING enable finding of any gene
mutation in rice. Mol Genet Genomics 279:213–223

Szurman-Zubrzycka ME, Zbieszczyk J, Marzec M, Jelonek J, Chmielewska B, Kurowska MM,
Krok M, Daszkowska-Golec A, Guzy-Wrobelska J, Gruszka D (2018) HorTILLUS—a rich and



renewable source of induced mutations for forward/reverse genetics and pre breeding programs
in barley (Hordeum vulgare L.). Front Plant Sci 9:216

9 Application of TILLING as a Reverse Genetics Tool to Discover Mutation. . . 267

Talamè V, Bovina R, Sanguineti MC, Tuberosa R, Lundqvist U, Salvi S (2008) TILLMore, a
resource for the discovery of chemically induced mutants in barley. Plant Biotechnol J 6:477–
485

Thapa R, Carrero-Colón M, Rainey KM, Hudson K (2019) TILLING by sequencing: a successful
approach to identify rare alleles in soybean populations. Genes (Basel) 10:1003

Till BJ, Reynolds SH, Greene EA, Codomo CA, Enns LC, Johnson JE, Burtner C, Odden AR,
Young K, Taylor NE, Henikoff JG, Comai L, Henikoff S (2003) Large-scale discovery of
induced point mutations with high-throughput TILLING. Genome Res 13:524–530

Till BJ, Reynolds SH, Weil C, Springer N, Burtner C, Young K, Bowers E, Codomo CA, Enns LC,
Odden AR, Greene EA, Comai L, Henikoff S (2004) Discovery of induced point mutations in
maize genes by TILLING. BMC Plant Biol 4:12

Till BJ, Zerr T, Comai L, Henikoff S (2006) A protocol for TILLING and Ecotilling in plants and
animals. Nat Protoc 1:2465–2477

Till BJ, Cooper J, Tai TH, Colowit P, Greene EA, Henikoff S, Comai L (2007) Discovery of
chemically induced mutations in rice by TILLING. BMC Plant Biol 7:19

Triques K, Sturbois B, Gallais S, Dalmais M, Chauvin S, Clepet C, Aubourg S, Rameau C,
Caboche M, Bendahmane A (2007) Characterization of Arabidopsis thaliana mismatch specific
endonucleases: application to mutation discovery by TILLING in pea. Plant J 51:1116–1125

Triques K, Piednoir E, Dalmais M, Schmidt J, Le Signor C, Sharkey M, Caboche M, Sturbois B,
Bendahmane A (2008) Mutation detection using ENDO1: application to disease diagnostics in
humans and TILLING and Eco-TILLING in plants. BMC Mol Biol 1:9

Tsai H, Howell T, Nitcher R, Missirian V, Watson B, Ngo KJ, Lieberman M, Fass J, Uauy C, Tran
RK, Khan AA, Filkov V, Tai TH, Dubcovsky J, Comai L (2011) Discovery of rare mutations in
populations: TILLING by sequencing. Plant Physiol 156:1257–1268

Uauy C, Paraiso F, Colasuonno P, Tran RK, Tsai H, Berardi S, Comai L, Dubcovsky J (2009) A
modified TILLING approach to detect induced mutations in tetraploid and hexaploid wheat.
BMC Plant Biol 9:115

Uauy C, Wulff BB, Dubcovsky J (2017) Combining traditional mutagenesis with new high-
throughput sequencing and genome editing to reveal hidden variation in polyploid wheat.
Annu Rev Genet 51:435–454

Upadhyaya P, Tyagi K, Sarma S, Tamboli V, Sreelakshmi Y, Sharma R (2017) Natural variation in
folate levels among tomato (Solanum lycopersicum) accessions. Food Chem 217:610–619

Wang N, Wang YJ, Tian F, King GJ, Zhang CY, Long Y, Shi L, Meng JL (2008) A functional
genomics resource for Brassica napus: development of an EMS mutagenized population and
discovery of FAE1 point mutations by TILLING. New Phytol 180:751–765

Wang N, Shi L, Tian F, Ning H, Wu X, Long Y, Meng J (2010) Assessment of FAE1
polymorphisms in three Brassica species using EcoTILLING and their association with
differences in seed erucic acid contents. BMC Plant Biol 10:137

Wang F, Wang C, Liu P, Lei C, Hao W, Gao Y, Liu YG, Zhao K (2016) Enhanced rice blast
resistance by CRISPR/Cas9-targeted mutagenesis of the ERF transcription factor gene
OsERF922. PLoS One 11:e0154027

Wang W, Simmonds J, Pan Q, Davidson D, He F, Battal A, Akhunova A, Trick HN, Uauy C,
Akhunov E (2018) Gene editing and mutagenesis reveal inter-cultivar differences and additivity
in the contribution of TaGW2 homoeologues to grain size and weight in wheat. Theor Appl
Genet 131:2463–2475

Wienholds E, van Eeden F, Kosters M, Mudde J, Plasterk RH, Cuppen E (2003) Efficient target-
selected mutagenesis in zebrafish. Genome Res 13:2700–2707

Wu JL, Wu C, Lei C, Baraoidan M, Bordeos A, Madamba MR, Ramos-Pamplona M, Mauleon R,
Portugal A, Ulat VJ, Bruskiewich R, Wang G, Leach J, Khush G, Leung H (2005) Chemical-
and irradiation-induced mutants of indica rice IR64 for forward and reverse genetics. Plant Mol
Biol 59:85–97



268 M. I. Siddique et al.

Xia Y, Ning Z, Bai G, Li R, Yan G, Siddique KH, Baum M, Guo P (2012) Allelic variations of a
light harvesting chlorophyll a/b-binding protein gene (Lhcb1) associated with agronomic traits
in barley. PLoS One 7:e37573

Xia Y, Li R, Ning Z, Bai G, Siddique KH, Yan G, Baum M, Varshney RK, Guo P (2013) Single
nucleotide polymorphisms in HSP17.8 and their association with agronomic traits in barley.
PLoS One 8:e56816

Xiao W, Oefner PJ (2001) Denaturing high-performance liquid chromatography: a review. Hum
Mutat 17:439–474

Xin Z, Wang ML, Barkley NA, Burow G, Franks C, Pederson G, Burke J (2008) Applying
genotyping (TILLING) and phenotyping analyses to elucidate gene function in a chemically
induced sorghum mutant population. BMC Plant Biol 8:103

Xu Y, Li P, Zou C, Lu Y, Xie C, Zhang X, Prasanna BM, Olsen MS (2017) Enhancing genetic gain
in the era of molecular breeding. J Exp Bot 68:2641–2666

Yang B, Wen X, Kodali NS, Oleykowski CA, Miller CG, Kulinski J, Besack D, Yeung JA,
Kowalski D, Yeung AT (2000) Purification, cloning, and characterization of the CEL I nuclease.
Biochemistry 39:3533–3541

Yin K, Gao C, Qiu JL (2017) Progress and prospects in plant genome editing. Nat Plants 3:1–6
Yoon YJ, Venkatesh J, Lee JH, Kim J, Lee HE, Kim DS, Kang BC (2020) Genome editing of

eIF4E1 in tomato confers resistance to Pepper Mottle Virus. Front Plant Sci J 24:1098
Yu S, Liao F, Wang F, WenW, Li J, Mei H, Luo L (2012) Identification of rice transcription factors

associated with drought tolerance using the EcoTILLING method. PLoS One 7:e30765
Zeng CL, Wang GY, Wang JB, Yan GX, Chen BY, Xu K, Li J, Gao GZ, Wu XM, Zhao B, Liu L

(2012) High-throughput discovery of chloroplast and mitochondrial DNA polymorphisms in
Brassicaceae species by ORG-EcoTILLING. PLoS One 7:e47284

Zeng YD, Sun JL, Bu SH, Deng KS, Tao T, Zhang YM, Zhang TZ, Du XM, Zhou BL (2016)
EcoTILLING revealed SNPs in GhSus genes that are associated with fiber- and seed-related
traits in upland cotton. Sci Rep 6:29250

Zhang H, Xu R, Xie C, Huang C, Liao H, Xu Y, Wang J, Li WX (2015) Large-scale evaluation of
maize germplasm for low-phosphorus tolerance. PLoS One 10:e0124212

Zhu Q, Smith SM, Ayele M, Yang L, Jogi A, Chaluvadi SR, Bennetzen JL (2012) High-throughput
discovery of mutations in tef semi-dwarfing genes by next-generation sequencing analysis.
Genetics 192:819–829



269

Plant Mutagenesis Tools for Precision
Breeding: Conventional CRISPR/Cas9
Tools and Beyond

10

Rahul Mahadev Shelake, Dibyajyoti Pramanik,
Rajesh Ramdas Waghunde, and Jae-Yean Kim

Abstract

Plant breeding facilitates the selection of plant populations with the desired trait
from the genetic pool. A set of expressed or non-expressed genetic combinations
are generally evolved due to spontaneous or induced mutations in the genetic pool
of particular plant species. Genetic modification is the basis of diversity that
allows domestication alongside adaptation in changing environmental conditions,
i.e., from wild to cultivated species. Plant phenotype-based selective breeding has
been an efficient way used in the past. Also, induction of random mutations by
physical or chemical agents and further selection for desired traits from the
mutant library has produced several plant varieties. However, conventional
mutagenesis combined with selective breeding has some drawbacks. It makes
the random mutations; the process is laborious and slower; it comes with the risk
of losing beneficial traits during breeding. In recent times, genome-editing
(GE) tools comprising molecular genetic scissors are tailored to precisely target
the desired location in the plant genome. The most used GE tool is the clustered
regularly interspaced short palindromic repeat-associated (CRISPR/Cas) endonu-
clease system. The CRISPR-based tools are part of a new technology called new
plant breeding techniques (NBTs) that accelerate plant breeding. Diverse
CRISPR-based tools have been optimized to achieve expected goals in NBTs
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like higher yield, tolerance to biotic and abiotic stresses, prevention of post-
harvest losses, value addition, and novel traits-in-demand by farmers and
consumers. This chapter summarizes an overview of the CRISPR/Cas system,
CRISPR-based tools for plant breeding, and recent applications of CRISPR
technology in agriculture.
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10.1 Introduction

Since the beginning of civilization, humans have continuously opted to find novel
ways to improve the quality or yield of plant and animal species through domestica-
tion and natural or selective breeding. Plant breeding deals with the science of
manual selection of plants with desired traits. In early times, plant varieties were
selected from a genetic pool generated by recombination and spontaneous mutations
(Capdeville et al. 2021). However, natural or selective breeding is time-consuming
and limits the attainment of desired traits. Also, there is a high risk of losing some
crucial traits during the traditional breeding process. Induction of random mutations
followed by selective breeding became a regular plant breeding mode in the twenti-
eth century. Plant scientists used mutagenesis tools to introduce the mutations in the
plant genome. The genome-editing (GE)-based plant breeding (NBTs) are a set of
targeted mutagenesis and GE methods to accelerate the trait improvement in crop
species. The adoption of CRISPR/Cas for GE in 2012 has transformed the field of
genetic engineering across all kingdoms (Jinek et al. 2012). The power of the
CRISPR/Cas system to target and deliver the GE components at the desired locus
in the complex genome enables the alternation of DNA, RNA, and ultimately protein
(Pramanik et al. 2021a).

The plant genome engineering tools can be categorized into three groups based on
CRISPR/Cas timeline: conventional (physical and chemical mutagens);
pre-CRISPR/Cas (PCR-based tools, transposon insertions, T-DNA insertions,
RNA interference, synthetic meganucleases like ZNFs and TALENs); and
CRISPR/Cas-based tools (Shelake et al. 2019a). Since the first proofs-of-concept
of CRISPR/Cas application for plant genome editing in 2013 (Li et al. 2013;
Nekrasov et al. 2013; Shan et al. 2013), various CRISPR-based tools have been
designed and were successfully applied in different model plants and crop species.
This chapter provides an overview of traditional mutagenesis tools, the historical
development of CRISPR technology, the basics of CRISPR/Cas components, recent



CRISPR-based tools for NBTs, and applications of CRISPR-based tools in crop
improvement.
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10.2 Conventional and Pre-CRISPR Mutagenesis Tools

The mutation-causing agents, also known as mutagens, are categorized as physical
and chemical mutagens. Some popularly used physical mutagens include high-
energy ion beams, X-rays, gamma rays, and neutrons. Particular radiation doses
can cause double-stranded breaks (DSBs) in DNA due to photochemical damage
triggering indel mutations in the genome (Bado et al. 2015). Several chemical
mutagens, such as alkylating agents, base analogs, nitrous acid, hydroxylamine,
and acridine dyes, have been used in crops (Oladosu et al. 2016). Physical and
chemical mutagens were effectively used in traditional mutation breeding in the past
and continue to play a part in the current crop variety development (Suprasanna et al.
2015). However, these tools produce random mutations without any user-control,
mutagens are harmful to human health and the environment, and need
standardization for each plant species (Bado et al. 2015).

In the mid-1990s, polymerase chain reaction (PCR) and PCR-based screening has
revolutionized the field of plant breeding. A PCR-based modified TILLING tool
(Targeting Induced Local Lesion IN Genomes) was adopted in the early 2000s that
mediate the screening of only a gene of interest in the mutant library. TILLING
methods need to screen many plants to get the desired genotype and cause undesir-
able mutations. Transposable genetic elements were repurposed as a method for
mutation breeding in several crop species but limited success. Agrobacterium-
mediated introduction of transfer DNA (T-DNA) into plant genome is manipulated
as a useful tool for the production of T-DNA insertional mutant lines. RNA
interference (RNAi) is a promising genome engineering method that includes the
suppression of gene expression by RNAi via obstruction of the mRNA of chosen
targets (Dalakouras et al. 2020). However, the RNAi approach needs the continuous
expression of RNAi machinery, and a stable transgenic system requires the approval
of genetically modified (GM) regulatory authorities. Therefore, alternative GM-free
tools like synthetic meganucleases are an attractive option for achieving GE plants
without continuous transgene expression. CRISPR/Cas-based tools are the most
popular meganucleases among the three of them (the other two include ZNFs,
zinc-finger nucleases, TALENs, transcription activator-like effector nucleases).
Owing to several beneficial features, CRISPR/Cas-based tools are adopted for
various applications in the last decade (Fig. 10.1). The CRISPR tools used for simple
knockout/knockin generation, homologous recombination (HR)-based mutations at
a specific locus, base substitution in DNA and RNA, directed evolution of the
desired genomic region, gene tagging, DNA/RNA imaging, pathogen detection,
barcoding, modulation of epigenetic marks, transcription regulation, and lineage
tracing, etc. (summarized in Shelake et al. 2019a, b; Pramanik et al. 2021a). Various
aspects of CRISPR technology are discussed in the following sections.
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Fig. 10.1 Milestones in development of CRISPR-based tools

10.3 Basics of CRISPR/Cas-Based Tool

The CRISPR/Cas is a part of the immune system reported in bacteria and archaea.
The native CRISPR/Cas system elements from bacteria were repurposed for targeted
GE (Jinek et al. 2012). The essential two components of the CRISPR/Cas-mediated
GE tool comprise Cas nuclease protein and an RNA molecule (Fig. 10.2). The
structure of predominantly used Streptococcus pyogenes Cas9 (SpCas9) protein
has two endonuclease domains, HNH and RuvC (Nishimasu et al. 2014). RNA
molecule, also known as single guide RNA (sgRNA), is a fusion of CRISPR RNA
(crRNA) and a trans-activating RNA (tracrRNA). Some important terms related to
the CRISPR/Cas9-based tool are shown in Fig. 10.2 and summarized in the follow-
ing section.

CRISPR RNA (crRNA)—Short RNA fragment (about 20 bp for SpCas9, 23 bp for
Cas12a) at the 5′-end of the engineered RNA scaffold.

Single guide RNA (sgRNA)—Fusion of crRNA and a trans-activating RNA
(tracrRNA).

Target strand—The crRNA binding DNA strand of the target region.
Non-target strand—The non-crRNA binding DNA strand of the target region.
HNH domain—Cas9 domain that cleaves the target DNA strand bound to the

crRNA.
RuvC domain—Cas9 domain that cuts non-target DNA strand unbound to the

crRNA.
Nickase Cas9 (nCas9)—The mutant version of Cas9 generated by a point mutation in

one of the catalytic domains of active Cas9, i.e., the RuvCI (D10A) and HNH
(H840A) domains, that cleave only the target and the non-target strand, respectively.

Dead Cas9 (dCas9)—A double mutant version of Cas9 (D10A and H840A) with no
catalytic activity but still recognize and bind the target region together with
sgRNA.

Protospacer adjacent motif (PAM)—Short (typically 2–6 bp) recognition sequence
present on non-target DNA strand in the target region.
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Fig. 10.2 Overview of CRISPR/Cas9 system. Description about components provided in the
main text

Another common Cas9 ortholog is Cas12a (previously called Cpf1), which
requires only a crRNA (Zetsche et al. 2015). Cas12a mostly recognizes T-rich
PAM site (Cas9 recognizes G-rich PAM site), and cleavage generate staggered
ends (Cas9 produces blunt ends). Point mutations have developed several Cas9
and Cas12a variants either for relaxed PAM or higher precision activity (Table 10.1).

10.4 CRISPR-Based Tools for Genetic Engineering of Plants

Many CRISPR-based tools have been developed, which allowed desired editing in
the targeted genomic site and beyond (Table 10.1). The fusion of various enzymes to
the nCas9 or dCas9 has been exploited as a platform to deliver the CRISPR-tool-
cargo at the genomic site of interest. Here, the CRISPR-based tools and their
applications are discussed based on the type of edited outcomes in GE experiments.

10.4.1 Epigenetic Modification Tools

The genome of plants and higher eukaryotes is highly organized into chromosomes.
Chromatin in the chromosome consists of DNA and protein. The packaging and
unfolding of DNA with histone and non-histone proteins in chromatin is strongly
associated with gene expression or silencing. A set of epigenetic changes driven by
genome–environment interactions leads to epigenetic memory development even
without modifying the DNA code itself (Pramanik et al. 2021a). Epigenetic regula-
tion governs gene expression by modulating the chromatin structure, and those
changes can be inherited to the next generation. Consequently, chromatin-modifying
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Table 10.1 Available CRISPR-based tools (adapted from Pramanik et al. 2021a)

Tool Version Components Feature

Cas9 Cas9
Cas9 variants
Cas9 orthologs
(PAM)

Cas9, sgRNA Knockout/
knockinHigher specificity-

eSpCas9(1.0), eSpCas9(1.1), SpCas9-
HF1, HeFSpCas9, HypaCas9,
evoCas9, HiFiCas9, Sniper Cas9,
eHF1-Cas9, eHypaCas9

Relaxed PAM-
SpCas9(D1135E), SpCas9(VQR),
SpCas9(EQR), SpCas9(VRER),
SpCas9(QQR), xCas9, SpCas9-NG,
iSpmacCas9, SpCas9-NRRH,
SpCas9-NRTH, SpCas9-NRCH,
Cas9-Sc++, HiFi-Sc++, SpG, SpY,
CasΦ
Orthologs-
SpCas9 (NGG), StCas9
(NNAGAAW), NmeCas9
(NNNNGMTT), SaCas9 (NNNRRT),
FnCas9 (NGG), CjCas9
(NNNVRYAC), ScCas9 (NNG), and
CasX (TTCN), ten Cas12f orthologs
(5′T- or C-rich), SmacCas9 with a
variant iSpyMac (NAAN), whereas N:
any nucleotide, R:A/G, M:A/C, W:A/
T, V:G/C/A, R:A/G, Y:C/T

Cpf1 Cpf1
Cpf1 variants

Cpf1, crRNA Knockout/
knockinAsCpf1(RR), AsCpf1(RVR),

enAsCpf1, LbCpf1(RR), LbCpf1
(RVR), ttLbCas12a, FnCpf1(RR),
FnCpf1(RVR), MbCpf1(RR), and
MbCpf1(RVR)

Cpf1 orthologs
(PAM)

FnCpf1 (TTV/TTTV/KYTV), LbCpf1
(TTTV), AsCpf1 (TTTV), and
MbCpf1 (TTV/TTTV)

Cas13 Cas13a Cas13a, sgRNA RNA targeting

Cas13b Cas13b, sgRNA

Cas13d Cas13d, sgRNA

Imaging DNA dCas9 fused with a fluorescent marker,
sgRNA

DNA imaging

RNA RNA-targeting dCas9 fused with GFP,
sgRNA

RNA imaging

Base Editor Cytidine DNA
Base Editor
(CBE)

nCas9 fused with different cytidine
deaminases and uracil glycosylase
inhibitor (UGI), sgRNA

C-to-T base
editing in
DNA
sequenceCBE versions-

Target-AID (pmCDA1), rAPOBEC1-
UGI (BE3), SaBE3, SaKKH-BE3,
VQR-BE3, EQR-BE3, VRER-



BE3YE1-BE3, YE2-BE3, EE-BE3,
YEE-BE3, nCDA1-BE3, cCDA1-
BE3, YE1-BE4, YE2-BE4, YEE-BE4,
EE-BE4, R33A + K34A-BE4,
YE1-BE4-CP1028, YE1-BE4-NG,
AALN-BE4, BE4-PLUS,
hAPOBEC3A, BE4, BE4max,
AncBE4max, evoAPOBEC1-
BE4max, evoFERNY, evoCDA1-
BE4max, hyeA3A-BE4max, A3Bctd-
VHM-BE3 and A3Bctd-KKR-BE3,
YE1-BE3-FNLS, APOBEC3G

(continued)
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Table 10.1 (continued)

Tool Version Components Feature

DddA-derived
cytosine base
editors (DdCBEs)

DddA (an interbacterial cytidine
deaminase working on dsDNA) fused
with TALEN effectors

C-to-T in
mitochondria

C-to-G base editor
(CGBE)

nCas9 fused with CBE variants and
uracil DNA N-glycosylase

C-to-G

Adenine DNA
Base Editor
(ABE)

nCas9, fused with engineered tRNA
adenosine deaminase, sgRNA

A-to-G base
editing in
DNA
sequence

ABE versions-
ABE7.10 (TadA-TadA*), ABEmax,
miniABEmax, ABE8e, 20 ABE8
versions

Adenine RNA
editor (REPAIR)a

dCas13 fused with adenine deaminase
domain of ADAR2, sgRNA

A-to-Inosine
(G) in RNA

Cytidine RNA
editor
(RESCUE)b

dCas13 fused with engineered adenine
deaminase domain of ADAR2c,
sgRNA

C-to-U in
RNA
sequence

Directed
evolution
tools

Dual base editor
(ABE-CBE)

nCas9 fused with ABE and CBE Targeted
random
mutagenesisEvolvRd nCas9 fused with engineered DNA

polymerase, sgRNA

ROS mutatord nCas9 fused with ROS-producing
enzyme

Target-Gd dCas9 fused with engineered DNA
glycosylase, sgRNA

Prime Editor Prime Editor (PE) nCas9 fused with engineered reverse
transcriptase, prime editing guide
RNA (pegRNA)

GE, base
change

Targeted
Deletor

AFIDe Fusion of human APOBEC3A (A3A),
uracil DNA-glucosidase and apurinic
or apyrimidinic site lyase

Multi-
nucleotide
deletion

Transcription
regulators

CRISPR
interference
(CRISPRi)

dCas9 fused with KRAB-repressive
domain, sgRNA

Transcription
repression

CRISPR activator
(CRISPRa)

dCas9 or split dCas9 fused with
effectors, sgRNA
Effector set—VPR (VP64, P65, and
Rta)

Transcription
activation



Effector set—Synergistic activation
mediator, SAM (MS2, p65, VP64,
HSF1)
Effector set—SunTag

enzyme fused to Cas protein used to design epigenetic modifiers (EMs) for CRISPR-
mediated epigenetic modification.
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Table 10.1 (continued)

Tool Version Components Feature

Epigenetic
modifier

Demethylase dCas9 fused to 10–11 translocation
(TET) proteins, dCas9-LSD1

Epigenetic
modification

Methylase dCas9-DNMT3A, dCas9-MQ1,
dCas9-PRDM9, dCas9-KRAB,
dCas9-DOT1L

Deacetylase dCas9-HDAC3

Acetylase dCas9-P300

Pathogen
detection

SHERLOCKf Cas13a, reporter (quenched
fluorescent RNA), sgRNA

RNA or DNA
detection

DNA
integrator

Tn7 transposond Cas 6, Cas7, Cas8, transposon
complex (tnsA/B/C, TniQ), sgRNA

DNA
integration

Cas12k-based
DNA integrased

Cas12k, TnsB, TnsC, TniQ, sgRNA

aREPAIR: RNA Editing for Programmable A to I Replacement
b RESCUE: RNA Editing for Specific C-to-U Exchange
c ADAR2: Adenosine Deaminase Acting on RNA type 2
dNot yet tested in plant systems
eAPOBEC-Cas9 fusion-induced deletion system
f SHERLOCK: Specific High-Sensitivity Enzymatic Reporter Unlocking

The EM tools can induce epigenetic changes at targeted loci, facilitating reading,
writing, and erasing epigenetic signatures (Pulecio et al. 2017; Adli 2018). Several
EM tools have been characterized, focusing on targeted genetic methylation
modifications and histone modifications in higher eukaryotes (Fig. 10.3). The
dCas9-TET1 tool was successfully applied to remove the DNA methylation site
and activate the silent gene (Liu et al. 2016). The dCas9-based CLOuD9 tool was
used to change the chromosomal organization in the target region in the human
genome (Morgan et al. 2017). Recently, a dCas9-DRM tool was engineered to
modulate the activities of FWA and SUPERMAN (SUP) promoters for functional
studies of underlying genes (Papikian et al. 2019). Histone modifiers have also been
designed to enable precise modulation of epigenetic marks present in targeted locus-
wrapping histones. For instance, dCas9 fused with EMs [histone demethylases
(LSD1) (Kearns et al. 2015) and methyltransferases (SMYD3, PRDM9, and
DOT1L) (Kim et al. 2015; Cano-Rodriguez et al. 2016), acetyltransferases (p300)
(Hilton et al. 2015), and deacetylases (HDAC3) (Kwon et al. 2017)] for histone
modification and gene regulation in human cells. Lately, acetyltransferases (p300)



and H3K9 methyltransferase (KRYPTONITE) were successfully applied in
Arabidopsis thaliana to alter flowering time targeting FT locus (Lee et al. 2019).
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Fig. 10.3 CRISPR-based toolbox for plant engineering. (a) Schematic illustration of epigenetic
modifier tools that generate epigenetic modifications in the DNA and histones. DNA methylation,
histone acetylation modifications can either activate or repress gene function. (b) CRISPR/Cas9-
mediated GE at target genomic site producing a double-stranded DNA break and different pattern of
mutations. (c) Targeted gene replacement using CRISPR tools. (d) Schematic illustration of base
editing of the target site by C-to-T (CBE) or A-to-G (ABE) substitution. (e) The prime editing
system consists of a nickase Cas9 (nCsa9) fused to a reverse transcriptase (RT) enzyme, and prime
editing guide RNA (pegRNA) carrying primer binding site (PBS). The pegRNA also functions as a
template for RT that further introduces mutations to the target locus. (f) The EvolvR consists of two
components: enCas9 (enhanced version of nCas9) fused to a mutant form of DNA polymerase I
with an error-prone activity. (g) The dCas9-DNA glycosylase-based Target-G or ROS (reactive
oxygen species)-producing enzyme-based ROS mutator tool can generate mutations near the
sgRNA target site. (h) CRISPR-based activator and repression systems designed to switch on/off
the target gene expression

Overall, the use of EM tools will provide new information about the basics of
developmental biology and epigenetic aspects for fine-tuning the crop species with
improved traits. One of the critical elements of EM tool application is the necessity



of continual transgene expression. Thus, plant varieties developed with EM tools
will be categorized as GM and regulated accordingly.
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10.4.2 Knockout/Knockin Tools

Whole-genome sequencing provides an ideal platform to predict the novel genes that
are unknown in the past, and knockout generation of predicted genes facilitates the
further characterization of additional features. Knockin/knockout mutant population
generated by precise GE serves as an excellent source for breeding to avoid linkage
drag. Another way for genetic improvement is to delete the elements negatively
affecting the gene function. Therefore, knockout of genes conferring advantageous
traits is the easiest and most common CRISPR/Cas system. The Cas9-sgRNA
complex induces DSBs at targeted genomic loci (Fig. 10.3). The DSBs in the
genome are repaired by an error-prone DNA repair pathway generating a diverse
type of mutations, including frameshift or premature stop codon (Gaj et al. 2013).
The PAM constraint for gRNA selection is relaxed by developing evolved SpCas9
and mining of Cas9/Cpf1 orthologs (Table 10.1). Similarly, multiple gRNA
sequences can be designed as a single CRISPR array to enable simultaneous editing
of various sites in the genome, commonly known as multiplexing or multiplex GE
(Cong et al. 2013). Multiplexing allows de novo domestication of wild species in a
single generation by recreating mutations (SNPs and quantitative trait loci) for
desirable agronomic traits (Li et al. 2018b; Zsögön et al. 2018; Yu et al. 2021).

Homologous recombination-based gene targeting possesses the vast potential to
generate plant material with improved or novel traits. In nature, homology-directed
repair (HDR) is a less preferable pathway for DNA repair; thus, genetic engineering
approaches met with low success in the pre-CRISPR era. Many reports showed
lower efficiency in the case of HR-mediated gene transfer. The CRISPR/Cas system
has demonstrated the potential to improve HDR efficiency by creating precise DSBs
and increased gene-targeting efficiency in several crops (Table 10.2).

10.4.3 Point Mutation Tools

Many agronomic traits are conferred by single-nucleotide substitutions (SNP).
CRISPR/Cas-mediated DSB formation usually introduces indels at the targeted
genomic sites. Therefore, base editors (BE) generated by the fusion of deaminase
enzymes to the nCas9 or dCas9 are more suitable for SNPs or novel allele
generation.

10.4.3.1 DNA and RNA Base Editors
DNA base editors (BEs) were developed fusing a Cas nuclease (dCas9/nCas9) and a
base-modification enzyme, generally a deaminase. Two types of BEs are extensively
studied for diverse applications in prokaryotes and eukaryotes, including plants
(Huang et al. 2021). The first type comprises cytosine base editors (CBEs) that
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Table 10.2 Representative examples of trait improvements in crop species achieved using major
CRISPR-based tools

Plant Target Application/trait Reference

Epigenetic tools

Rice OsVAL Modification on
gibberellin regulation
in rice

Xie et al. (2018)

Rice LC2 Increase in tiller
number

Lee et al. (2020)

Rice WX1 Higher amylopectin Zeng et al.
(2020)

Knockout/knockin tools

Rice Large gelation Improve yield Wang et al.
(2017b)

Soybean GmFT2a Flowering phenotype Cai et al. (2018)

Potato S-locus (S-RNase) Self-compatibility Enciso-
Rodriguez et al.
(2019)

Tomato PMR4 Powdery mildew
resistant

Santillán
Martínez et al.
(2020)

Rice PDS, MPK2, BADH2 Abiotic stress tolerance Shan et al.
(2013)

Rice MPK5 Abiotic stress tolerance Xie and Yang
(2013)

Rice DERF1, PMS3, EPSPs, MSH1,
MYB5

Drought tolerance Zhang et al.
(2014)

Rice AOX1a, AOX1b, AOX1c, OsBEL Abiotic stress tolerance Xu et al. (2015)

Rice OsERF922 Enhanced blast
resistance

Wang et al.
(2016)

Mushroom ppo1 Non-browning
mushroom

Waltz (2016)

Cucumber eIF4E1 Multiple virus
resistance

Chandrasekaran
et al. (2016)

Tomato Slmlo1 Powdery mildew
resistance

Nekrasov et al.
(2017)

Rice OsHAK1 Reduced Cesium
uptake

Nieves-
Cordones et al.
(2017)

Rice OsPRX2 Tolerance to potassium
deficiency

Mao et al.
(2018)

Wheat sgAlpha-1, sgAlpha-2 Low-gluten or gluten-
free wheat

Sánchez-León
et al. (2018)

Potato StPPO Non-browning potato González et al.
(2019)

Tomato SlHAK20 Loss of salt tolerance Wang et al.
(2020b)
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Table 10.2 (continued)

Plant Target Application/trait Reference

Rice RAV2 Salt tolerance Duan et al.
(2016)

Citrus CsLOB1 Canker disease
resistance

Jia et al. (2017)

Barley HvPAPhy_a Grain quality Holme et al.
(2017)

Maize ARGOS8 Drought stress
resistance

Shi et al. (2017)

Orange CsLOB1 Canker disease
resistance

Peng et al.
(2017)

Rice SWEET11, SWEET13 and
SWEET14

Bacterial blight disease
resistance

Oliva et al.
(2019)

Rice Xa13 Blight-resistant rice Li et al. (2020a)

Maize WX1 Higher amylopectin Gao et al. (2020)

Rice WX1 Higher amylopectin Huang et al.
(2020)

Pumelo LOB1 promoter Canker disease
resistance

Jia and Wang
(2020)

Rice Waxy Reduced amylose
content

Ma et al. (2015)

Rice TMS5 Rapid breeding of
hybrids

Zhou et al.
(2016)

Rapeseed FAD Improved fatty acid Jiang et al.
(2017)

Rice Sc Rescues male sterility Shen et al.
(2017)

Rice Sa Overcomes hybrid
incompatibility

Xie et al.
(2017a)

Rice S1 Overcomes hybrid
incompatibility

Xie et al.
(2017b)

Tomato RIN RIN function in fruits
ripening

Ito et al. (2020)

Lettuce GGP1, GGP2 Oxidation stress
tolerance

Zhang et al.
(2018)

Tomato GGP1 Improved vitamin C Li et al. (2018b)

Rice OsSWEET14 Bacterial blight
resistance

Wang et al.
(2020a)

Tomato SlPelo, SlMlo1 Viral and fungal disease
resistance

Pramanik et al.
(2021b)

Cytidine Base editors

Rice wx Soft rice Xu et al. (2021a)

Rice NRT1.1B Nitrogen use efficiency Lu and Zhu
(2017)

Oilseed ALS, RGA, IAA7 Herbicide resistance,
decreased plant height

Cheng et al.
(2021)
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Table 10.2 (continued)

Plant Target Application/trait Reference

Rice ALS, FTIP1e Herbicide resistance Shimatani et al.
(2017)

Potato ALS Herbicide resistance Veillet et al.
(2019)

Wheat TaALS Herbicide resistance Zong et al.
(2017)Wheat TaMTL Haploid induction

Adenine Base editors

Rice ACC, ALS, DEP1, CDC48,
NRT1.1B

Proof-of-concept,
herbicide resistance

Li et al. (2018a)

Wheat TaDEP1, TaGW2 Proof-of-concept

Brassica ALS, PDS Late flowering Kang et al.
(2018)Rice MPK6, MPK13, SERK2,

WRKY45, Tms9-1
Proof-of-concept

Rice OsPDS Proof-of-concept Ren et al. (2021)

Prime Editor

Rice ALS Herbicide resistance Butt et al. (2020)

Rice EPSPS Glyphosate resistance Li et al. (2020c)

Rice OsALS, OsACC Proof-of-concept Xu et al. (2020b)

Rice OsPDS, OsACC1, OsWx Proof-of-concept Xu et al. (2020a)

Maize ZmALS1, ZmALS2 Proof-of-concept,
herbicide resistance

Jiang et al.
(2020)

Potato StALS1 Proof-of-concept Veillet et al.
(2020)

Tomato SlGA, SlALS2, SlPDS1 Proof-of-concept Lu et al. (2020)

Rice OsALS, OsKO2, OsDEP1, and
OsPDS

Proof-of-concept Tang et al.
(2020)

Rice OsALS, OsCDC48, OsDEP1,
OsEPSPS, OsGAPDH,
OsLDMAR

Proof-of-concept Lin et al. (2020)

Wheat TaGW2, TaUbi10, TaLOX2,
TaNLO, TaDME, TaGASR7

Proof-of-concept

Direction evolution tools

Populus Multiple genes Database of CRISPR
mutant

Zhou et al.
(2015)

Tomato SlCLV3 Fruit size variation Rodríguez-Leal
et al. (2017)

Rice ALS Herbicide resistance Kuang et al.
(2020)

Rice ACC Herbicide resistance Li et al. (2020b)

Strawberry FvebZIPs1.1 Fine-tuning sugar
content

Xing et al.
(2020)

Transcription regulation tools

Rice miR159b Modulation of the plant
transcriptome

Tang et al.
(2017)

Rice ER1 Increase transcription Li et al. (2017)



convert a C:G into a T:A (Komor et al. 2016). CBEs consists of three components: a
Cas enzyme (nCas9 or dCas9), a cytidine deaminase, and uracil glycosylase inhibi-
tor (UGI). Secondly, adenine base editors (ABEs) convert A:T to G:C (Gaudelli
et al. 2017). ABEs typically have two components: a Cas enzyme (nCas9 or dCas9)
and evolved adenosine deaminase. The fusion of CBE and ABE was also designed
as a dual base editor (CABE) for allele generation and discussed in another section
about diversification of targeted loci.
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Table 10.2 (continued)

Plant Target Application/trait Reference

Tobacco DFR, AN2 Gene regulation Selma et al.
(2019)

Rice WOX11 and YUC1 Increased transcription Gong et al.
(2020)

The first CBE system was developed as BE1 by fusing rat cytidine deaminase
(APOBEC1) with dCas9 to facilitate C-to-T base substitution (Komor et al. 2016).
BE1 can act on single-stranded DNA (ssDNA) as a substrate but is inefficient on
double-stranded DNA (dsDNA). Specific ssDNA recognition by BE1 is helpful to
reduce the off-target activity. The second CBE system (BE2) developed from BE1
after replacing dCas9 by nCas9 to produce nick at the non-edited strand. Further-
more, UDG inhibitor (UGI) was added to the BE2 system to generate BE3
(CBE-UGI) and BE4 (CBE-2xUGI) to improve editing efficiency in vivo. The
CBE activity is observed in a core location inside the gRNA-binding region called
the activity window or editing window. In the case of first-generation CBEs (BE1 to
BE4), ~5-bp editing window was observed in the gRNA region from 1 to 5 bp distal
to the PAM site. Similarly, target-AID (activation-induced cytidine deaminase)
system was developed where cytidine deaminase from sea lamprey (PmCDA1)
fused with nCas9-UGI employed to achieve efficient C-to-T base editing (Nishida
et al. 2016). The CBE toolkit is recently expanded using different versions of
evolved CBEs and Cas9 orthologs (Table 10.1). Two recently reported CBE
versions using the human APOBEC3B provide higher CBE activity with lower
off-target effects (Jin et al. 2020).

The second class of BE system contains ABE, which is developed using a mutant
version of tRNA adenosine deaminase enzyme TadA from Escherichia coli. TadA
mutant fused with dcas9 to produced TadA*-dCas9 that can act on ssDNA and
efficiently allowed conversion of A-to-inosine (I) that further transforms from A-to-
G (Gaudelli et al. 2017). nCas9 was replaced with dCas9 to generate TadA*-nCas9
system. The ABE7.10 system was developed combining with newly evolved
TadA*, native TadA, and nCas9 (TadA-TadA*-nCas9) that showed significantly
improved ABE activity in mammalian cells. ABE7.10 system was further modified,
and new variants were reported. For example, ABE8 and ABE8e showed the highest
A-to-G conversion in mammalian cells (Gaudelli et al. 2020; Richter et al. 2020).
The ABE8 fusion with SpRY (relaxed PAM variant of SpCas9) shown improved
ABE activity in rice (Xu et al. 2021b).
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While CBE and ABE permit the transition from C-to-T and A-to-G, respectively,
the latest C-to-G editor (CGBE) was reported to efficiently generate the transversion
[C-to-A in E. coli and C-to-G in human cells (Zhao et al. 2021)] [C-to-G in human
cells (Kurt et al. 2021)]. In CGBE, uracil DNA glycosylase (UDG) fused to a CBE
(No UGI) produces an abasic (AP) site, which is repaired by endogenous machinery
into resultant transversion mutation. However, current versions of CGBE can edit
the base in site-dependent manner and exact mechanism is not known. In this regard,
the CGBE application in plants is expected to generate transversions but yet to be
confirmed by experimental evidence. Bacterial deaminase DddA-derived CBE is
repurposed for C-to-T conversion in mitochondrial dsDNA (Mok et al. 2020).
Therefore, plant organelle GE would be an exciting aspect for plant breeding
applications in the near future.

Apart from the DNA BE, CRISPR systems were repurposed for RNA targeting
and base conversion in RNA molecules in vivo. The ADAR family enzyme,
adenosine deaminases, catalyzes hydrolytic adenosine deamination, transforming
adenosine (A) to inosine (I). The catalytically dead Cas13b enzyme (dPspCas13b)
fused to the deamination domain (DD) of an ADAR (ADARDD) to create an
RNA-guided editor named RNA Editing for Programmable A-to-I Replacement
(REPAIR) (Cox et al. 2017). Similarly, ADAR2 were evolved to a cytidine deami-
nase that fused with dCas13 to develop programmable RNA Editing for Specific C-
to-U Exchange (RESCUE) (Abudayyeh et al. 2019).

10.4.3.2 Prime Editor
Prime editing (PE) is the latest CRISPR-based technology that generates desired
point mutations at the targeted site. The PE tool consists of a prime editing gRNA
(pegRNA) and a fusion protein comprising nCas9, and an engineered reverse
transcriptase (RT) enzyme (Anzalone et al. 2019). The PE tool is described as a
“search-and-replace” GE tool that can induce base substitutions in more extended
regions. A series of PE1, PE2, PE3, PE3b systems were developed. However, low
editing efficiency was observed in animals and plants. Several attempts were
reported to improve PE efficiency. For instance, the M-MLV RT domain was
replaced with the CaMV RT (RT-CaMV) from cauliflower mosaic virus or a
retron-derived RT (RT-retron) from E. coli (Lin et al. 2020). However, similar to
earlier studies, lower editing efficiency is still a significant obstacle for PE applica-
tion in plants. Recently, an improved level of pegRNAs expression was reported to
enhance PE efficiency in maize (Jiang et al. 2020).

Even though the PE technique is promising, lower editing efficacy needs to be
improvized by additional efforts. Also, present BE systems show higher efficiency
for transition mutations than PE. A diverse ABE/CBE toolbox offers more options
for user-defined mutations in the targeted region in the genome.
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10.4.4 CRISPR Tools for Directed Evolution

Many favorable phenotypes of crops are produced by multiple SNPs present at the
same loci. The CRISPR/Cas systems were engineered to edit such multiple nucleo-
tide bases. In this regard, the dual BE system is an efficient tool for simultaneous C-
to-T and A-to-G substitutions at the targeted site. Recently, several dual BE systems
were engineered using different ABE and CBE versions. For example, Synchronous
Programmable Adenine and Cytosine Editor (SPACE), which consists of
APOBEC3A cytidine deaminases and Target-AID (Grünewald et al. 2020), A &
C-BE system designed using BE3 with ABE7.10 (Zhang et al. 2020), and ACBE
system containing Target-AID and ABE-7.10 (Xie et al. 2020).

Another CRISPR-based tool, EvolvR, is effectively employed for targeted muta-
genesis in the bacterial cell that offers a different way of creating novel genetic
variants of the desired locus (Halperin et al. 2018). The EvolvR comprises two
components: enCas9 (enhanced version of nCas9) fused to a mutant form of DNA
polymerase I possessing an error-prone activity. EvolvR is yet to be tested in plants.
Still, a unique feature of introducing all 12 possible mutations (A-to-G, A-to-C,
A-to-T, C-to-T, C-to-A, C-to-G, G-A, G-T, G-to-C, G-to-A, G-to-C, G-to-T) has
immense potential in plant breeding applications. Additionally, tools like Target-G
(Nishida and Kondo 2017) and ROS mutator (Kim and Shelake 2021) need optimi-
zation for the directed evolution of desired loci in plant GE. One of the targets in
plant systems is the promoter region. The transcription factors recognize the cis-
regulatory elements present in the promoter sequence that dictate the spatiotemporal
gene expression pattern. Mutations in regulatory elements in the promoter region
changes the levels of gene expression, creating phenotypic differences.

10.4.5 Transcriptional Regulation Tools

As discussed earlier, DNAmutation-based protein engineering is not the only way to
attain the anticipated plant phenotype. In addition to epigenetic modifications,
modulation of gene expression allows fine-tuning of plant traits governed by spatio-
temporal expression levels of targeted genes. Recruitment of synthetic artificial
transcription factors (ATFs) mediates the controlled expression of the desired gene
(Shrestha et al. 2018). The ATF fusion with dCas9 activates or suppresses the gene
expression, therefore, referred to as CRISPRa and CRISPRi, respectively
(Table 10.1). Several types of effector domains have been tested alone or in
combination for dosage-dependent regulation of transcriptional activity. Some
examples include the dCas9 fused with KRAB-repressive domain (Gilbert et al.
2014), VPR activation domain (VP64, P65, and Rta) (Chavez et al. 2015), synergis-
tic activation mediators (MS2, p65, VP64, HSF1) (Konermann et al. 2015), and
SunTag activation system (Tanenbaum et al. 2014).
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10.5 Agricultural Applications

Climate change is a significant threat to crop productivity. Plant scientists need to
use novel ways to develop crop varieties that withstand under changing environ-
mental conditions. CRISPR-based tools are the most popular GE tools for funda-
mental and applied plant research (Pramanik et al. 2021a). Diverse CRISPR-based
tools provide alternatives to achieve expected goals in NBTs like higher yield,
tolerance to biotic and abiotic stresses, prevention of post-harvest losses, value
addition, and novel traits-in-demand by consumers. Therefore, in a practical sce-
nario, NBT-mediated improved crop productivity by targeted gene modification is
beneficial to the farmers and consumers.

The CRISPR-based tools are extensively applied for basic and applied research in
the broad range of the plant species, such as rice, oilseed, barley, strawberry,
cucumber, tomato, tobacco, maize, soybean, wheat, citrus, and so on. Several
phenotypic traits were modulated using knockout experiments to increase yield
and quality, biotic and abiotic stress resistance, improve metabolites content
(Table 10.2). Some examples of HR-based gene targeting consists of potato (Butler
et al. 2016), tomato (Čermák et al. 2015), rice (Wang et al. 2017a), wheat
(Gil-Humanes et al. 2017), and cassava (Hummel et al. 2018). Additionally, the
insertion of important trait carrying alleles was introduced into the target genome
allowed to produce higher anthocyanin in tomato (Čermák et al. 2015), herbicide-
resistant soybean (Li et al. 2015), maize (Svitashev et al. 2015), and rice (Sun et al.
2016) varieties. Applications of various CRISPR-based tools are summarized in
Table 10.1. Some of the tools are used only for validation in plant systems and within
reach to find its application in NBTs for trait improvement.

10.6 Conclusion and Future Perspective

The application of NBTs, especially CRISPR-based tools, is transforming the field
of plant breeding. Nonetheless, precision editing demands a comprehensive under-
standing of the functioning of genome and proteome in plant life. Although
off-target activities (mutations at unintended locations in the genome) is a major
concern in human, it can be circumvented by backcrossing and segregation in plants
(Kadam et al. 2018). In this century, climate change may cause drastic environmen-
tal changes. The changing environmental conditions may create new challenges for
agriculture and human health. Hence, tools like CRISPR/Cas are boon to agriculture
and food production. Also, regulation of GE crops should be science-based to allow
plant breeders to apply NBTs worldwide without any barriers.
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Abstract

Spontaneous and induced mutations form the bases for genetic diversity and
evolution. Induced mutations in plants have been successfully used for the
improvement of crop species over the last several decades and remain an impor-
tant component of crop-improvement programs in Asia, and increasingly in
Africa and Latin America. Induced mutations create rapid genetic diversity,
which when combined with present-day genomics and speed-breeding
technologies such as doubled haploidy, pave the way for accelerated genetic
gain in crop plants. The FAO/IAEA Mutant Variety Database currently holds
records of over 3200 mutant crop varieties released for cultivation across
220 plant species, the majority being in rice. Close to 2000 of these have been
released in Asia. In the genomic era, the molecular bases of the phenotypes of
mutants can be more easily elucidated than ever before with cost- and time-
efficient sequencing technologies combined with precision phenotyping and
bioinformatics. Beyond routine crop improvement, the combination of induced
mutations and current omics technologies constitute a powerful functional geno-
mics platform that identifies molecular markers for forward breeding and also
candidate genes and sequences for gene editing.
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11.1 Introduction

Induced genetic diversity and breeding with promising mutations for farmer-
preferred traits in agronomically sound genetic backgrounds have paved the way
for crop improvement globally for over seven decades now. Plant transgenic
technologies debuting in the late eighties and early nineties led to the development
and use of continuously evolving methods in plant transformation, DNA manipula-
tion and transgene integration, the most recent being the CRISPR-Cas mediated site-
specific gene/genome editing, in crop improvement. Simultaneously, rapid evolution
in genomics and computational biology is supporting increased precision and
efficiency in breeding selections through marker-assisted breeding and genomic
selections. While transgenic technologies and molecular breeding remain in heavy
use in the improvement of major crops, namely, maize, soybean, rice, wheat, and
barley in developed countries, especially in the seed/biotechnology industry,
improvement of many crops of importance to the diet diversity of the global
population follow traditional breeding. This is especially so in developing countries
with limited technology and/or infrastructure and rudimentary or absent regulatory
structures, yet where many species of underutilized crops are central to the food and
nutritional security of the local population.

Increasing the productivity of crops is critical to enable self-sufficiency in food
especially in developing countries. Technical and infrastructure capacities for sys-
tematic plant breeding research remain insufficient in developing countries, conse-
quent to which the productivity of crops remain low. Climate change adds a further
dimension to this challenge by triggering crop losses from droughts and warming
global temperatures and causing biodiversity loss. Increasing temperatures and
uncertainties in the intensity, frequency, and distribution of precipitation adversely
affect crop production. These adverse effects are mainly due to the inability of
existing crop varieties to cope with these climate anomalies, and because of increas-
ing incidence and severity of pests and diseases, some of which are becoming
transnational. Changing climate also affects prevailing biodiversity and the geo-
graphic distribution of crops. Without adaptation of crop varieties to the impacts of
climate change, crop production will suffer serious setbacks, leading to food insecu-
rity and the breakdown of food systems, especially in developing nations. Sustain-
able increases in crop productivity requires continuous improvement of the
expression of crop genetic capacity, and this is the focus of plant breeding. Improved
genetics constitute the most fundamental and sustainable solution for food security
and crop adaptation to climate change as it intrinsically improves crop performance
or stabilizes it under stress.

Induced genetic diversity and plant mutation breeding remains the fastest
approach to introduce new genetic diversity that can address both simple traits like
disease resistance or grain quality, and complex traits like yield or tolerance to
climate extremes. Cost-efficient, high-throughput next-generation genotyping
facilitates combined with mutation breeding enables accelerated genetic gain and
also held establish genetic associations and facilitate understanding the molecular
bases of the genetic variability.
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11.2 Induced Genetic Diversity for Crop Improvement

Induced mutations create more rapid changes in the genome than that normally
occurs spontaneously in nature. Nuclear technologies offer a tried-and-proven ave-
nue to safely and easily induce mutations. Since the first demonstration that radiation
causes mutations in fruit flies (Muller 1927) and in the crop plants maize and barley
(Stadler 1928), heritable positive genetic changes, and their associated phenotypes
have been routinely selected for the development of improved crop varieties. In crop
improvement, the ability of induced mutations to create rapid evolutionary change,
and the combination with “speed-breeding” technologies such as doubled haploidy,
shuttle breeding, and marker-assisted selection, can accelerate the pace of develop-
ing improved crop varieties.

The Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture
was established in 1964 with the mandate of technology development and capacity
building in FAO/IAEA Member States (countries) in the field of induced genetic
diversity and plant mutation breeding. Since then, the Joint FAO/IAEA Centre, as it
is currently known, has remained the global leader in the application of irradiation in
plant mutation breeding and crop improvement and provided capacity building for
inducing genetic variation and developing improved varieties in more than
100 countries. Gamma rays and X-rays are the predominant mutagen sources
used, and the Joint Centre Laboratories in Seibersdorf, Austria, provides seed
irradiation services to Member States as well. The technical support of the Joint
Centres on mutation induction, precision selection, and generation advancement for
variety development along with molecular marker discovery and other efficiency-
enhancing techniques are also being incorporated.

The Joint Centre delivers its overall goal of crop improvement for sustainable
agricultural production systems through mutation breeding using nuclear and
associated technologies. This is achieved using a fluid pipeline that includes three
distinct operational areas, namely, mutation induction for novel genetic diversity,
precision phenotyping and selection, and speed-breeding technologies. This pipe-
line, as it stands currently, ends with the development and release of improved
varieties in FAO/IAEA Member States, and misses a crucial final step, namely,
enabling access of the improved varieties to farmers. This is an especially important
step in nations where formal seed systems do not exist. Therefore, efforts are now
under way to incorporate seed system elements at the end of the current mutation
breeding pipeline to facilitate seed access to farmers.

Induced genetic diversity fortifies plant germplasm pools and enables faster
genetic gain in all crops, and especially so in vegetative crops where the genetic
base is narrow. As such, it is a highly productive means for the improvement of both
simple and complex crop traits in developing countries when coupled with access to
induction or mutation facilities and technical support from the Joint FAO/IAEA
Centre. Testament to this is the >3300 mutant varieties from >70 countries and
>220 plant species represented in the Mutant Variety Database (mvd.iaea.org).
While mutation induction in annual seed crops have a long history, the technique
requires considerable improvement in vegetatively propagated crops where the

http://mvd.iaea.org


potential for mutation breeding is significant (Suprasanna et al. 2012). Improved
techniques in micropropagation and mutagenesis are important for generating
chimera-free populations that can be used to select traits of interest which remain
stable.
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Currently, the induction of mutation is primarily through gamma ray irradiation in
inbred and outbred annual seed crops, and occasionally in vegetatively propagated
crops. Use of new mutagen sources including ion beam, e-beam, and cosmic rays or
space breeding are of increasing relevance for accelerated variety development in
FAO/IAEA Member States, together with functional genomics for marker-assisted
breeding and gene editing.

Selection of improved mutant lines involves the development of physiological,
biochemical, or molecular screening protocols that enable the identification of
mutant lines which show specific improvement in targeted, farmer-preferred traits.
These protocols are implemented in the laboratory, greenhouse or field, depending
on the nature of the trait. A good part of the crops for which improvement is sought
through plant mutation breeding by FAO/IAEA Member States in sub-Saharan
Africa are crops involved in subsistence, smallholder agriculture, where women
are the main farmers. Improvement of these crops, most of them dryland cereals and
legumes, is of critical importance to women farmers. Traits of national and regional
interest routinely include increased yield, improved quality, resistance to insect
pests, diseases, or parasitic weeds, and resistance to extreme temperatures and
drought. In the genomic era, precise selection using molecular markers is becoming
increasingly cost- and time-efficient.

A variety of speed-breeding technologies are of focus to reduce the breeding time
required to develop new crop varieties from selected mutant lines. These include
doubled haploidy, rapid cycling, and molecular marker-assisted selection. Mutation
breeding is advantageous over traditional breeding in that it creates and utilizes a
much larger genetic diversity than that used in traditional breeding. However, the
time required for the development of a new variety in both cases is normally
7–10 years, or more, depending on the plant species. Speed-breeding technologies,
when combined, can significantly reduce this time, sometimes even to half.

11.3 Examples of Recent Outcomes in Crop Improvement

Through mutation breeding and crop improvement initiatives, the Joint FAO/IAEA
Centre helped Member States build capacities to ensure sustainable agricultural
practices, improve crop production, and tackle environmental stresses. In the last
decade alone, this support has facilitated the development of more than 230 mutant
varieties in 44 different crop species that were officially released in 26 Member
States. Furthermore, thousands of developed mutant lines have been contributing to
national breeding programs in Member States, as well as to global biodiversity. Over
the past decade, the Joint Centre contributed to several impactful achievements in
Member States, a few examples are presented.
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In Viet Nam, since 2012, scientists have developed 7 rice mutant varieties with
high yield and drought tolerance, and in total 20 new mutant rice varieties have been
released, which are currently grown by more than 300,000 farmers. This includes
Mutant Khang Dan, one of the best-known rice varieties in the northern and central
provinces of Viet Nam. Furthermore, mutant soybean varieties are also popular, now
occupying about 50% of the area dedicated to this crop. Pakistan has released four
cotton mutant varieties since 2013 which have been rapidly adopted by farmers due
to their ability to withstand high temperatures and heavy rains and resist critical pests
and diseases, while maintaining fiber yield. Of the 3.1 million hectares planted with
cotton in the country, between 15% and 25% are planted with mutant varieties, a
number expected to increase to 30–40% very soon.

Mutation breeding made an important contribution to Peruvian agriculture
through improved nutrition, increased yields, and enhanced livelihoods, as well as
increased biodiversity. The new improved barley and amaranth varieties are adapt-
able to harsh climatic conditions in high altitudes. The mutant barley variety,
Centenario II, now covers 18% of the dedicated barley growing area and is estimated
to contribute US$ 6.6 million annually to the national economy. The mutant
amaranth variety, Centenario, currently covers 47% of the area dedicated to
this crop.

Plant mutation breeding led to the development and release of two new mutant
wheat varieties in less than 5 years that are resistant to the fungus, Ug99, responsible
for the most damaging wheat black stem rust disease. This unprecedented rapid
development of resistant varieties positioned Kenya as a leading nation in the fight
against Ug99, with the first-ever release, in 2014, of 54 tons of seed to cultivate over
500 hectares, for the benefit of 1000 framers. The varieties retained their resistance to
Ug99 in the following years and the demand for seeds remains high.

11.4 Mutations in the Study of Plant Biology

In the present genomic era, the molecular bases of mutations are elucidated more
easily than ever before with cost- and time-efficient sequencing technologies, com-
bined with precise phenotyping. Such information constitutes the foundation for
molecular breeding in its different connotations. Beyond routine crop improvement,
induced mutations in combination with current genomic technologies constitute a
powerful and cost-efficient functional genomics platform to identify molecular
markers for forward breeding, and candidate genes for biotechnology.

Spontaneous or induced mutations have been the major entry points for
elaborating biochemical pathways, describing morphological variants,
characterizing physiological phenomena, and understanding signaling pathways
very early in plant biology. Developmental mutants in seed plants and the use of
mutants to analyze the photosynthetic pathway in higher plants and algae were
elegantly described in the 1980s, before the advent of the genomic era (Marx
1983; Somerville 1986). Arabidopsis thaliana remains the predominant model
plant species for these experiments, wherein genetic associations based on mutations



or quantitative trait loci led to early cloning of genes, further discovery of gene
networks and interactions through protein–protein interaction techniques such as the
yeast two-hybrid system, and extension of gene cloning to other plant species based
on sequence homology. A good description of the early efforts in this area prior to
the publication of the Arabidopsis genome in 2000 is available from the meeting
report of the Seventh International Conference on Arabidopsis Research (Somerville
and Somerville 1996). While spontaneous mutations in the dwarfing genes of wheat
Norin 10 and rice Dee-gee-woo-gen drove the 1960s Green Revolution, it was not
until 1999 and 2002 with the advent of genomics that the causal mutations were
identified to be in the Reduced height (Rht) and the semidwarf1 (sd1) genes in these
two crops, respectively (Hedden 2003).
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The use of transferred DNA (T-DNA) tagged mutant populations for cloning of
plant genes was first reported in 1989, and it utilized the ability of the T-DNA of the
bacteria, Agrobacterium tumefaciens, to insert into the plant genome to generate
insertion mutant populations and the border sequence of the inserted T-DNA as the
tag to facilitate gene cloning (Koncz et al. 1989). This was the earliest report of a
functional genomics approach in higher plants that allowed the association of a
phenotype with its causal gene(s). Subsequently, activation-tagged mutant
populations generated first in Arabidopsis began to be used in forward genetics
approaches for identifying the gene related to a phenotype (Hayashi et al. 1992).
This utilized transcriptional enhancers inserted randomly into the plant genome
alongside of T-DNA to produce dominant mutations, screening for phenotypes of
interest in the resulting mutant population, followed by the cloning of the gene
associated with the phenotype. A genome-wide insertional mutant population of
Arabidopsis with T-DNA to facilitate functional genomics explorations was first
reported in 2003 (Alonso et al. 2003).

Spontaneous mutations, especially those arising from transposon insertions, have
also been used in forward genetics approaches to establish gene-to-phenotype
associations. Thus, the cloning of the maize Anther ear1 (An1) gene resulted from
the observation of the phenotype of perfect flowers on normally pistillate ears in a
transposon insertion mutagenesis population of the Mutator transposable element
system (Bensen et al. 1995). The identity of the sequence was established through its
amplification from independent Mu-induced an1 alleles using one primer from the
terminal inverted repeat of Mu and the other from the putative An1 clone. A
systematic reverse genetics platform named Trait Utilization System for Corn or
TUSC established at the seed company, then Pioneer Hi-Bred International Inc., in
1995 facilitated the use of a maize Mutator population by public sector maize
researchers for functional genomics studies where mutations in known gene
sequences could be used to explore the nature of the phenotype (Meely and Briggs
1995). Advances in molecular biology technologies enabled the description in the
year 2000 of the reverse genetics tool of Targeting induced local lesions IN genomes
(TILLING) for functional genomics in an Arabidopsis mutant population resulting
from chemical mutagenesis using ethyl methanesulfonate (McCallum et al. 2000). It
used denaturing high-performance liquid chromatography to determine base pair
changes by heteroduplex analysis.
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Increasingly cost- and time-efficient sequencing technologies, bioinformatics,
and Artificial Intelligence now facilitate faster and more precise identification of
molecular variants underlying mutations, and their deployment for marker-assisted
breeding and gene editing. Tested and proven analytical techniques of the present
decade such as MutMap, MutMap+, MutMap Gap, and MutRenSeq allows efficient
and precise retrieval of variant information from mutants. These, along with
genome-wide association studies, next-generation sequencing with bulk segregant
analyses, and crop pan-genomes all assume increasing significance when applied to
mutant germplasm already proven to be effective for traits of interest to the farmer.
While the MutMap approach, first described in 2012, facilitated the identification of
a mutation in OsRR22, a response regulator gene, as conferring the hst1 salinity
tolerance in rice in 2015, MutMap+ was used to report the identification of a rice
starch branching enzyme responsible for cooked rice texture in 2018. In 2016,
MutRenSeq was first reported for combining mutagenesis with targeted cloning of
disease resistance genes. Most recently in Nov 2020, the barley pan-genome
revealed the hidden legacy of mutation breeding through tracing a single mutational
event that removed the entire NUD gene sequence as the basis of all naked barley
varieties cultivated to date.

11.5 Future Outlook

Innovative, cost- and time-efficient technologies of the genomic era offers scope for
significant process efficiencies in crop improvement through plant mutation breed-
ing. The utilization of techniques including molecular marker-assisted selection,
doubled haploidy, rapid cycling, and shuttle breeding can accelerate the breeding
process to reduce the time required for the development of new varieties, potentially,
by half. Mutation induction and associated technologies can also constitute func-
tional genomics platform(s) to identify causative genes for crop traits that can in turn
be used in non-traditional breeding approaches. The use of hormesis levels of
irradiation is also emerging as an increasingly sought technology to enhance seed
germination in forest trees, which normally have long periods of dormancy, to
strengthen afforestation and reforestation efforts.

In the near-term future, it is of importance to retain and strengthen the focus on a
few critical areas. Foremost is the emphasis on crop adaptation to climate change
using nuclear techniques to develop new varieties with tolerance to drought and heat,
including the use of environmental classification, and process efficiencies in multi-
environmental testing. Combating the increasing intensities and frequencies of
transboundary plant diseases, and pests (including parasitic weeds) through the
development of novel genetic diversity, screening methodologies and pathogen
race identification is another important area. Acceleration of breeding cycles through
the development of speed-breeding technologies including doubled haploidy, shuttle
breeding, rapid cycling, and molecular marker-assisted selection for target crops
should remain a continuing priority for enhancing the rate of genetic gain. Yet
another area of continuing emphasis is widening the scope of plant mutation



breeding through its adaptation to vegetatively propagated crops and to normally
recalcitrant seeds of perennials and tree crops. Finally, enabling farmers’ access to
improved crop varieties by fostering seed system models in pilot tests or field
implementation, and upscaling, along with wider deployment of tools, technologies,
and knowledge is critical for impact on food security.
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Mutation breeding was accelerated in Japan following the construction of the
Gamma Field in 1960. There are 332 direct-use mutant cultivars generated
through irradiation by gamma rays, X-rays, ion beams, and other methods of
generating induced mutations. Approximately 79% of these mutations are radia-
tion induced. There are 450 indirect-use mutant cultivars including 405 mutant
cultivars of rice, of which nearly 50% were descendants of cv. Reimei. The
economic impact of mutant cultivars developed by induced mutations is very
huge. Some useful mutations are discussed for protein content, amylose content,
giant embryo and non-shattering characteristics in rice, and radiosensitivity, fatty
acid composition, and super-nodulation traits in soybean. Beneficial mutations
have been uncovered in Japanese pear, chrysanthemum, etc. through various
unique induction and screening techniques. The identification of the
characteristics and deletion size generated by gamma rays and ion beams revealed
that the deletion patterns are mostly similar. Furthermore, genetic studies using
induced mutations for phytochrome, aluminum tolerance, and epicuticular wax
and a Mendel’s gene have also been conducted. Mutation breeding is of great
interest and serves as a useful technology for isolation of genes and for elucida-
tion of the molecular mechanisms underlying gene functions and metabolic
pathways, as well as is a very useful aid to conventional breeding for developing
superior cultivars. The advantages of gamma rays and other methods for mutation
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induction including the more precise genome editing technology are also
discussed.
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12.1 Introduction

In Japan, the pioneering works on induced mutation in rice were conducted in the
second quarter of the 1930s by Imai (1934, 1935) using traditional X-ray irradiation.
In the RIKEN (Institute of Physical and Chemical Research; https://www.riken.jp/
en/), many mutations were induced in broad bean (Nakaidzumi and Murai 1938) and
other crops using 2.8 MeV deuterons from their own cyclotron. This cyclotron,
being the second in the world following the first cyclotron in Prof. E. O. Lawrence’s
laboratory at the University of California, Berkeley, was developed with the support
of Prof. Laurence’s laboratory (Kim 2006). However, this cyclotron was destroyed
and submerged into the Tokyo Bay, along with four other cyclotrons at the RIKEN,
Kyoto University, and Osaka University, by the order of the General Head Quarters
(GHQ: Supreme Commander for the Allied Powers) in 1945, just after the end of the
WWII, despite the request of many Japanese scientists to keep these cyclotrons for
the purpose of advancing biological and medical research towards promoting the
health of the Japanese people in the postwar era (Nishina 1947). After 1950, when
isotopes could be used freely without permission of the GHQ, radiation breeding
especially using gamma ray was extensively attempted (Watanabe 1981). With the
release of atomic energy for peaceful uses, many scientists were interested in
inducing mutations in plants and utility of induced mutants both for genetic improve-
ment of crop plants and for genetic analysis of the mutation in Japan.

The first Gamma Field, which was the largest facility in the world at that time,
was constructed at Brookhaven National Laboratory in 1949 (Yamakawa and
Sparrow 1965). However, it was not used primarily for the goal of mutation breeding
in crops, but rather for identifying the effects of radiation on the natural vegetations
and farmers’ fields when a nuclear war was envisioned during the Cold War period.
In Japan, the Gamma Field (Fig. 12.1) was constructed in the Institute of Radiation
Breeding (IRB) (http://www.naro.affrc.go.jp/english/laboratory/nics/research/divi
sion_of_radiation_breeding/index.html) (now affiliated to the National Agriculture
and Food Research Organization (NARO)), Ohmiya (which is now Hitachiōmiya
city), Ibaraki, in 1961. This Gamma Field remains the largest gamma-ray irradiation
field in the world, primarily for inducing mutations in crop breeding programs and
molecular studies in plants; however, the operation of the Gamma Field has been
suspended since May 30, 2019. The Gamma Field has a 100 m radius with an
irradiation tower installed with an 88.8 TBq of 60Co source at the center (Fig. 12.1).
The field is surrounded by an 8 m high-shielding dike (Fig. 12.2). Prior to the

https://www.riken.jp/en/
https://www.riken.jp/en/
http://www.naro.affrc.go.jp/english/laboratory/nics/research/division_of_radiation_breeding/index.html
http://www.naro.affrc.go.jp/english/laboratory/nics/research/division_of_radiation_breeding/index.html


commencement of the Gamma Field operations, its structural characteristics and
gamma-ray exposure rate inside the facility were measured in detail (Kawahara
1967). Following the Gamma Field, the Gamma Greenhouse (a regular octagonal
greenhouse with a 7 m radius installed with a 4.81 TBq 137Cs source: now
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Fig. 12.1 Gamma Field of IRB (Courtesy of IRB, NARO). Yellow line: Restricted area

Fig. 12.2 Irradiation Tower of the Gamma Field. (Courtesy of IRB, NARO)



abandoned) and the Gamma Room (a shielded building installed with a 44.4 TBq
60Co source: Fig. 12.3) were constructed inside the restricted area of the Gamma
Field in 1964 and 1967, respectively, thereby accelerating mutation breeding
through gamma-ray irradiation in Japan (Yamaguchi 2001).
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Fig. 12.3 A shielded building of the Gamma Room inside the restricted area. (The photo taken by
the author with the permission of IRB, NARO)

In the New York Times (Broad 2007), late Dr. Pierre J.L. Lagoda of the Joint
FAO/IAEA, Vienna, Austria, was quoted with this saying about the mutation
breeding using radiation: “I’m doing the same thing. I’m not doing anything
different from what nature does. I’m not using anything that was not in the genetic
material itself . . . Spontaneous mutations are the motor of evolution. We are
mimicking nature in this. We’re concentrating time and space for the breeder so he
can do the job in his lifetime. We concentrate how often mutants appear—going
through 10,000 to one million—to select just the right one . . . It’s not a panacea. It’s
not the solution. But it’s a very efficient tool that helps us reduce the breeding time.”

The concept of the Gamma Field is completely same as the idea of Dr. Lagoda.
The facility just serves to artificially induce mutations at a higher frequency than
natural mutation. The dosage of radiation at the nearest point of the field (10 m from
the center) is ca. 2 Gy/day. This irradiation dosage is estimated to be about 300,000
times that of natural background radiation rate. Then, the plants placed at the nearest
point are, in other words, treated to a 1000 years of total accumulated normal
background rates of radiation every day. The lowest dosage is ca. 0.01 Gy/day,
that is, ca. 2000 times that of background radiation at the farthest point (100 m from
the center). Therefore, optimum places within the Gamma Field (that is, optimum
dose (Gy/day) of chronic gamma-ray irradiation) suitable for various fruit and tea
trees and annual and perennial crops have been identified for effective induction of
mutations (Shu et al. 2012). One can say that evolution of crops in the Gamma Field
can be highly accelerated, although the resulting effects might not be completely



Table 12.1 The number
of mutant varieties of top
15 countries in the Joint
FAO/IAEA Mutant Variety
Database (10 May 2022)

similar to the real 1000 years in nature because crop plants may have at most 1000
generations in 1000 years.
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Without prior knowledge of genes or mechanisms of mutations, radiation breed-
ing could facilitate the development of many useful mutant cultivars and materials to
meet the needs of both farmers and researchers. In 2005, the genome sequence of the
entire 12 chromosomes of rice was identified (International Rice Genome Sequence
Project 2005), and genetic studies based on the sequence information became one of
the most powerful tools for advancing rice molecular genetic research and breeding.

In this report, many mutant cultivars developed in Japan and their socioeconomic
impacts, as well as molecular research of some induced mutations, which contribute
to the food production and to the elucidation of the genomic mechanisms underlying
the mutations, are discussed.

12.2 Mutation Breeding and Released Cultivars in Japan

A search (on May 10, 2022) of the number of developed mutant varieties in the
IAEA database (http://mvgs.iaea.org/AboutMutantVarities.aspx) ranked China as
the topmost country with 817 mutant varieties released (Table 12.1). Japan is placed
in the second rank with 500 varieties released, followed by India in the third place
that accounted for 345 mutant varieties among a total of 3402 varieties documented
worldwide (Table 12.1). Furthermore, other Asian countries, including Bangladesh,
Vietnam, Indonesia, and Korea, are among the top 15 countries documented in the
database for the release of mutant varieties. This scenario demonstrates the popular-
ity of mutation breeding as a highly utilized technique in Asian countries for the
release of important crop varieties. However, it is important to realize that the total
number of real mutant varieties might far exceed these documented totals, because

Ranking Country Number

1 China 817

2 Japan 500

3 India 345

4 Russian Fed. 216

5 Netherlands 176

6 Germany 171

7 USA 139

8 Bangladesh 78

9 Bulgaria 76

10 Pakistan 59

11 Vietnam 58

12 Indonesia 52

13 Korea 40

14 Canada 40

15 France 39

http://mvgs.iaea.org/AboutMutantVarities.aspx


all the mutant varieties might not yet have been registered to this database by the
breeders who developed the mutant varieties.
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It is worthy of note that the Gamma Green House in Malaysia and the Gamma
Phytotron in Korea were newly established in 2008 and 2005, respectively
(Nakagawa and Kato 2017).

12.2.1 The Number of Cultivars Developed by Mutation Breeding

Figure 12.4 indicates the total number of direct-use and indirect-use mutant cultivars
officially registered in each 5-year period from 1960 to 2020 in Japan. The number
of direct-use cultivars in each period had been increasing until 1996–2000
(65 cultivars registered in 5 years). The number, however, has become smaller,
with 50 cultivars registered in 2001–2005, 61 in 2006–2010, and 34 in 2011–2015.
The total number of direct-use mutant cultivars came to 332 in June 2020.

The number of indirect-use cultivars, which are descended from the direct-use
cultivars through hybridization and comprised mostly rice, has been increasing with
103 cultivars registered in 2011–2015 period. The total number of these indirect-use
mutant cultivars was 450 in June 2020. This number of indirect-use cultivars could
be increased if useful direct-use mutant cultivars, such as cv. Reimei, that will be
discussed in this report, are developed by breeders, because breeders utilize these
elite cultivars as the maternal line to develop new cultivars. Developing a true
number for indirect-use mutant cultivars is difficult because there is disagreement
regarding how many generations of ancestors should be traced back to the original
mutant cultivar. In this report, however, the author utilized not more than five
generations in a cultivar family history. No attempt was made to identify whether
the original mutant genes are existing in the mutant cultivars or not.

Fig. 12.4 Number of cultivars developed by mutation breeding in each 5-year period from 1961 to
2020. Total number of direct-use cultivars is 332 while that of indirect-use cultivars is 450
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Table 12.2 The number of registered direct-use mutant cultivars of 79 crops developed by
radiation, gamma rays, and those irradiated in the Institute of Radiation Breeding (IRB)

Cultivara Radiation Gamma rays IRBb

Crops 332 258 186 136

Rice 46 23 22 21

Wheat 4 2 2 0

Barley 5 4 3 0

Soybean 19 18 17 9

Barnyard millet 5 5 4 4

Job’s tears 2 2 2 2

Buckwheat 3 3 3 3

Tartary buckwheat 3 2 1 1

Sugarcane 1 1 1 1

Burdock 5 5 5 4

Apple 2 2 2 2

Japanese pear 3 3 3 3

Peach 2 2 2 2

Loquat 1 1 1 1

Enoki mushroom 2 2 2 2

Chrysanthemum 67 62 40 39

Rose 10 7 7 6

Carnation 15 11 3 2

Cytisus 8 8 8 8

Russell prairie gentian 2 2 2 2

Zoysia grass 6 5 3 3

Others 121 88 53 21
a Total number of mutant cultivars developed by radiation, chemicals (excluding colchicine treat-
ment), and somaclonal variation
b Cultivars irradiated in the Institute of Radiation Breeding (IRB), Japan

In Japan, a total 332 direct-use mutant cultivars of 79 species have been registered
(Table 12.2; Fig. 12.5). Figure 12.5 exhibits that 79% of these mutant cultivars were
radiation induced, including gamma ray (56.0%), ion beams (13.3%), X-ray (8.4%),
and other radiation (ultraviolet (UV) radiation with no precise irradiation: 1.5%).
The mutant cultivars induced via somaclonal variation and chemical mutagen
(colchicine treatment was not included) are 13.9% and 6.9%, respectively.

Table 12.2 also provides the number of officially registered direct-use mutant
cultivars of some crops developed by radiation. Those mutant cultivars induced
through gamma-ray irradiation at the IRB are also counted separately in this table.
Presently, 46 rice (Oryza sativa L.) mutant cultivars, 19 soybean (Glycine max (L.)
Merrill), 4 wheat (Triticum aestivum L.), 5 barley (Hordeum vulgare L.), etc. are
officially registered in Japan. For ornamental plants, 67 chrysanthemum (Chrysan-
themum spp.) mutant cultivars, 10 rose (Rosa spp.), etc. were registered, too. It is
noteworthy that 136 cultivars (ca. 41%) have been induced in the facilities of IRB.



These data clearly indicated the contributions of the IRB and its extensive history of
use of the facilities in Japan and demonstrated that mutation breeding via radiation,
such as gamma-ray and ion beam irradiation, offers the most effective and extraor-
dinary tool for breeders to successfully develop commercially useful cultivars.
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Fig. 12.5 Numbers and percentages of total 332 direct-use cultivars developed by mutation
breeding using various methods in Japan (2020). Radiation to callus is not included in somaclonal
variation, but in radiation, and chemical mutagen does not include colchicine treatment

The total number of indirect-use mutant cultivars stood at 450 in 2020, which
included rice (405), soybean (16), barley (9), wheat (7), tomato (3), lettuce (4),
eggplant (1), Japanese lawn grass (Zoysia japonica Steud) (1), mat rush (Juncus
effusus L. var. decipiens Buchen.) (2), and Job’s tears (Coix lacryma-jobi L. var.
ma-yuen Stapf) (1) (Table 12.3). It is notable again that unique cultivars with useful
mutations would be utilized by breeders as breeding materials of new cultivars,
which have these unique mutant characteristics or genes, and the mutated gene is
propagated into new indirect-use cultivars, again and again.

12.2.2 The Economic Impact of Mutant Cultivars in Japan

Figure 12.6 illustrates the number of mutant cultivars including both direct-use and
indirect-use mutant rice cultivars in the farmers’ field in Japan from 1960 to 2015
(Nakagawa 2008; Nakagawa and Kato 2017). All these mutant cultivars were
derived primarily from gamma-ray irradiations. The number has been increasing
since 1960, when the cv. Reimei was released, with a total of 99 mutant cultivars
including 2 direct-use and 97 indirect-use cultivars cultivated in 2005. However, it
became difficult to obtain the same kind of data after 2006, because the data of
cultivated area of all cultivars has not been published from the Ministry of
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Agriculture, Forestry, and Fisheries (MAFF). The data of Fig. 12.7 was also missing
after 2006, for the same reason.
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Fig. 12.6 Total number of direct-use and indirect-use mutant rice cultivars mostly developed
through gamma-ray irradiation, cultivated during 1960–2005 in Japan. (Modified from Nakagawa
2008)
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Fig. 12.7 Total cultivated areas of direct-use and indirect-use mutant rice cultivars mostly
developed through gamma-ray irradiation and cultivated in Japan during 1960–2005. (Modified
from Nakagawa 2008)

Figure 12.7 shows the increase of total area of cultivation of the abovementioned
mutant cultivars during 1960 and 2005. That is, the cultivated area was increased
after the release of cv. Reimei for the farmers in 1968, that is, a kind of Green
Revolution in Japan, as discussed below. The peak of total area reached 250,000 ha
in 1986 and remained constant at around 200,000 ha from 1994 to 2005. The mutant
cultivars covered a total area of 210,692 ha, that is, 12.4% of the total rice-cultivated
area (1,702,000 ha) in 2005 (Nakagawa 2008; Nakagawa and Kato 2017).

It is remarkable that the top 20 cultivated paddy rice cultivars in Japan in 2019
(Rice Stable Supply Support Organization (Beikoku Kikou) 2020: https://www.
komenet.jp/pdf/R01sakutuke.pdf) listed 13 indirect-use mutation cultivars, and the
total cultivated area covered 261,482 ha of Japanese paddy field (17.8% of total

https://www.komenet.jp/pdf/R01sakutuke.pdf
https://www.komenet.jp/pdf/R01sakutuke.pdf


Table 12.4 Cultivated
areas of the top-ranked
mutant rice cultivars in
2019 (Rice Stable Supply
Support Organization )2020

1,469,000 ha of paddy field) (Table 12.4). These indirect-use mutant cultivar linages
are primarily derived from direct-use mutant cultivars: (1) cv. Reimei (Futsuhara
1968), (2) Hokuriku No. 100 (a parental line of cv. Kinuhikari (Koga et al. 1989)),
and (3) cv. Mineasahi (Morimoto et al. 1980) (Table 12.4). Furthermore,
193 cultivars (47.8%) among the total 404 indirect-use mutant rice cultivars in
2020 were descendants of the cv. Reimei. The cv. Haenuki (Kyoya et al. 2002)
and cv. Masshigura (Mikami et al. 2007), which are descendants of cv. Reimei (both
the fourth generation), are ranked sixth and seventh among all rice cultivars and
ranked first and second most popular mutant cultivars, respectively. The
cv. Kinuhikari, that is developed from a hybridization between a gamma
ray-induced semidwarf lodging-tolerant mutant line “Hokuriku 100” (that was
induced from the cv. Koshihikari) (Samoto and Kanai 1975) and a semidwarf
cv. IR8 (Koga et al. 1989), was ranked as the third most widely cultivated mutant
cultivar with shorter stems. The cv. Kinuhikari and its descendants covered an area
of more than 95,103 ha (5.8%) of all the paddy fields in 2019 (Beikoku Kikou 2020).
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Cultivar (Rankinga) Area (ha)b % Originc

1. Haenuki (6) 41,132 2.8 R

2. Masshigura (7) 32,318 2.2 R

3. Kinuhikari (8) 30,849 2.1 H

4. Asahi-no-yume (9) 24,973 1.7 M

5. Kinumusume (11) 22,035 1.5 H

6. Koshi-ibuki (12) 20,566 1.4 R

7. Tsuya-hime (13) 17,628 1.2 H

8. Yume-tsukushi (14) 14,690 1.0 H

9. Fusakogane (15) 13,221 0.9 M

10. Tsugaru-roman (16) 11,752 0.8 R

11. Aichi-no-kaori (17) 11,752 0.8 M

12. Sai-no-kagayaki (18) 10,283 0.7 R, M

13. Ten-no-tsubu (19) 10,283 0.7 R, H

Total 261,482

All paddy field 1,469,000

% 17.8

Cultivation areas are estimated by using data from Kome-net (https://
www.komenet.jp/data/jishuchousa/hinshitu/)
a Ranking based on top 20 cultivars with the highest cultivated areas
b The areas are calculated from the %
cR: cv. Reimei; H: Hokuriku No. 100 or cv. Kinuhikari; M:
cv. Mineasahi

The cultivated areas of total mutant cultivars are more than these data because the
data include only the top 20 cultivars. We can say that the economic impacts of
mutant cultivars of rice are huge. Especially, the roles of cv. Reimei, cv. Kinuhikari,
and cv. Mineasahi are highly important. The amount of total income of rice farmers
who cultivated mutant rice cultivars was ca. 250 billion Yen (2.34 billion USD) in
2005 (Nakagawa 2008).

https://www.komenet.jp/data/jishuchousa/hinshitu/
https://www.komenet.jp/data/jishuchousa/hinshitu/
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Table 12.5 Cultivated areas (ha) of soybean mutant cultivars and income of farmers from the
production in 1997, 2001, 2005, 2011, 2015, and 2017 in Japan

Cultivar 1997 2001 2005 2011 2015 2017

Raidena 80 8

Wase-suzunaria 120

Mura-yutakaa 3507 5910 2466 1403 1021 1039

Kosuzua 498 863 576 194 111 39

Ichihimea 35 130

Akita-midoria 40

Nanbu-shiromeb 1246 1550 1534 2132 1423 610

Tomoyutakab 2

Suzunoneb 10 50

Eru-starb 447

Suzu-sayakab 10 65 73

Suzu-kaorib 56 45

Ryuhoub 1150 7050 8033 10,548 10,295 9616

Tsuya-homareb 1

Kinusayakab 100 96

Kyo-shirotanbab 4

Total 6613 15,474 13,283 14,398 13,112 11,400

Total soybean area (×
1000)

83.2 143.9 134.0 136.7 136.7 121.3

% 7.95 10.75 9.91 8.79 10.53 9.40

Income of farmers
(Mil. USD)

ca.
20

ca. 59 ca. 52 – 22.6 (115.7 with
subsidy)

–

a Direct-use mutant cultivars
b Indirect-use mutant cultivars

Nineteen direct-use soybean mutant cultivars have been registered in Japan
(Table 12.2). Firstly, cv. Raiden and cv. Raikou with induced early-maturing
characteristics were developed through gamma-ray irradiation in the IRB by Tohoku
Agricultural Experiment Station (now Tohoku Agricultural Research Center,
NARO) in 1960 (Laboratory of Soybean Breeding 1970). The other improved
characteristics through gamma-ray irradiation were late maturity, white hilum,
semidwarf, etc., which are discussed in this report. The cv. Mura-yutaka with
white hilum mutation was induced with X-ray in Saga University (Nakamura et al.
1991). Recently, a soybean cv. Akita-honoka was developed for edamame (a boiled
green soybean), a traditional food source with unique utilization in Japan, via
somaclonal variation and officially registered (Sato et al. 2015). The other 17 mutant
cultivars were also induced by gamma rays. Of the 11 indirect-use mutant soybean
cultivars (Table 12.3), cv. Ryuhou (Nakamura et al. 1996) and the other 3 cultivars
are descendants of cv. Raiden with an induced mutation for early maturity.
Table 12.5 shows the change of cultivated areas and farmers’ income from the
cultivation of soybean mutant cultivars in 1997, 2001, 2005, 2011, 2015, and
2017 (http://www.maff.go.jp/j/seisan/ryutu/daizu/d_data/attach/pdf/index-19.pdf;

http://www.maff.go.jp/j/seisan/ryutu/daizu/d_data/attach/pdf/index-19.pdf


http://www.jsapa.or.jp/daizu/date28/28-all.pdf). The cultivated area of direct-use
mutant cv. Mura-yutaka was 5910 ha in 2001 and 1039 ha in 2017. The cultivated
area of indirect-use mutant, cv. Ryuhou, ranked fourth of all the soybean cultivars
and covered 9616 ha. The cv. Nanbu-shirome, which was developed from the
hybridization between cv. Raiden and cv. Kitami-nagaha (Matsumoto et al. 1979),
covered an area of 2132 ha in 2011 but declined to 610 ha in 2017. As for rice, the
soybean mutant cultivars also hugely impacted the economy. The total cultivated
area of soybean mutant cultivars covered 11,400 ha, which means that 9.40% of the
total cultivated area (121,300 ha) was planted with mutant cultivars in the farmers’
soybean field in 2017 (Nakagawa and Kato 2017). Therefore, total farmers’ crude
income for the cultivation of mutant cultivars was estimated to be 11.6 billion Yen
(ca. 116 million USD) in 2015 (Nakagawa and Kato 2017).
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The economic impact of mutation induction, as well as the other peaceful uses of
radiation, such as nuclear power plants, industrial usage (semiconductor and radial
tire production, etc.), and medical application (radiation therapy, diagnosis, etc.),
was discussed by the Ministry of Education, Culture, Sports, Science and Technol-
ogy (MEXT) with the support of Japan Atomic Energy Research Institute (JAERI)
(Japan Atomic Energy Agency 2007; Tagawa et al. 2002; Kume et al. 2002). In the
summary of these two reports regarding the peaceful uses of radiation, out of a total
8850 billion Yen of the economic size (market size), nuclear power generation
represented 54% and radiation use was 46%. Of the total radiation use of 4111
billion Yen, industrial use was 56%, medical use was 37%, and agricultural use, that
is, mutation breeding and food irradiation (that is, gamma-ray irradiation only
applied to potato to stop germination is allowed in Japan), was 7%. The economic
impact of agricultural uses, estimated at 278 billion Yen (mainly from mutant rice
cultivars), is not relatively large, but it has a unique point different from the other
radiation impact. Radiation uses for industrial and medical uses end only with the
irradiation. However, mutant cultivars or genes induced through radiation can be
replicating and increasing in farmers’ fields; that is, economic impacts of these
mutated genes are growing year by year.

12.3 Gamma Field Symposium and Selected Reports of Gamma
Field Symposia

The first Gamma Field Symposium was held on the theme “Radiation injury and
somatic mutation” in 1962 at the Conference Room of the IRB, where 56 researchers
from national agricultural experiment stations, national universities, and seed
companies gathered for the exchange of information and discussions in the new
research area of mutation breeding. The last 53rd symposium having the theme
“Genes and mutations that fight against environment” was held in 2014. The author
of this report was the final speaker at the symposium and presented a review titled “A
history of radiation breeding for 50 years.” Parts of this presentation were published
in a new Bulletin of NARO, Crop Science (Nakagawa and Kato 2017). Following
the symposium, Gamma Field Symposia as a proceeding of each symposium (from

http://www.jsapa.or.jp/daizu/date28/28-all.pdf


No. 1 to 50) were published (http://www.naro.affrc.go.jp/archive/nias/newsletter/
#symposia or http://www.naro.affrc.go.jp/archive/nias/eng/public/index2.html).
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The 50 volumes of the proceedings include Japanese summary and/or some
questions or comments from the audience and answers from the lecturers in
Japanese.

12.3.1 Some Recommended Reports of Gamma Field Symposia

One of the greatest pioneers of mutation breeding in Japan is Dr. Yasuo Ukai,
Emeritus Professor of the University of Tokyo. This leader in mutation breeding
passed away on 20 November 2019. As a statistical geneticist, he produced many
informative textbooks on plant breeding and molecular mapping and analysis, such
as “Genetic analysis at the genomic level: Map and QTL” (Ukai 2000) and “Genetic
analysis of quantitative traits” (Ukai 2002). Prof. Yasuo Ukai was also a pioneer at
the dawn of the molecular breeding era in Japan when few researchers attempted to
apply molecular technologies to plant breeding. His textbooks also contributed to
understanding the outcomes of mutation breeding. As a young man, he was a
scientist at the newly established IRB and contributed immensely to the mutation
research in the Gamma Field, as well as the management of Gamma Field
Symposium.

In 2008, he gave the author a note on his personal 20 selected and recommended
reports (including his reports) in the Gamma Field Symposia. The contents, authors,
and volume numbers are shown in Table 12.6. From this list, some reports are briefly
explained from the author’s point of view.

12.3.1.1 Development of cv. Reimei Rice Through a Gamma-Ray
Irradiation

The first mutant rice cultivar is cv. Reimei, as the author already mentioned in this
report. “Reimei”means “dawn” in Japanese. This name represents the first radiation-
induced mutant cultivar that ushered in the potential of use of gamma rays for
breeding programs in Japan. The primary useful character induced by the mutation
was reduced plant height, that is, semidwarf. The semidwarf traits are one of the
most frequently induced through gamma-ray irradiation and are easily identified at
first glance in the irradiated population in the field. The cv. Reimei was successfully
registered in 1966 (Futsuhara 1968). The cv. Reimei exhibited a shorter culm by
15 cm relative to the original cv. Fujiminori, and it was observed that cv. Reimei
possessed a mutation of the sd-1 locus (Ashikari et al. 2002), similar to the mutation
of cv. IR8, through cv. Dee-geo-woo-gen. The cv. IR8, developed in the Interna-
tional Rice Research Institute (IRRI), became a very famous cultivar that contributed
to the rice “Green Revolution” (Dalrymple 1986). The semidwarf trait is a primary
key character of the high-yielding ability in cv. Reimei, resulting in the highest yield
recorded in Japan for the cultivar in 1967 (Futsuhara 1968). The cv. Reimei was
cultivated on 1201 ha in 1966, but was extended to 141,047 ha in 1969, making it the
fifth largest cultivated area in the year (http://ineweb.narcc.affrc.go.jp/). As the total

http://www.naro.affrc.go.jp/archive/nias/newsletter/#symposia
http://www.naro.affrc.go.jp/archive/nias/newsletter/#symposia
http://www.naro.affrc.go.jp/archive/nias/eng/public/index2.html
http://ineweb.narcc.affrc.go.jp/
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cultivated areas came to 886,188 ha between 1961 and 2017, cv. Reimei became the
most successful rice cultivar in Japan.
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Table 12.6 Lists of 20 recommended reports of Gamma Field Symposia

Contents Authors, reference Vol.

1. Dose distribution of the Gamma Field Kawahara (1967

2. Radiosensitivity of soybean Takagi (1969

3. History of mutation breeding of seed crops Yamashita (1981

4. Characteristics of mutation in barley Ukai (1983

5. Screening of resistant stems by using fungal toxin in fruit trees Sanada (1986

6. Induced mutations for powdery mildew and YMV resistance
in barley

Yamaguchi et al.
(1988)

27

7. Recurrent mutation breeding for outcrossing crops (Italian
ryegrass)

Ukai (1990

8. Analysis of seed storage protein mutants in rice Iida (1995

9. Mutation breeding of chrysanthemum (tissue culture and
radiation)

Nagatomi et al.
(1996)

35

10. Induction of resistance for Alternaria blotch in apple Yoshioka et al.
(2000)

39

11. Development of low-protein rice for kidney disease patients Nishimura (2006

12. Molecular analysis of gamma-ray-induced mutation in rice Morita (2008

13. Development of Reimei rice with gamma-ray irradiation Futsuhara (1968

14. Translocation induction in interspecific hybrid to transfer
resistant gene

Mukade et al. (1970

15. Acute gamma-ray irradiation to mulberry tree Katagiri (1973

16. Induction of cytoplasmic male sterility in sugar beet Kinoshita (1980

17. Somaclonal mutations in tissue culture in rice Oono et al. (1984

18. Gene regulation at the waxy locus in rice Sano (1985

19. Mutation induction by ion beams in Arabidopsis Tanaka (1999

20. A mutable slender glume gene in rice Okumoto et al.
(1999)

38

It is notable that 193 cultivars (47.7%) were descendants of the cv. Reimei among
the 405 indirect-use mutant rice cultivars in 2020. This demonstrates that this mutant
cultivar possessed unique and agronomically useful semidwarf mutations that have
been utilized by many rice breeders to develop new cultivars with this character, as
discussed above.

12.3.1.2 Radiosensitivity of Soybean
The theme of the eighth Gamma Field Symposium was “Genetical control of
radiosensitivity” and radiosensitivity of E. coli (Kato 1969), silkworm (Bombyx
mori; Tazima and Murakami 1969), Sugi tree (Cryptomeria japonica S. Don;
Ohba and Murai 1969), and yeast (Saccharomyces cerevisiae; Nakai 1969); genetic
analysis of radiosensitivity in fruit fly (Drosophila melanogaster; Ogaki et al. 1969),
varietal difference in some crops (Ukai and Yamashita 1969), gamma ray-sensitive



gene in soybean (Takagi 1969), and metabolism in radiosensitive and resistant
soybean cultivars (Naito and Yamaguchi 1969) were presented and discussed.
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A detailed study was conducted to identify the radiosensitivity of various plant
species in the Gamma Field at Brookhaven National Laboratories. Sparrow and
Evans (1961) reported that white trillium (Trillium grandiflorum (Michx.) Salisb.;
2n = 10) exhibited 260 times higher sensitivity than the least radiosensitive
Arabidopsis (Arabidopsis thaliana (L.) Heynh.; 2n = 10). Among the food crops,
broad bean (Vicia faba L.), rye (Secale cereal L.), and wheat (Triticum aestivum L.)
exhibited more than ten times the sensitivity to gamma-ray irradiation than tea
(Camellia sinensis (L.) Kuntze), rice (Oryza sativa L.), Italian millet (Setaria italica
P. Beauv.), and okra (Abelmoschus esculentus (L.) Moench).

Sparrow and Evans (1961) demonstrated that there is a wide interspecies diversity
caused by nuclear volume, chromosome length, and centromere number. Following
this research, Yamakawa and Sparrow (1965) reported that the radiosensitivity of
growing plants to chronic gamma-ray irradiation, relative to the plants’ interphase
chromosome volume, showed an inverse correlation on the logarithmic axis as
(log10Y = 3.03 - 1.16 log10X).

For the intraspecific variation, Takagi (1974) treated acute gamma-ray irradiation
in the Gamma Room and/or chronic irradiation in the Gamma Field to more than
600 soybean cultivars and wild accessions to evaluate the diversity of
radiosensitivity. The tested accessions were classified into radiosensitive and
radioresistant groups by measuring the RD50 of the root length. As the results of
gamma-ray acute seed irradiation, he observed that the radioresistant
cv. Tachisuzunari exhibited an RD50 value twice as high as the radiosensitive
cv. Shinmejiro. Based on the hybridization of radioresistant cv. Tachisuzunari and
radiosensitive cv. Shinmejiro and the F2 segregation, Takagi (1974) identified a
single RS1 gene, which controls resistance to acute gamma-ray irradiation to the
seed, and he further demonstrated that the genotype of radioresistance is RS1RS1 and
RS1rs1 and the genotype of radiosensitivity is rs1rs1. Next, Takagi (1969) hybridized
radioresistant cv. Tachisuzunari and cv. Goishishirobana, and radiosensitive
cv. Shinmejiro with each other, and identified a second single major gene that
controls radiosensitivity to a chronic gamma-ray irradiation from the germination
to the maturity stage in the Gamma Field. Based on the results of hybridizations, he
proved that the F2 of the cross between cv. Tachisuzunari and cv. Goishishirobana
segregated into 3 (resistant to chronic irradiation):1 (susceptible) in accord with
Mendelian inheritance. Based on the analysis of the results, Takagi (1969) identified
a single RS2 gene, which controls resistance to chronic gamma-ray irradiation.
Therefore, he further proposed that cv. Tachisuzunari’s genotype is RS1RS1RS2RS2,
which exhibited resistance to both acute and chronic irradiation;
cv. Goishishirobana’s is RS1RS1rs2rs2, which exhibited resistance to acute irradia-
tion but susceptibility to chronic irradiation; and cv. Shinmejiro’s is rs1rs1rs2rs2,
which indicated that it is susceptible to both acute and chronic irradiation.

The optimum acute and chronic gamma-ray irradiation dosages to different
soybean cultivars, as well as other crops identified in Japan, were listed in detail in
the Appendix 2 and 3 of “Plant mutation breeding and biotechnology” (Shu et al.



2012). Some optimum doses of various radiation sources and chemical mutagens are
provided in Table 12.7.
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Table 12.7 Mutagens and dosages treated to induce various mutations in soybean (Nakagawa
et al. 2011a)

Mutagen Treatment Mutation References

X-ray 100–200 Gy Early maturity, germination under low
temperature, many stems, large seed,
hilum color

Zacharis (1956)

75–200 Gy Plant height, maturity, fatty acid
content, protein content

Rawling et al. (1958),
Williams and Hanway
(1961)

Gamma
ray

29–111 Gy Chlorophyll Takagi (1968)

29–69 Gy High protein content Hiraiwa et al. (1976)

100–200 Gy Early maturity, large seed Gotoh (1964)

150–300 Gy Resistance to rust Tsai et al. (1974)

200–300 Gy Morphological character Constantin et al.
(1976)

Neutron 5.6 × 1012 Nth/
cm2

Plant height, maturity, seed weight Rawling et al. (1958)

2.4 × 1013 Nth/
cm2

Fatty acid content, protein content Williams and Hanway
(1961)

15–25 Gy Morphological character Constantin et al.
(1976)

EI 0.008–0.02% Hilum color Takagi and Hiraiwa
(1980)

0.5% Protein content, methionine, and
threonine content

Kaizuma (1975)

EMS 0.025–0.050%
(8 h)

Morphological character Klobe et al. (1973)

0.1–0.2% Plant height, maturity, leaf color and
shape

Nguyen (1974)

12.3.1.3 Gene Regulation at the Waxy Locus in Rice (Low Amylose
Content)

Stickiness is one of the most important quality characteristics of cooked rice for the
Japanese people. People of Thailand, Myanmar, and Southern China prefer the
sticky rice, too. Amylose contents are closely related to the stickiness of cooked
rice and ranges from 0 (waxy: glutinous: extremely sticky when cooked) to higher
than 20 (non-waxy: not sticky), and indica-type rice cultivars exhibit high value. In
Japan, glutinous rice with 0% of amylose content is cooked as “okowa” and “mochi”
for festivals or a new year’s special meal. Non-glutinous rice is typically used in
daily cooking and exhibits ca. 17% of amylose content.

TheWaxy (Wx) gene expression is controlled by various genetic elements, and the
regulatory changes in the Wx gene expression play an important role in the diversity
of grain amylose content rather than the changes in the structure ofWx gene product
(Sano 1985).
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This Wx locus was mapped to chromosome 6 in rice, and knockout of this Wx
gene for example through gamma-ray irradiation makes the non-glutinous rice
completely glutinous (waxy: wx) (Iwata and Omura 1971). This Wx or wx gene
was reported to encode granule-bound starch synthesis and a key enzyme in the
synthesis of amylose in cereal plants (Nelson and Pan 1995). Several glutinous rice
cultivars have been generated by radiation breeding to non-glutinous cultivars
through gamma-ray irradiation in the IRB. For example, glutinous cv. Miyuki-
mochi was developed from non-glutinous cv. Toyonishiki (Toda 1982), glutinous
cv. Fujimi-mochi from non-glutinous cv. Akichikara, and glutinous cv. Odoroki-
mochi from non-glutinous cv. Takanari (Imbe et al. 2004a, b).

Another seed starch mutation is called “dull” characteristics, of which amylose
content is not zero as the waxy (wx) rice, but exhibits usually about 10%, which is
much lower than non-waxy (Wx) ordinary rice in Japan (Okuno et al. 1983). The
Japanese consumers primarily prefer the partly sticky rice with 15–17% of amylose
content. Okuno et al. (1983) demonstrated that dull mutants induced by 32P (beta-
ray) possessed a single recessive gene that is nonallelic to the wx alleles by the
crossing tests (Okuno et al. 1983). In Japan, the popular dull mutant cultivar is
cv. Milky Queen induced through NMU (N-methyl-N-nitrosourea) treatment to the
most popular cv. Koshihikari. The amylose content of cv. Milky Queen is 5–8%,
while the original cv. Koshihikari is around 17% (Ise et al. 2001).

12.3.1.4 Analysis of Seed Protein Mutants and Development
of Low-Protein Rice

Cooked white Japanese rice has a protein content of ca. 7%, and this protein content
is higher for the daily amount of consumption for the patients of kidney disease
(Mochizuki 2000). To solve this problem for the patients, Iida et al. (1993) devel-
oped a mutant line called “NM67” with a low glutelin content through the
ethyleneimine (EI) treatment to cv. Nihon-masari, a cultivar that the Japanese
Emperor ceremonially transplants in his special paddy field every year. The
low-glutelin cv. LGC-1 was developed after several backcrosses to the original
cv. Nihon-masari to remove undesirable characteristics of the “NM67” keeping
this low-glutelin gene (Iida et al. 1993).

Interestingly, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) revealed
that the seed protein of the cv. LGC-1 had primarily a lower level of easily digestible
glutelin through a dominant mutation, although the level of compensatory indigest-
ible prolamin increased. Although the total amount of protein is same, the amount of
easily digestible glutelin dramatically decreases in the cooked rice of cv. LGC-1,
which makes this cultivar useful as, so to speak, a “low-protein rice,” and some
clinical tests for patients with kidney disease in the hospital demonstrated that it is
useful and effective for the diets of such patients (Mochizuki 2000). One of the
characteristics of cv. LGC-1 to be improved is its cooked eating quality. Further-
more, it is known that an additional locus controls the biosynthesis of easily
digestible globulin. If the amount of this globulin content is reduced, more useful
and efficient diets than cv. LGC-1 will be developed.
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Fig. 12.8 Mechanism of
RNAi generation in the low
glutelin cv. LGC-1 through a
deletion estimated at the
transcription termination
signal and production of a
double-stranded RNA
suppressing the glutelin
synthesis (Kusaba et al. 2003).
(Courtesy of Prof. M. Kusaba)

GluB4 GluB5
Lgc1 H H

Estimated Transcription termination signal
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Nishimura et al. (Nishimura et al. 2005, Nishimura 2006) attempted to induce
globulin-free mutants from the cv. Koshihikari with excellent eating quality through
gamma-ray irradiations in the IRB. Following the development of the globulin-free
Koshihikari line, 89WPKG30-433, they hybridized this mutant line with the
cv. LGC-1 and successfully developed two cultivars, cv. LGC-Katsu and
cv. LGC-Jun. The glutelin content of these cultivars was similar to the cv. LGC-1,
and the globulin content was completely zero. As the good eating quality character
from cv. Koshihikari was introduced to these new cultivars, the taste of their cooked
rice was highly improved. As a result, total amount of easily digestible protein
content of the two cultivars became about 30% of original cv. Nihon-masari and
ordinary rice (Nishimura et al. 2005). Because the eating quality is highly improved
and easily digestible protein content is significantly reduced to less than that of
cv. LGC-1, these two cultivars would greatly contribute to healthy diets in patients
with chronic renal failure and the management of dietary proteins in the future.

It is very interesting that the Lgc-1 (low glutelin content-1) gene was applied to
produce a high-quality Japanese Ginjo sake, which is basically brewed only from a
small central portion of the white grain after milling embryo and seed coat with high
protein content. It is particularly important for the brewers to use the grain with
reduced protein content for the preparation of Ginjo sake. The milling of the grain
leaves approximately 40% of the grain, which provides the basic mash for the
brewing. The cv. Shunyou developed through the hybridization of cv. LGC-1 and
“Hokuriku 153” line (Uehara et al. 2002), which possesses the Lgc-1 gene, is
effectively used to produce a similar type of sake that omits the extensive milling
of the rice grain.

The Lgc-1 gene of the mutant cv. LGC-1 is, as expressed by the gene symbol, a
dominant mutation induced through a chemical mutagen treatment and reduces the
amount of glutelin in the grain. Kusaba et al. (2003) discovered that in the Lgc-1
homozygotes, there is a 3500 bp deletion with an estimated termination signal
between two highly identical glutelin genes that forms a tail-to-tail inverted repeat.
It is estimated that the generation of a long mRNA, that yields double-stranded RNA
(dsRNA) molecule, is a potent inducer of RNA silencing (Fig. 12.8). It is a very



unusual case that such a large deletion is generated by chemical mutagens; however,
the result of the deletion of a stop codon-generated dsRNA causes the suppression of
glutelin synthesis and lowers the glutelin content. This was the first report which
demonstrated RNAi as a mutation mechanism in plants (Kusaba et al. 2003). The
comparison between this mutation and the other glutelin mutation is discussed again
in Sect. 12.5.1.
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12.3.1.5 Resistant Induction and Bioassay Screening of Alternaria
Disease in Pear and Apple

The cv. Nijisseiki (Japanese pear: Pyrus serotina Rehd. var. culta Rehd.) was a
leading cultivar of green pear and was grown on 28% of the total area under
cultivation in 1990 (Sanada et al. 1993). One of the most serious problems of this
cultivar was high susceptibility to the pear black spot disease, caused by a fungus,
Alternaria alternata (Fr.) Keissier (= Alternaria kikuchiana Tanaka) (Nishimura
et al. 1978). Therefore, Japanese pear growers had to apply treatment of fungicides
many times during the growing season for the control of the disease (Sanada et al.
1993). It was challenging, but the induction of resistant mutations conferring
resistance to the disease was attempted in the Gamma Field. Small plants of the
cv. Nijisseiki were planted at 4 m intervals from 37 to 63 m from a 60Co source in the
center of the Gamma Field in the IRB in 1962 (Sanada et al. 1993). The dosages of
chronic gamma-ray irradiation treatments were estimated to be 0.3–0.04 Gy/day.
Nearly 20 years after the planting, it was in 1981 when they found that a twig of a
cv. Nijisseiki tree planted 53 m from the 60CO source exhibited no symptom of the
disease, although all the other cv. Nijisseiki trees in the Gamma Field exhibited black
spot symptoms. The vegetatively reproduced trees from this single mutant twig with
no symptom had all the important characteristics of cv. Nijisseiki with the exception
of the resistance to the black spot disease. The vegetatively propagated trees from
this single twig were registered and assigned the name cv. Gold Nijisseiki (Sanada
et al. 1993) in 1991. This cultivar was also registered under the same name in
Australia in 2004 (Certificate Number 2533).

According to Dr. Sanada, a leading breeder of this afore-mentioned cultivar, “The
situation of mutation breeding on fruit trees has been severely criticized, because
there have been no successful results.” It really took 20 years for the identification of
a useful mutation and 30 years to register and release cv. Gold Nijisseiki. However,
this was a landmark achievement for the Gamma Field and mutation researchers at
the IRB.

Though Dr. Sanada is given credit for the successful project, there is an interest-
ing bit of serendipity to the discovery. At that time, technicians were spraying a
small amount of fungicide every week to avoid the typical outbreak of black spot
disease. This was performed because of the fear of a serious explosion of the disease
in the Gamma Field and its spread to other areas. When one researcher took a new
position at a new laboratory, his technical staff forgot to spray fungicide for a certain
period. This oversight allowed all the pear trees inside the field to become
completely infected with the disease and all the leaves had black spots. One
technician, observing the alarming outbreak of the black spot disease, noticed one



twig on one branch of one tree exhibiting no symptoms. It is this serendipitous event
that led to the origin of cv. Gold Nijisseiki. Today, staff retain this tree in the Gamma
Field as a monument to this accidental discovery.
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Fig. 12.9 Bioassay of resistance and susceptibility to the black spot disease using the AK-toxin
obtained from the culture medium of the fungus. The first to fifth leaf disc means first (young) to
fifth (older) leaf; cv. Chojyuro: highly resistant; cv. Nijisseiki: highly susceptible; cv. Gold
Nijisseiki: resistant. (Courtesy of IRB, NARO)

Many researchers are critical of mutation breeding, such as the belief that
mutation breeders have no control over their treatments and simply wait for adventi-
tious mutants to appear. However, this is not entirely true. The group of the IRB
successfully developed an easy and simple but effective screening method to identify
resistant plants against this disease. The method is as follows: In a Petri dish, cut leaf
discs (cut by 7 mm in diameter) from five leaves (top to bottom) on each branch are
placed on the paper towel soaked with the AK-toxin, which is extracted from fungal
culture media (Fig. 12.9: Sanada 1988). In a couple of days, susceptible leaves turn
black, but resistant leaves stay green. The breeders need to collect leaves from
hundreds or thousands of twigs in the irradiated population and apply this screening
method to precisely identify mutated resistant twigs.

In this cooperative research for the establishment of this bioassay screening
method, Nakashima et al. (1982, 1985) at the Pesticide Research Institute, Kyoto
University, identified the chemical structure of the AK-toxin produced by the
fungus. Then they used purified AK-toxin molecules for the screening, as they
could even artificially synthesize this toxin. It is very important to mention that the
cooperation between breeders and biochemist made the establishment of this unique
screening method possible. Following the development and application of this
screening method, two new resistant mutants cv. Osa-Gold (Masuda et al. 1997,



1998) and cv. Kotobuki Shinsui (Kitagawa et al. 1999) were developed only in 3 and
4 years, respectively.
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In addition, a new mutant apple cv. Houiku Indo resistant to another Alternaria
disease was developed from gamma-ray irradiation to micropropagated shoots of
susceptible cv. Indo using the same bioassay method involving the AM-toxin (Ueno
et al. 1977) produced by an Alternaria blotch fungus, Alternaria mali, that attacks
apple trees (Yoshioka et al. 2000).

Two keys for the success of mutation breeding program of fruit trees are the
development of precise screening methods for the selection and patience.

12.3.1.6 Recurrent Mutation Breeding for Outcrossing Crops
Mutation breeding has been effectively applied to self-pollinated species, as well as
vegetatively propagated crops. There are widely used methods for the mutation
breeding for self-pollinated species, such as the “M1-spike progeny method” (Stadler
1930; Nybom 1954) and the “one-plant-one-grain method” (Yoshida 1962). These
methods, however, could not be effectively applied to obligate allogamous species,
because when the M1 plants with a recessive mutated gene are open pollinated, it is
very difficult to obtain homozygous recessive plants and most of the progenies
remain as a heterozygous genotype in the M2 population, so that the plants with a
mutated gene will not be identified.

Ukai (1990) developed a unique method to obtain homozygous mutants in
outcrossing crop species. This approach was first successfully applied to Italian
ryegrass (Lolium multiflorum L.), which is widely planted as a cool-season forage
grass in winter following maize or sorghum cultivation in Japan. The procedure was
named as “crossing-within-spike-progenies method,” and the field is shown in
Fig. 12.10.

This method is composed of four steps: (1) to take seeds of each spike separately
from each plant of a gamma ray-irradiated population, (2) to sow the seeds in a “hill”
plot as a spike-progeny, (3) to isolate each “hill” from the others during the flowering
time and to allow the open pollination of plants within each “hill” by bagging all
plants within the “hill” with doubled cheesecloth before flowering, and (4) to take
seeds from each “hill” and sow the seeds in “hill” progenies for the screening of
mutants. This procedure needs to be repeated each year for six generations with
recurrent gamma-ray irradiation to the seed.

The results of the method demonstrated that when the seed was irradiated with
300 Gy of gamma ray, the frequency of chlorophyll mutations was ca. 70.6% per
“hill” progeny and 1.87% per plant. While open-pollinated populations with the
same methodology without pollen isolation by bagging the plants in the “hill”
exhibited chlorophyll mutations of only 10% and 0.12% per progeny and per
plant, respectively. This method could be applied to other outcrossing crop species,
such as buckwheat and alfalfa with bees inside the bag.

12.3.1.7 Mutation Breeding of Chrysanthemum
Radiation to plants may generate chimeras that are generally undesirable (Prina et al.
2012). However, De Jong and Custers (1986) reported that the mutants induced by



in vitro culture of X-ray-irradiated pedicel segments and petal epidermis of chrysan-
themum did not appear to generate chimeras. Nagatomi et al. (1996) attempted to
apply this method to chrysanthemum and successfully established a method for
inducing mutations through gamma-ray irradiations with fewer chimeras. They
could achieve the highest mutation rate with wider mutation spectrum by a chronic
gamma-ray irradiation in the Gamma Field and following in vitro culture of
irradiated flower petals, callus formation, and regeneration of plants from the callus.
Induced different petal colors and different flower shapes from cv. Taihei (top right)
are shown in Fig. 12.11a, b. Then, Nagatomi et al. (1996) developed six cultivars
with remarkable different colors and petal shapes from the original cv. Taihei.
Furthermore, they attempted to use ion beams in the same way in the Takasaki Ion
Accelerators for Advanced Radiation Application (TIARA), Japan Atomic Energy
Agency (JAEA), Takasaki, Gunma, Japan, instead of gamma-ray chronic irradiation
(Nakagawa and Kato 2017).
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Fig. 12.10 Bagging of plants of each hill plot at the flowering time of Italian ryegrass. (Ukai 1990:
Courtesy of IRB, NARO)

The presence of only a single large flower on a single stem is one of the highly
desirable characteristics in chrysanthemum. The most successful mutant cultivars
induced through ion-beam irradiation for this purpose are cvs. Arajin (same pronun-
ciation as “Araddin” but the Chinese character’s meaning is “New God”) and Imajin
(same pronunciation as “imagine” in Japanese but the Chinese character’s meaning
is “Now God”). It was hard for farmers to remove small axillary buds by hand and
leave only one top flower to produce a single big flower in one stem. Imakiire et al.
(2005) successfully reduced the number of the axillary buds by irradiating the leaves
of a leading cv. Jimba through ion-beam irradiation in TIARA and following in vitro
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Fig. 12.11 Mutation of different flower colors (a) and different flower shapes (b) irradiated and
regenerated from petal in vitro culture of cv. Taihei (circled top right) (Nagatomi et al. 1996:
courtesy of IRB, NARO)



culture of the leaves and regeneration of the plant from the callus. Although the two
mutant cultivars produced a small number of axillary buds, the number became
remarkably less than the original cv. Jimba, and the petal number in a flower became
more than cv. Jimba. Following this, the other two new mutant chrysanthemum
cultivars with relatively larger flowers, cv. Ryujin and cv. Touma, were developed
by the same method through ion-beam irradiation and registered in Japan (http://
www.pref.kagoshima.jp/ag11/pop-tech/zenbu/documents/48620_2016031815570
5-1.pdf).
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Recently, Ohmiya et al. (2012) induced yellow petal color mutations from a
dominant white petal color plant, cv. Jimba, and hypothesized that the knockout and
decreased number of CmCCD4a homologs, that are related to the carotenoid syn-
thesis, cause the change of white petal color to light yellow color and eventually to a
deep yellow color.

12.3.1.8 Characteristics of Gamma Ray- and Ion Beam-Induced
Mutations

Developing the understanding of how mutations occurred at the DNA level has been
an interesting and significant area of breeding or genetics, especially when applying
reverse genetics, employing such useful techniques as PCR and TILLING. How-
ever, when deletions are small, PCR cannot identify mutants, and TILLING is the
more effective approach. While TILLING method cannot identify mutants with a
large deletion, PCR becomes the more effective approach.

Naito et al. (2005) attempted to induce mutations by gamma-ray and ion-beam
irradiation to pollen, identified the mutations in Arabidopsis, and found that both
large deletions more than 6 Mbp that were not transmissible to subsequent
generations and smaller deletions, in size 1–4 bp, that were largely transmissible
were induced. Shikazono et al. (1998) analyzed the carbon-ion beam-induced
mutations by PCR analysis and found that about half of the mutations were point
mutations while the remaining were large alterations in DNA such as inversions,
translocations, and large deletions. Through the induction of mutations in
Arabidopsis via carbon-ion-beam irradiation, Kazama et al. (2011) indicated that
smaller base substitutions, or small deletions or insertions, could be successfully
identified as single nucleotide polymorphism (SNP) detection systems.

Morita (2008) and Morita et al. (2009) attempted the molecular analysis of
transmissible gamma ray-induced mutants of fixed mutant lines with typical mor-
phological characteristics in rice, such as chlorophyll deficiency, gibberellin insen-
sitivity, glutelin or globulin deficiency, and glutinous endosperm. They revealed the
frequency of different mutations such as deletions, base substitutions, and inversions
with variable size differences. Consequently, the 24 transmissible mutations were
primarily classified into four groups: (1) a small point deletion, (2) very large
deletion, (3) base substitution, and (4) very large inversion, and the ratio was 62.5:
16.7:12.5:8.3 (Table 12.8; Morita et al. 2009).

In recent years, it has often been discussed whether the mutations induced via ion
beams and by gamma rays are similar or not. To solve this question, mutations
induced by gamma ray and carbon-ion beams were examined using whole-genome

http://www.pref.kagoshima.jp/ag11/pop-tech/zenbu/documents/48620_20160318155705-1.pdf
http://www.pref.kagoshima.jp/ag11/pop-tech/zenbu/documents/48620_20160318155705-1.pdf
http://www.pref.kagoshima.jp/ag11/pop-tech/zenbu/documents/48620_20160318155705-1.pdf


Table 12.8 Gamma-ray
irradiation-induced dele-
tion, base substitutions, and
inversions and the size of
mutation (Morita et al.
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re-sequencing in rice (Li et al. 2019b) and in Arabidopsis (Yang et al. 2019). These
studies revealed that many gene substitutions were induced through both gamma-ray
and ion-beam irradiations, as well as deletions and insertions (Li et al. 2019b). Yang
et al. (2019) found mostly the same trends, too, and they indicated that the genomic
mutation profiles induced using carbon-ion beams and gamma ray were same in
mutation type and in distribution on the chromosomes. However, the authors
consider that the sample size of both researches was small so that more research
will be required to identify overall picture and differences between gamma-ray and
ion-beam irradiation.
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Mutation type Gene Size (bp)

Small deletion CAO (cao-g1

CAO (cao-g2

CPS (cps-g1

GA3ox (ga3ox-g1

GA3ox (ga3ox-g2

GID1 (gid1-g1

GluA1 (gluA1-g1

GluA2 (gluA2-g1

KAO (kao-g1

KAO (kao-g2

PLA1 (pla1-g1

PLA2 (pla2-g1

Wx (wx-g1

Wx (wx-g2

Wx (wx-g3

Large deletion GID2 (gid2-g1) 42,200

Glb (glb1) 62,800

GluB4/B5 (glu1) 129,700

Wx (wx-g4) 9400

Base substitution GluA2 (gluA2-g2

PLA1 (pla1-g2

Wx (wx-g5

Inversion Wx 1,284,800

PLA2 3,208,500

CAO chlorophyll b deficiency, CPS ent-Copalyl diphosphate
synthase (gibberellin deficiency), KAO ent-kaurenoic acid oxidase
gene (gibberellin deficiency), Ga3ox2 GA3-beta-hydroxylase (gib-
berellin deficiency), GID gibberellin insensitivity; GluA and GluB
glutelin deficiency, Glb alpha-globulin deficiency, PLA shortened
plastochron, WX glutinous endosperm

This author considered that the similarity between the mechanisms underlying the
generation of extremely large deletions and inversion may be caused by a similar
phenomenon. That is, in the generation of large deletions, a large base chain segment
with the two point deletions at both ends was cut and missing at a crossing point of



the two deletions, while in the case of inversion, the cut point was reversely placed at
the same site again with two small point mutations at both ends of inversion. As this
research and the following sorghum mutation (Mizuno et al. 2013) in Sect. 12.4.6
demonstrated, inversion is not a rare event in the gamma-ray irradiation.
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12.3.1.9 Mutation Induction Through Ion-Beam Irradiation
Tanaka (1999) introduced ion-beam irradiation for the induction of mutations in
Arabidopsis in the TIARA (Takasaki Ion accelerators for Advanced Radiation
Application) in the JAEA. The TIARA was established in 1993, as the first facility
of ion-beam irradiation designed specifically for the application of biological
materials. Utilizing the facility, Tanaka et al. (1997) induced a stable flavonoid
biosynthesis mutant through carbon-ion-beam irradiation and mapped the new
mutant locus ast (anthocyanin spotted testa) in Arabidopsis. Tanaka (1999)
discussed the mutation mechanism and mutation frequency induced by ion beams
comparing it with electrons and concluded that the ion beam was 8- to 33-fold higher
than similar applications using electrons.

The total number of induced mutant cultivars, mainly ornament flowers, devel-
oped at the TIARA is presently 21 with the detailed list provided in the Appendix
1 of the publication (Nakagawa and Kato 2017). Furthermore, cv. Koshihikari Kan
No. 1 represents a unique mutant rice cultivar that has the ability to absorb very little
cadmium in the paddy field and was developed using ion beam in the TIARA (Abe
et al. 2017), which is discussed in Sect. 12.4.5.

Another active ion-beam irradiation facility, named the RI Beam Factory, is
located in RIKEN Nishina Center, Wako, Saitama, Japan. The facility and a unique
automated irradiation equipment are explained in detail elsewhere (Abe et al. 2012).
From this facility, 11 cultivars, mainly ornamental flowers, are listed by Nakagawa
and Kato (2017), too.

Within Japan, there are additional ion-beam irradiation facilities. These are the
Wakasa Wan Energy Research Center Multipurpose Accelerator System with Syn-
chrotron and Tandem (W-MAST), Fukui, Japan (http://www.werc.or.jp/enenews/
pdf/pamphlet_english.pdf), and the National Institutes for Quantum and Radiation
Science and Technology, Chiba, Japan (https://www.nirs.qst.go.jp/ENG/index.
html), that is mainly focusing on the medical use. Ten cultivars have been released
by the W-MAST (Nakagawa and Kato 2017).

Recently, the use of ion-beam irradiation to induce mutations in flower cultivars
has been increasing. Cultivars such as cv. Viento Flamingo Osteospermum (Iizuka
et al. 2011), cv. Viento Labios osteospermum, cv. TL585 salvia, cv. San-mari-peach
verbena, cv. Sunreniripin (https://patents.justia.com/patents-by-us-classification/
PLT/487) and cv. Sunrekodou torenia, cv. Nishina-Zaou, and cv. Nishina-otome
cherry flower (https://www.riken.jp/en/news_pubs/research_news/rr/8266/) have
been developed.

As shown in Fig. 12.5, the total number of ion beam-induced cultivars reached
44 in 2020 and the contribution of ion-beam irradiation applications will continue to
increase due to the growth primarily in ornamental flower applications.

http://www.werc.or.jp/enenews/pdf/pamphlet_english.pdf
http://www.werc.or.jp/enenews/pdf/pamphlet_english.pdf
https://www.nirs.qst.go.jp/ENG/index.html
https://www.nirs.qst.go.jp/ENG/index.html
https://patents.justia.com/patents-by-us-classification/PLT/487
https://patents.justia.com/patents-by-us-classification/PLT/487
https://www.riken.jp/en/news_pubs/research_news/rr/8266/


328 H. Nakagawa

12.3.1.10 Mutable Gene(s) or Transposon
Okumoto et al. (1999) introduced a mutable slender glume gene (slg) in rice
cv. Ginbozu. This mutation was induced through gamma-ray irradiation presumed
to act as a single recessive gene. Following the hybridization of this mutant with
cv. Ginbozu, they attempted a physical mapping of the locus with a chromosome
walking technique using a YAC library (Uehara et al. 1995). Results of this study
identified slg as a mutable gene.

The existence of gene mutations induced by transposon was first suggested in
maize by the identification of the maize Activator (Ac) (Peschke et al. 1987). The
activation of a transposable element system was hypothesized to be induced through
tissue culture and somaclonal variation (Larkin and Scowcroft 1981). Hirochika
et al. (1992) identified various transposons in the genome of rice. Among these
transposons, Hirochika et al. (1996) isolated a useful transposable element, Tos17
retrotransposon in rice cv. Nipponbare, which genome is totally sequenced in the
International Rice Genome Sequencing Project (International Rice Genome
Sequencing Project 2005). This Tos17 retrotransposon is activated by tissue culture
and can induce mutations. The possible use of this Tos17 was proposed as (1) a gene
tagging, (2) a functional analysis of genes by the retrotransposon-induced mutants,
and (3) a functional analysis by analyzing the target-site sequence of Tos17.

A total of ca. 50,000 insertion lines having the Tos17 retrotransposons were
developed for functional analysis of rice genes of cv. Nipponbare, and a large-
scale phenotypic data of each mutant line, such as growth behavior, leaf color and
shape, culm character (including dwarf), heading date, panicle characters, sterility,
and seed characters, are deposited in the “Tos17 mutant panel Web-based database”
with the photos of the mutant plant (Miyao et al. 2007). Anyone can obtain both
every phenotype and the flanking sequence data at the web site (https://tos.nias.affrc.
go.jp/) and the seeds at the web site (https://www.rgrc.dna.affrc.go.jp/jp/).

Although there are no confirmed released cultivars that are indicated to have
mutation by Tos17 transposons, the use of this system remains very effective and
useful for gene targeting and functional analysis of genes, and some interesting
genes have been identified by using this technology (Sato et al. 1999; Agrawal et al.
2001; Nonomura et al. 2007; Yoshii et al. 2009).

12.4 Some Interesting Induced Mutations

There are many interesting mutations, which are useful for food and biomass crop
production. Some reports of the induced mutations are briefly explained here.

12.4.1 Non-shattering Gene and Induction of Non-shattering
Cultivars in Rice

Recently, indica-type high-yielding rice genetic resources have been attracting the
interests of breeders of forage rice breeding programs to improve biomass

https://tos.nias.affrc.go.jp/
https://tos.nias.affrc.go.jp/
https://www.rgrc.dna.affrc.go.jp/jp/


productivity by trying to improve total dry matter yield of foliage and/or grains
without regarding the taste of the grain, which is the most important characteristic of
cooked rice. In the 1980s, the Japanese Government recommended rice farmers to
convert their paddy fields into forage crop fields of maize, sorghum, and forage
grasses primarily to feed dairy or beef cattle because rice was overproduced in Japan.
At that time, the Japanese farmers were not familiar with the idea to feed cattle with
rice, as rice has always been a staple food for the Japanese people. Recently,
however, with the promotion of government subsidies to support livestock farmers
who changed their feeding materials from imported cereals and hay to forage rice,
there occurred a notable increase in the number of farmers who feed animals with
rice foliage and grain. It is noteworthy that for a long time, rice straw has been an
important and special fiber-source feed for producing well-known beef cattle with a
delicious expensive marbled meat in Japan.

12 Induced Mutations for Development of New Cultivars and Molecular. . . 329

One of the defects of indica-type rice to be improved is its seed shattering traits.
Konishi et al. (2006) first demonstrated that this seed shattering character is con-
trolled by a single dominant qSH1 gene, which is a key gene of the abscission layer
formation process. There are several mutations related to the abscission layer
formation such as SHAT1 (Zhou et al. 2012) and OsSh1 (Lin et al. 2012). When
these dominant genes can be knocked out, non-shattering rice plants that cannot
form an abscission layer between the pedicel and spikelet at the base of the rice seed
would be developed.

Kato et al. (2006) induced a mutation at the locus in an already developed forage
rice cv. Moretsu through an acute gamma-ray irradiation to the seeds in the Gamma
Room, IRB, and developed and released a non-shattering mutant cv. Minami-yutaka
for rice silage production. Sakai et al. (2013) attempted to induce a mutation at the
same locus in a high-yielding indica-type waxy cv. Taporuri, a plant introduction
from Taiwan, with the same method in the IRB, and a non-shattering mutant
cv. Ruri-aoba for the same purpose was successfully developed. Furthermore, a
moderate-shattering cv. Oonari was developed from a high-yielding but easy-
shattering indica-type cv. Takanari using the same method at the IRB (Imbe et al.
2004a, b). The development of these mutant cultivars indicated the relative ease of
inducing non-shattering mutations through acute gamma-ray irradiation at the
Gamma Room.

Recently, Li et al. (2019a) directly identified these mutations in the cv. Minami-
yutaka (Li et al. 2020) and cv. Oonari through whole-genome resequencing. Then,
Li et al. (2020) demonstrated that the non-shattering cv. Minami-yutaka induced
through gamma-ray irradiation possessed a 13 bp deletion eliciting defective splicing
in exon 3 of the OsSh1 gene, which is one of the candidate genes for the control of
seed shattering (Lin et al. 2012). Furthermore, Li et al. (2020) based on CRISPR/
Cas9 gene editing technology identified that a knockout mutation of the OsSh1
underlies non-shattering in rice.
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12.4.2 Giant Embryo in Rice

The rice embryo contains large amounts of proteins, fats, and vitamins of vital
importance for human health. When the rice embryo grows following the soaking
of seed in water, gamma-aminobutyric acid (GABA), transformed from glutamic
acid, is accumulated in the grain (Saikusa et al. 1994a, b). Defatted rice embryos rich
in GABA are useful as a functional food for the control of blood pressure and its
sedative qualities related to insomnia and autonomic disorder (Okada et al. 2000).
The GABA-accumulated brown rice of ordinary rice cultivars is already on the
market as a healthy brown rice. Consequently, Satoh (1981) developed two mutant
lines, EM40 and GM15-34, which exhibited giant embryo induced by N-nitroso-N-
methylurethane (MNU) treatment of cv. Kinmaze. The embryo of the two lines is
3–4 times larger in volume than that of original cultivar. Satoh and Iwata (1990)
identified this giant embryo character of the EM40 to be under the control of only a
single recessive gene (ge) located on chromosome 7. This giant embryo (GE) rice
gene is essential for controlling the embryo/endosperm size balance. Nagasawa et al.
(2013) identified the function of GE, which encodes CYP78A13, a gene that controls
cell size in the embryo and cell death in the endosperm. Complementation analysis
of CYP78A13 and GE demonstrated that complementation of ge mutation in either
embryo or endosperm could not restore the wild-type embryo/endosperm ratio.

Nemoto et al. (2001) developed the first giant embryo mutant cv. Haiminori for
the purpose of cooked brown rice by crossing EM40 and cv. Akenohoshi in 1990.
The embryo of cv. Haiminori is 3–4 times in volume that of ordinary Japanese rice.
The amount of GABA produced in the embryo of cv. Haiminori is approximately
four times greater than that of the cv. Nipponbare, which is the material of the Rice
Genome Project in Japan, after soaking in water for 4 h. This new cultivar is used for
the commercial production of “healthy rice cake.” One of the serious defects of these
giant embryo cultivars is a low germination rate and the subsequent weak seedling
vigor; therefore, the establishment rate of the seedlings is occasionally only 40–50%
(Nemoto et al. 2001). The genetic and functional relationship between the giant
embryo and poor seedling establishment will be a most important problem to be
solved for the stable cultivation of giant embryo rice cultivars. Formerly, the
breeders of giant embryo rice intended to utilize the grain of the giant embryo
mutants as a raw material of rice bran oil production, as the nutritional value of
cooked brown rice attracted the attention of consumers who opt for a healthier
alternative rice to ordinary white rice.

Recently, Sakata et al. (2016) attempted to induce giant embryo mutant lines by
NMU treatment in cv. Mizuhochikara for increasing the fatty acid composition in the
grain focusing on altering the triacylglycerol (TAG) content in rice bran oil to
enhance its various health benefits. They could obtain four giant embryo lines
exhibiting agronomically similar phenotype. Then, they found that two mutant
lines have a new locus that is nonallelic to ge at chromosome 3, while the other
two mutant lines have a mutation at the reported locus allelic to ge at chromosome
7 (Sakata et al. 2016).
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12.4.3 Fatty Acid Composition, Lipoxygenase Lacking, and Glycinin
Rich in Soybean

12.4.3.1 Fatty Acid Composition
Oil crop produces its unique oil with a specific fatty acid composition. There exists
an extremely large diversity of fatty acid composition that ranges within and across
the oil crops (Takagi and Anai 2006). For example, linolenic acid content is higher in
soybean (8.0%), but is not found in maize, traditional sunflower, and safflower. The
biosynthesis of fatty acids, common to all plant species, involves a carbon elongation
process from palmitic acid (carbon number 16: C–C double bond number zero) to
stearic acid (18:0), which is derived from an unsaturated reaction process: from
stearic acid (18:0) through oleic acid (18:1) and linoleic acid (18:2) to linolenic acid
(18:3) (Nakagawa et al. 2011a).

Another carbon elongation reaction is unique in rapeseed species. This is the
formation of oleic acid (18:1) through eicosenoic acid (20:1) to erucic acid (22:1)
(Nakagawa et al. 2011a). The fatty acid content of the species and cultivars is the
result of different activities of these enzymes, which is important for the biosynthesis
pathway, and the number of genes that code for each enzyme in each step related to
the process of carbon elongation and the unsaturated reaction pathways.

Soybean is the second most widely used edible oil resource in the world, after oil
palm (https://www.bctj.jp/2017/wp-content/uploads/2021/02/palmWP2019.pdf).
For the improvement of fatty acid composition of the seed, target genes, which are
known to modify the fatty acid composition of the other oil crops, were mostly
identified in the germplasm and incorporated by the various breeding methods.
White et al. (1961) reported that contents of both linoleic acid and linolenic acid
are controlled by polygenes through the identification of intervarietal variation of
fatty acid composition in 251 soybean cultivars and varieties. Alternatively, Takagi
et al. (1986) suggested that both oleic acid and linolenic acid contents were con-
trolled by only two and one gene(s), respectively. Then, Takagi et al. (1986)
concluded that the effects of each gene were small in determining the levels of
oleic and linolenic acid, although environmental effects played a much larger role in
the level of expression. Takagi’s research group initiated the mutation induction
through X-ray irradiation in cv. Bay and identified 46 mutant lines from 12,266 M2

population. These mutants included J3 (low palmitic acid: 6.1%) (Takagi et al.
1995), J10 (high palmitic acid: 17.2%) (Takagi et al. 1995), M25 (high
stearic acid: 21.2%) (Rahman et al. 1995), M23 (high oleic acid: 48.6%) (Rahman
et al. 1994), M5 (low linolenic acid: 4.9%) (Takagi et al. 1990), and B739 (high
linolenic acid: 18.4%) (Takagi et al. 1989). Furthermore, a lot of lines with a wider
range of fatty acid composition have been developed by the hybridization among
these mutants (Rahman et al. 2001, 2003). These results proved that the artificial
induction of the mutants is a useful approach for enhancing the fatty acid diversity in
soybean.

Many genes controlling fatty acid contents, such as low palmitic acid, high
palmitic acid, high stearic acid, high oleic acid, low linolenic acid, and high linolenic
acid, have been identified from the hybridization and genetic analyses (Nakagawa

https://www.bctj.jp/2017/wp-content/uploads/2021/02/palmWP2019.pdf


et al. 2011a). These enzymes of fatty acid biosynthesis are encoded by Gm βKASII,
GmSte, GmFAD2, and GmFAD3 gene family. Genetic analyses of fatty acid com-
position mutants suggest that several genes would be involved in each step of the
pathway for the fatty acid synthesis. Anai et al. (2005) attempted an extensive
molecular analysis on some of these mutations and identified some new genes.
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To successfully select the allele-specific genotypes in the breeding program, the
use of molecular markers related to these gene families can be more effective and
efficient than traditional phenotypic selections. It is very useful to have multiple
sources of alleles for each candidate gene’s isoform in the selection of a species that
exhibit a superior fatty acid composition (Takagi et al. 1998; Anai et al. 2005; Takagi
and Anai 2006; Nakagawa et al. 2011a).

12.4.3.2 Lipoxygenase Lacking
Being an enzyme, lipoxygenase generates a beany flavor of soybean and the
processed products. When the soybean seed is soaked, the lipoxygenases oxidize
the unsaturated fatty acids of the seed to produce aldehyde compounds such as n-
hexanal (Fig. 12.12). Usually, a heat treatment is used to reduce this beany flavor,
but the flavor is not completely eliminated. This flavor, once produced, becomes one
of the less desirable flavors of soybean products. Now, establishment of processing
methods has been attempted to remove this beany flavor from the processed soybean
meal in the food industry.

Soybean seed contains three lipoxygenases, L-1, L-2, and L-3 (Arai et al. 1970).
In the 1980s, mutant varieties which lack lipoxygenase were isolated from germ-
plasm (Hildebrand and Hymowitz 1981; Kitamura et al. 1983). These early works
identified lines lacking both the L-1 and L-3. Following this, the L-2 and L-3 lacking
lines were developed by hybridization between single L1, L2, and L3 lacking lines
(Kitamura et al. 1985). However, they failed to develop either L-1 and L-3 lacking

Fig. 12.12 The pathway of generation of beany flavor by the lipoxygenases. (Based on Anai et al.
2005)



line or all-lacking plants. It was suggested that the tight linkage of the two loci may
make it difficult to produce L-1 and L3 lipoxygenase-deficient plants (Hajika et al.
1991). Therefore, mutation breeding through a gamma-ray irradiation was attempted
to induce all-lipoxygenase-lacking soybean mutants.
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Hajika et al. (1991) irradiated the F2 seeds of the hybridization between a line
Kankei 2 (later named as Kanto 102: lacking L-1 and L-3) and a line Kankei 1 (later
officially registered as cv. Yumeyutaka (Kitamura et al. 1992; lacking L-2 and L-3)
with 100 Gy or 150 Gy of gamma rays for 2 days in the Gamma Room at the IRB in
1989. They screened 1813 M3 seeds using the SDS-PAGE and obtained only one
mutant seed lacking all L-1, L-2, and L-3 (Nakagawa et al. 2011a). From this mutant
line, the cv. Ichihime with all-lipoxygenase-lacking characteristics was released in
1995 (Hajika et al. 2002). Following this remarkable achievement, cv. Eru-Star
(Takahashi et al. 2003a) and cv. Suzusayaka (Yumoto et al. 2006) with all-
lipoxygenase-lacking soybean cultivars have been generated through hybridizations
between normal soybean cultivars and the all-lipoxygenase-lacking mutant in Japan
(Hajika et al. 2005).

Recently, a lipoxygenase-free soybean mutant was developed using CRISPR-
Cas9 technology (Jinek et al. 2012; Wang et al. 2020). This outcome provides an
additional example whereby mutant induction of complete gene systems can pro-
duce useful and desired products. Once particular mutations and the underlying
molecular mechanisms are identified, genome editing technologies can be applied
towards the generation of new cultivars using CRISPR-Cas9 technologies.

12.4.3.3 Glycinin Rich and Low Allergenicity
Glycinin (11S globulin) and β-conglycinin (7S globulin) are the major components
of soybean seed proteins which make up ca. 70% of the total seed proteins in the seed
(Thanh and Shibasaki 1976). Takahashi et al. (1996) demonstrated that the content
of sulfur-containing amino acid, such as methionine and cystine, in glycinin is 3–4
times larger than that of β-conglycinin. Glycinin exhibits a better processing prop-
erty in texturized and filmed soy foods, as well as in tofu gels, than β-conglycinin
(Fukushima 1991), composed of α-, α′-, and β-subunits (Thanh and Shibasaki 1976).
Kitamura and Kaizuma (1981) identified cv. Keburi, that is characterized by the
absence of α′-subunit, and cv. Mo-shi-dou (Gong 503), thereby exhibiting low levels
of the α- and β-subunits, in the soybean germplasm maintained in Japan. Ogawa
et al. (1989) developed a few lines from these accessions with these spontaneous
soybean mutations and demonstrated that it was possible to increase the glycinin
amount by decreasing the β-conglycinin amount. An interesting character of a
breeding line, Kari-kei 434, for the breeder was the lack of the α′-subunit and
decrease in the α- and β-subunits of β-conglycinin level. However, neither α-less
nor β-less germplasm were identified in the germplasm. Therefore, Takahashi et al.
(1996) attempted an acute gamma-ray irradiation to the seed of the line Kari-kei to
knock out the α-subunit gene at the IRB. Consequently, they identified five mutant
seeds which exhibited a loss of the α-subunit in addition to the α′-subunit using the
SDS-PAGE in M2 and M3. The α-subunit was proved to be controlled by a single
gene through the crossing studies (Takahashi et al. 1996). A new glycinin-rich



mutant cv. Yumeminori was developed from this induced mutation and commer-
cially released as a first glycinin-rich soybean in 2001 (Fig. 12.13; Takahashi et al.
2004; Nakagawa et al. 2011a).
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Fig. 12.13 Development of glycinin-rich mutant cv. Yumeminori and the gamma-ray irradiation
processes. (Based on Takahashi et al. 2004)

Following the studies on the quality of the seed proteins of the cv. Yumeminori,
Takahashi et al. (2004) found that this cultivar possesses hypoallergenic property,
because the α-subunit, which was deleted in the cv. Yumeminori, is a major allergen
in soybean (Ogawa et al. 1991), and Gly m Bd 30K, that is also one of the major
allergens, was removed from the soybean seed (Samoto et al. 1996).

Later, Ishikawa et al. (2006) clearly identified that the deficiency of the α-subunit
in a line, α-null (1) soybean, was caused by a stop codon, which was generated by an
insertion of four bases into CG-2 gene encoding this α-subunit.

12.4.4 Super-Nodulation

Super-nodulation characteristics mean production of a larger number of root nodules
in the root of leguminous plants. Formerly, super-nodulating mutants were thought
to be an interesting new germplasm, which might improve the productivity of
soybean with higher nitrogen-fixation ability. Such materials would also be useful
for elucidating molecular mechanisms of Rhizobium-plant interactions. Akao and
Kouchi (1992) induced and isolated a super-nodulating mutant line, En6500, from
2800 M2 of 0.5% ethyl methanesulfonate (EMS) treatment to the seed of cv. Enrei.
Then, Kokubun and Akao (1994) identified that this En6500 plant produced a larger
number of nodules and that this character was controlled by a single recessive gene.
However, the growth and yield of this mutant line were less than those of the original
cv. Enrei. Therefore, it was presumed that the inferior growth of the line was caused
by the high consumption of carbohydrates to produce more nodules and a reduced
nitrogen-use efficiency (Takahashi et al. 1995; Oya and Ishii 1999).

Takahashi et al. (2003b) attempted additional backcrossing of the En6500 to the
original cv. Enrei to obtain a plant with both this super-nodulation phenotypes and
good agronomic performance in the backcross populations and developed and
released a super-nodulating cv. Kanto 100 with a yield similar to cv. Enrei.
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The super-nodulating mutant gene has a potential impact of providing insights
into Rhizobium-plant interaction mechanism and breeding for higher nitrogen fixa-
tion in soybean and other leguminous crop species.

12.4.5 Mendel’s Gene

It is well known that Gregor Mendel revealed the law of heredity by using seven
traits such as cotyledon color, seed shape, pod color, pod shape, flower color, flower
position, and stem length in garden pea (Pisum sativum L.) (Mendel 1866). Genetic
backgrounds of the two characteristics were identified by using natural mutations
in pea: the seed shape (dominant: smooth versus recessive: wrinkled) is controlled
by R gene that corresponds to a gene of natural mutation of starch-branching enzyme
(Bhattacharyya et al. 1990); the stem length (dominant: tall versus recessive: short) is
controlled by Le gene, which is a gibberellin 3β-hydroxylase gene (Lester et al.
1997). Sato et al. (2007) identified the molecular background of cotyledon color
(dominant: yellow versus recessive: green) of the pea seed using a stay-green rice
mutant of cv. Nipponbare induced through carbon-ion-beam irradiation (220 MeV)
at the TIARA, JAEA. That is, they revealed that Mendel’s green cotyledon gene is
same as a single recessive rice stay-green gene (ossgr) of the rice stay-green
mutation (the dominant gene is OsSGR) and the gene of green cotyledon color in
pea is pssgr (the dominant gene is PsSGR). In addition, they proved that the OsSGR
gene in rice was highly expressed in the senescent stage of leaves and activated the
chlorophyll degradation pathway through the translational or posttranslational regu-
lation. Pea plant, that has a homozygous recessive mutation (known as i), maintains
green cotyledon color during maturation of the seed and senescence of leaves. Sato
et al. (2007) asserted that tight linkage existed between the I locus and stay-green
gene (SGR) found in rice based on molecular analyses, that the I gene encodes
PsSGR in pea, and that PsSGR is involved in chlorophyll degradation by a functional
analysis of pssgr mutants in pea and ossgr mutant in rice (Fig. 12.14).

12.4.6 Low-Cadmium Rice

Cadmium (Cd) is one of the environmental pollutants, and this metal exhibits serous
toxicities for human beings after a long-term exposure. In some paddy fields near the
sphalerite mine in Japan such as Kamioka mine, Cd content in the soil was elevated
and Cd-associated health problems have been documented in the Jinzu River basin,
Toyama (Aoshima 1987). The limit of maximum Cd content of edible rice grain is
0.4 mg/kg (Codex Alimentarius 2008).

To avoid the risk of Cd poisoning, a rice cv. Koshihikari Kan 1 gou, that
accumulates dramatically low Cd in the grain, was induced from cv. Koshihikari
through ion-beam irradiations at the TIARA, JAEA (Ishikawa et al. 2012). The
sequence analysis and functional characterization of the mutants and the locus in the
original cultivar revealed that the mutant has a single base pair deletion that



generates a frameshift mutation at a gene of a transporter protein, OsNARMP5,
which is known to transport manganese (Mn) ion and located on the seventh
chromosome (Ishikawa et al. 2012). This mutant gene osnramp5-1 ceases the
activity of Cd transportation causing the Cd absorption of roots in the mutant line
to be highly suppressed. With the mutant line, the Cd contents of the rice grain
(white or brown) exhibited less than 0.05 mg Cd/kg compared with 1.73 mg Cd/kg
in the original cv. Koshihikari (Ishikawa et al. 2012).
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Fig. 12.14 Model of SGR function during leaf senescence (Based on Sato et al. 2007). NYC1,
NOL, Chlase, and PaO: the enzymes in the chlorophyll-degrading pathway. The Chl b is converted
into Chl a and metabolized in the Chl a-degrading pathway to the red chlorophyll catabolite (RCC).
The first step is catalyzed by the Chl b reductase NYC1. Following the Chl b degradation, the
LHCII and thylakoid/grana degrade in the senescent leaf. Another Chl b reductase (NOL) may have
a minor role in the Chl b degradation during leaf senescence (Kusaba et al. 2007). Senescence
signals induce the expression of NYC1, NOL, SGR, and PaO (dashed arrows). The SGR is
primarily involved in Chl b degradation and the LHCII degradation via translational/posttransla-
tional regulation of NYC1 (dashed arrows). The PaO activity is regulated by SGR at the transla-
tional/posttranslational process

If the rice plants are cultivated aerobically in the paddy fields, absorption of
another toxic element, arsenic (As), is also inhibited, although absorption of Cd is
accelerated under this condition (Arao et al. 2009). When this low-Cd rice cultivar
was cultivated under aerobic paddy field conditions, absorption of both Cd and As
was greatly reduced and a low-Cd-low-As rice grain was efficiently produced
(Ishikawa et al. 2016). Field studies indicated that the grain of these mutant plants
has nearly non-detectable levels of Cd, when cultivated even in highly
Cd-contaminated paddy fields.

Because this mutant gene osnramp5-1 is useful and effective for producing
low-Cd rice, this low-Cd mutant gene was first introduced into four different popular
cultivars and is being introduced into more than 100 cultivars, adapted to climati-
cally different areas by using marker-assisted selection (Ishikawa 2020).

Ishikawa (2020) emphasized that genome editing technologies would be very
useful and easy to generate new low-Cd rice cultivars, because the locus and the
gene sequence have already been identified. However, Ishikawa (2020) stated in the



report that he does not intend to use these technologies so far, as the Japanese public
acceptance for genome editing food was not clearly spelt out.
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This research also implies an interesting relationship between mutation breeding
and genome editing technologies. Although genome editing, especially CRISPR/
Cas9 technology (Cong et al. 2013), is a powerful tool to induce deletions and
insertions at a very specific point in the genome of the targeted plant, mutation
breeding can induce any targeted phenotypes without knowing the genome sequence
and/or the genes of the targeted phenotype. Therefore, it is reasonable to assume that
researchers should first induce mutations and then apply genome editing
technologies to generate the same mutation in different cultivars at a more rapid
and efficient rate.

12.4.7 Epicuticular Wax-Free Mutation of Sorghum

Sorghum (Sorghum bicolor (L.) Moench.) generates white bloom or epicuticular
wax on the stem and leaf surfaces. Jordan et al. (1983) reported that this wax
deposition is a dominant trait (Bm) and bloomless (bm) mutants do not produce
wax on the plant surface. The important role of this wax is estimated to contribute to
drought tolerance by reducing cuticular transpiration from the leaf surface (Blum
1975) and to protection from ultraviolet radiation from the sun (Jordan et al. 1983).
Furthermore, Jenks et al. (1994) reported that reduction of this wax promotes
susceptibility to a fungal disease, known as northern corn leaf blight, caused by
Exserohilum turcicum (Pass) K.J. Leonard & Suggs, due to the increased epidermal
conductance to water vapor that facilitates Exserohilum turcicum spore germination
and infection. However, sorghum plants possessing the bm mutation have distinct
advantages such as a resistance to greenbug (Nakagawa et al. 2011b; Peiretti et al.
1980; Weibel and Starks 1986) and sheath blight (Kasuga et al. 2001).

Recently, sweet sorghum has been identified as a promising high-yielding crop
for bioethanol production by using both stem sugars and stem lignocellulose through
fermentation in Japan (Nakagawa et al. 2013). When sweet sorghum breeding for
biofuel feedstocks is conducted, resistance to these biotic stresses has great
advantages for low-input and sustainable biofuel production systems.

Seeds of sweet sorghum variety, Italian, were irradiated with a total dosage of
400 Gy of gamma ray for 20 h, in the Gamma Room, IRB, and two bloomless
(no epicuticular wax: bm) mutant plants, 2I-400-2-11-1 and 2I-400-2-11-2, were
isolated in the M2 (Mizuno et al. 2013). These two mutants probably derived from
one M1 plant exhibited the same characteristics with the original Italian, except for
the non-waxy trait. The F2 genetic analysis from the hybridization of the waxy and
non-waxy plants indicated an approximate 3:1 segregation ratio, which suggested
that bm (no epicuticular wax) character was regulated by a single recessive nuclear
gene (Nakagawa et al. 2011b; Mizuno et al. 2013).

Mizuno et al. (2013) conducted an RNA sequencing analysis for the wild-type
plants exhibiting epicuticular wax (Bm phenotype) and mutant plants (bm pheno-
type). The total RNA from the leaf sheath of each plant was converted to cDNA for



massive parallel sequencing in an Illumina Genome Analyzer, and differentially
expressed genes were identified. The results of this study revealed that one gene
from the 31 downregulated genes was mostly same as the ABC transporter, which
regulates wax secretion in Arabidopsis (Bird et al. 2007; Panikashvili et al. 2007).
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TACT
Sb06g023270

WT (1.4 Mb)

Sb06g023280 Sb06g024830

52.4 Mb 53.8 Mb

Sb06g024840

Sb06g023270 Sb06g024830 Sb06g023280 Sb06g024840

Inversion Region

bm (1.4 Mb)

AA

Fig. 12.15 Genomic inversion in the bm mutant. The size of an inversion is ca. 1.4 Mb (Based on
Mizuno et al. 2013). The arrows indicate the cloned sequence of the wild-type (WT) and the bm
mutant genome. Four bases (TACT) or two bases (AA) were deleted in the bm genome. This
inversion causes the exchange of the upstream region of the Sb06g023280/WBC11 gene (black
arrow) with the downstream sequence. (Courtesy of Dr. H. Mizuno, NARO)

It is interesting that this induced bm mutant carries a 1.4 Mb genomic inversion
near the promoter region of Sb06g023280 with small base pair deletions at both ends
(Fig. 12.15). Mizuno et al. (2013) revealed that this inversion mutation inhibited wax
secretion in the bloomless sorghum, although the epicuticular wax was perfectly
synthesized inside the cells.

12.5 Achievement of Biological Research on Mutations Induced
by Gamma Ray

There are interesting biological researches on the characteristics of mutations, which
were induced via chronic and acute gamma-ray irradiations. Some interesting
mutants were induced through chronic gamma-ray irradiations in the Gamma
Field. Comparison of chronic and acute irradiation including advantages and
disadvantages of chronic gamma-ray irradiation and some reports of the topics are
briefly explained here.
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12.5.1 Different Sizes and Locations of Deletions Generate Different
Kinds of Phenotypes

Through the evolution of plants, genes are often tandemly duplicated and generate a
functional redundancy. Sequencing data of rice genome revealed that more than 14%
of the genes exhibited this kind of tandem array (International Rice Genome
Sequence Project 2005; Arabidopsis Genome Initiative 2000). It is an important
point that the analysis of these gene functions by inducing double mutants through
chemical mutagens and transposon treatments is extremely difficult because it would
be very difficult to knock out two tandemly repeated genes at once.

Glutelin is one of the digestible seed storage proteins. There are reversely and
tandemly repeated double loci (Fig. 12.8), which code for mRNA for the glutelin
production. Iida et al. (1993, 1997) induced and isolated many mutants which
exhibited low glutelin contents using SDS-PAGE. Molecular analyses of these
mutants which possess low glutelin contents have revealed that the different sizes
and locations of deletions generate very different mutant phenotypes.

As already discussed in Sect. 12.3.1.4, the Low glutelin content (Lgc-1) i
dominant and reduces glutelin content in the grain of rice. Although it is a very
rare case, Kusaba et al. (2003) induced this mutation of 3500 bp deletion by chemical
mutagenesis with ethyleneimine (EI). The deletion is considered to include a termi-
nator signal of two highly similar glutelin genes with a tail-to-tail inverted repeat, so
that a long mRNA that includes these two RNAs with a tail-to-tail inverted repeat is
generated to form a double-stranded RNA molecule. It is known that a double-
stranded RNA molecule becomes a potent inducer of RNA silencing (Figs. 12.8 and
12.16; Kusaba et al. 2003). The cv. Lgc-1 exhibited high suppression of glutelin
synthesis and a concomitant low glutelin content.

Another low-glutelin mutation, glu1, that is induced through gamma-ray irradia-
tion in rice, lost an acidic subunit of glutelin. Morita et al. (2007) identified that the

Deletion of 1 acidic subunit

Total glutelin contents lower Dominant

Recessive

Phenotyp Dominant or Recessive Mechanism

Knock-out of 2 genes

Suppresses glutelin 
genes via RNAi.

glu1

Lgc1

GluB5GluB4 GluB5GluB4

glu1 Lgc1
Smaller deletion (3.5 kb)Larger deletion (129.7 kb)

Fig. 12.16 Differences in the phenotypes, dominant or recessive character, and mechanism of glu1
and Lgc1 gene with different sizes and locations of deletion in the same region of GluB4 and GluB5
(glu1: Morita et al. (2007); Lgc1: Kusaba et al. (2003)). (Courtesy of Dr. R. Morita, RIKEN)



glu1 possesses a 129,700 bp deletion involving both the tandemly repeated GluB5
and GluB4 genes, which silences their expression completely. Therefore, the pheno-
type of the glu1 is a complete loss of the acidic subunit of glutelin, and the glu1 acts
as a recessive gene for low glutelin content in the grains (Fig. 12.16).
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12.5.2 Useful Mutations Induced with Acute or Chronic Gamma-Ray
Irradiation

Shu et al. (2012) listed optimum doses of acute and chronic gamma-ray irradiation to
induce mutations in various crop plants (Appendices 2 and 3).

Differences among the dosage effects have been discussed between acute irradia-
tion (mainly to the dormant seed in the Gamma Room: e.g., totally 100–1000 Gy for
2 days) and chronic irradiation (mainly the whole growing period, i.e., from the
seedling stage to harvest time through the reproductive stage) at the optimum length
from the 60Co radiation source in the Gamma Field, less than 2–3 Gy/day depending
on the planting points. The fundamental differences between the treatments are the
following: (1) dose rate: acute irradiation is conducted with a high dosage for a short
period, and chronic irradiation is conducted with a lower dosage for longer period,
more than several years for perennial plants; and (2) irradiated parts and stages: acute
irradiation is often conducted to the dormant seed or vegetative parts, but only at
certain stages of plant growth such as booting stages: however, chronic irradiation is
conducted all through the growing stages when the cell division of the plant is active
(from germination to the mature stage), and even to a reproductive stage. Tanaka and
Sekiguchi (1966) reported that the highest chlorophyll mutation rate was achieved
by chronic gamma-ray irradiation to growing rice plants especially at the meiosis
stages. Chronic irradiation was seen to be more efficient at the seed germinating
stage, while the lowest frequencies of mutation were observed using acute irradiation
to the dormant seeds. However, prior to the construction of the Gamma Fields, the
use of the acute irradiation to the seed was a common but inefficient approach. The
insufficiency of this method resides with the low survival rate and high sterility of
recovered mutant lines (Niwa and El-Keredy 1967). It is estimated that direct
physiological damages of acute gamma-ray irradiation to the irradiated seed are
higher than those of chronic irradiation in the Gamma Field, even though the total
radiation dose is similar (Niwa and El-Keredy 1967).

The Gamma Phytotron was established in Korea in 2005 and the Gamma Green
House, the size of which is approximately five times larger than that of the Gamma
Greenhouse located at the IRB, Japan, was established in Malaysia in 2008
(Nakagawa and Kato 2017). Both facilities are for mutation induction by a chronic
gamma-ray irradiation to growing plants or in vitro culture of medicinal crops,
ornamental crops, and tropical crops. As discussed in the following parts of this
report, chronic irradiation is a useful tool to generate mutant genome resources that
are applied to molecular analysis as well as conventional breeding.

One of the serious disadvantages of such facilities is that management of the
facilities is hampered by high costs and a staff having a radiation protection
supervision to monitor the safe operation of the facility. However, irrespective of



the cost and unit maintenance, a breeder who desires to develop new cultivars with
certain characteristics can obtain his or her targeted mutants from selected
populations and have the material irradiated locally. If success is achieved, the
cost of the breeding laboratory for the breeding program is far less expensive than
applying GM technology, or even the genome editing technologies.
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Fig. 12.17 A shelf between the 60Co source of the irradiation tower and the nearest field, where the
rice plants in pots were placed at ca. 5–3 m from the source in the Gamma Field. (Courtesy of IRB,
NARO)

Another disadvantage or limitation regarding the management of a Gamma Field,
as well as all radiation facilities in Japan or elsewhere, is that the facility must
commit to the governmental regulation regarding dose limitation that is approved by
the Recommendations of the International Commission on Radiological Protection
(ICRP) (ICRP 2007). The tendency of the recommended limitation is to utilize the
lower limits of radiation treatments based on the latest scientific information. To
meet the Commission’s regulation without expanding the size of a Gamma Field, the
only option is to lower the total irradiation dose in a day, that is, to shorten the
irradiation time per day. When the Gamma Field was established in 1961, irradiation
was conducted for 20 h per day, from 9:00 AM to 5:00 AM of the next morning for
5 days of the week from Monday to Friday. However, following the dose limit
regulation, the Gamma Field is now operated for 8 h per day, from 12:00 to 20:00 for
5 days of the week.

As with the induction rates of mutation in rice with lower radiosensitivity, a shelf
was constructed between the 60Co source and the nearest field, where the rice plants
are in pots or directly water cultured (ca. 5–3 m from the source) in a water pool in
the Gamma Field (Figs. 12.2 and 12.17). Using this shelf, higher dosage is available
such as 6 Gy/day (Takano et al. 2005) and 20 Gy/day (Ma et al. 2005) in the Gamma
Field, which are explained in the following section.
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12.5.2.1 Phytochrome
Takano et al. (2005) identified the relationship between phytochrome A (phyA), B
(phyB), and C (phyC) by isolating the mutants in rice and by developing all possible
combinations of the double mutants. They characterized their phenotypes mainly for
the response to photoperiod and to different light qualities such as red and far-red
light. Seedlings of the phy B and the phyB phyC double mutants partly lost the
sensitivity to continuous red light but exhibited significant de-etiolation or greening
responses. However, the phyA phyB double mutants exhibited no responses to red
light. These results demonstrated that the phyA and the phyB redundantly act to
control the de-etiolation under red-light irradiation. Furthermore, they proved that
mutations either in the phyB or in the phyC locus provide a cause of moderate early
flowering under long-day photoperiod condition, but monogenic phyA mutations
give little effect on flowering time. Interestingly, the phyA mutation in combination
with the phyB or the phyCmutation exhibited a dramatic early-flowering phenotype.

In this research, Tos17 mutant panels explained in Sect. 12.3.1.10 played an
important role in isolating the phyA and the phyC mutants, which were efficiently
screened by PCR using PHYA and Tos17-specific primers (Takano et al. 2001).
However, the phyB mutants were obtained through chronic gamma-ray irradiation
with dose rates ranging between 3 and 6 Gy/day (Takano et al. 2005).

12.5.2.2 Aluminum Tolerance
Ma et al. (2005) isolated a highly aluminum (Al)-sensitive mutant from a highly
resistant rice cv. Koshihikari following the use of chronic gamma-ray irradiation.
The highly Al-sensitive mutant gene they generated is called als1. The ALS, a
Al-tolerant gene, encodes a phloem-localized ABC transporter-like protein that has
been cloned in Arabidopsis (Larsen et al. 2005). In this research, M1 plants were
irradiated in the Gamma Field at a dose under 20 Gy/day for 8 days from 7 days
before heading to 2 days after heading. A sophisticated screening method was then
applied by measuring each elongated root for 24 h both with Al and without Al
solution (Ma et al. 2005).

In the absence of an Al solution, the Al-sensitive mutant exhibited the same
phenotype as the wild type. The Al-sensitive mutant also exhibited poorer root
growth in acid soil (Ma et al. 2005). Genetic analysis of F2 population of the
hybridization between this mutant and the wild type revealed that the Al-resistant
plants and Al-sensitive plants segregated in a 3:1 ratio, which indicated that the high
sensitivity to Al is under the control of a single recessive als1 gene. This gene was
mapped to the long arm of chromosome 6.

12.6 Conclusions

A.M. van Harten (1998) gave his opinion in a book of “Mutation Breeding—Theory
and Practical Application”: “An explanation for the decreasing interest in mutation
breeding, at least in most ‘developed’ countries, may be that during the past two
decades attention has become more and more directed towards studying the



possibilities offered to plant breeding by various new molecular technologies . . . As
results of these developments mutation breeding seems to have lost part of its
previous attraction for young researchers.”
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This author believes that mutation breeding using radiation is a very powerful
technology for induction of mutations for crop breeding and molecular research,
isolation of genes, and elucidation of molecular mechanisms and metabolic
pathways in every crop. The record has also shown as in this review that mutation
induction has been an extremely useful aid to conventional breeding for developing
superior cultivars and breeding materials.

We have discussed the mutation rate of various treatments and level of mutation
induction many times. The author, as a plant breeder, understands that the mutation
induction rate of a chemical mutagen is much higher than that of gamma-ray
irradiation because of its mutation induction mechanism. In that light of the above,
chemical mutagenesis is a very useful tool for molecular research that investigates
the underlying molecular mechanisms of gene expression or physiological metabo-
lism. However, one of the problems of chemical mutagens for breeding applications
is the high mutation rate. Since a treated plant could have many mutations including
the targeted mutation, this might not be a clean and precise approach, as it makes the
development of a single mutation isoline virtually impossible. On the contrary, as the
mutation rate from irradiation is relatively lower than chemical mutagenesis, it could
be concluded that only one or two mutations are mostly induced through an optimum
dosage of gamma-ray irradiation in a single plant, when a targeted mutant is found in
the field. Therefore, the selection and subsequent breeding process using these
mutants induced by radiation are much easier than those generated by chemical
mutagens for breeders.

Recently, mutation breeding has often been compared with genome editing
technology. The author agrees that the genome editing technology is superb because
it can produce deletions and insertion of DNA(s) in a targeted locus precisely and at a
high frequency. The deletion-induction is like mutation breeding, and the insertion-
induction is like genetic modification. However, genome editing technologies are
useless if breeders do not know the genome sequence of the species or the gene
(s) which controls the targeted phenotype, as well as without total genome sequenc-
ing data of the crops. These advantages of having complete genomic sequences are
available to a limited number of species. The genome sequences of so-called orphan
crops are not generally available or complete.

The author believes that based on the achievements of traditional or classic
methods, novel fields of science and molecular technologies have been developed,
and it is hoped that mutation breeding remains accessible as a useful technique in the
field of plant breeding and genetics, especially by incorporating emerging knowl-
edge and technologies.

During the course of writing this review, information was received that the
operation of the Gamma Field in Japan was terminated and the 60Co source was
removed from the irradiation tower on May 30, 2019, due to the increasing difficulty
to fund and maintain the aging facility that was damaged by the Great East Japan
Earthquake in 2011. The Gamma Room at the facility, however, is still in operation.
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Role of Mutation Breeding in Crop
Improvement with Special Reference to
Indian Subcontinent

13

M. C. Kharkwal

Abstract

The primary source of all genetic variations existing in any organism, including
plants and animals, is mutation. Mutation provides the raw material for natural
selection by creating variation and is a driving force in evolution. Natural
selection operates to bring about evolution of new races and species through
the variability created by natural mutations and amplified by subsequent recom-
bination of genes during sexual reproduction. Besides natural mutations that
occur spontaneously due to various kinds of radiations and cosmic rays received
from the sun and also emitted by several radioactive elements present on the
earth, mutation can also be artificially induced by a number of physical mutagenic
agents like gamma rays, X-rays and fast neutrons and several types of chemical
mutagens like EMS, NMU and EI. The standard technique of creating variability
by means of altering genes through induction of mutations by physical or
chemical mutagens and using the same effectively through elaborate methods
of selection techniques in various generations for improvement of a particular
crop species for desired objectives is called mutation breeding. It is frequently
practised by plant breeders all over the world for crop improvement. Nearly 3365
mutant varieties belonging to >240 plant species have been developed and
officially released by the turn of the twenty-first century. The cumulative number
3365 of released mutant varieties in six continents of the world indicates that Asia
tops the regional list with 2052, closely followed by Europe (960) and North
America (209). With more than 100 mutant varieties each, China, India, Japan,
Russia, the Netherlands, Germany and the USA are the leading countries among
approximately more than 80 countries actively engaged in the development and
release of mutant varieties. During the last five decades, several countries took up
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extensive crop improvement programmes through mutation breeding and made
spectacular accomplishments in evolving several superior mutant varieties in a
large number of important agricultural crop species including cereals, pulses,
oilseeds, vegetables, fibres, medicinal plants and ornamentals. Large numbers of
these mutant varieties, being cultivated by farmers in millions of acres in several
countries, have made significant contribution worth billions of dollars in global
food production. A wide range of characters including yield, maturity, quality and
tolerance to biotic and abiotic stresses have been improved in the mutant varieties
developed so far. Among the seven countries of the Indian subcontinent, India has
made a significant contribution in crop improvement through mutation breeding
by developing 542 mutant varieties in 85 crop species. The other two countries of
the Indian subcontinent, Pakistan and Bangladesh, have also made major
contributions through mutation breeding by releasing 79 and 76 mutant varieties
of crop plants, respectively.

356 M. C. Kharkwal

Keywords

Mutation · Mutation breeding · Mutant varieties · Crop improvement · Radiation ·
Gamma rays · X-rays

13.1 Introduction

The entire global population until the year 1810 was only 1 billion people, and today
it has grown to more than 7.7 billion and is estimated to reach 9.9 billion by 2050,
thus placing tremendous pressures on increasing world food production of all kinds
(Gustafson et al. 2021). In 2018, world cereal production was estimated to be 2.56
billion tonnes, and thus the world’s farmers will need to produce 3 billion tonnes by
2050 to meet burgeoning population projections. Climate-resilient agriculture can
improve sustainable world food production, and mutation breeding can play a major
role in crop improvement by developing high-yielding, biotic and abiotic stress-
tolerant cultivars. The impetus to the Green Revolution that led to a phenomenal
increase in the production of agricultural crops, especially food grains, also
emanated from the crucial introduction of the spontaneous mutant dwarfing genes
of ‘Norin-10’ wheat and ‘Dee-Gee-Woo-Gen’ rice into breeding programmes
culminating in the development of dwarf, non-lodging and fertilizer-responsive
wheat and rice varieties, respectively. The Green Revolution witnessed by Indian
agriculture has transformed the country’s status from a food-importing nation to not
only a self-sufficient but also a food-exporting nation. India, the largest country of
the Indian subcontinent, has made spectacular achievements in crop improvement
and food security in which mutation breeding has also made a major contribution by
developing and reporting 542 mutant varieties and occupying the second position
after China at the global level. Similar gains in crop improvement have been
achieved by the two other neighbouring countries, Pakistan and Bangladesh. Sri



Table 13.1 Number of
officially released mutant
varieties across the various
continents

Continents

Lanka, a small island country in the Indian subcontinent, has also succeeded in the
development and release of four mutant varieties so far.
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13.2 Global Scenario of Mutation Breeding in Crop
Improvement

The discoveries made by Muller and Stadler 95 years ago were followed by a large
number of breeders in several countries to induce and generate genetic variability
through various mutagens leading to mutation breeding. Mutation breeding was
acknowledged and adopted as an additional tool by plant breeders globally particu-
larly after the establishment of the Joint FAO/IAEA Division of Nuclear Techniques
in Food and Agriculture in 1964. Because of the popularity and easy and safe access,
majority (75%) of the genetic variability has been induced through radiations,
particularly gamma rays. Among the mutant varieties released, the majority are
food crops and ornamentals. A Mutant Variety Database (http://mvd.iaea.org) on
the mutation-derived varieties developed and released in major crops all over the
world is being maintained by the FAO/IAEA. Extensive use of induced mutation
breeding in crop improvement programmes globally resulted in the release of>3365
mutant varieties belonging to >240 crops and plant species. The cumulative number
of officially released mutant varieties in six continents of the world indicates that
most of the mutant varieties are released in Asia (2052), followed by Europe (960)
and North America (209) (Table 13.1). The other remaining three continents have
also taken up mutation breeding during the past few decades and have released
mutant varieties in several crops.

The proportion of released plant mutant varieties at global level also indicates that
largest numbers consisted of cereal species (48.02%) (Table 13.2) followed by
flowers/ornamentals (21.64%), legumes and pulses (13.85%) and oil crops (10.76).

Several countries including China, India, Japan, Pakistan, Bangladesh, Viet Nam,
Thailand, the Netherlands, Germany, Italy, Sweden, the USA and Canada took up
extensive crop improvement programmes through mutation breeding. During the
last five decades, they have made spectacular accomplishments in evolving several
superior mutant varieties in a large number of important agricultural crop species

Mutant varieties

Number Percentage

Africa 82 2.44

Asia 2052 60.98

Australia and Pacific 9 0.27

Europe 960 28.53

Latin America 53 1.57

North America 209 6.21

Total 3365

http://mvd.iaea.org (accessed in March 2022)

http://mvd.iaea.org
http://mvd.iaea.org


Table 13.2 Proportion of
released mutant varieties in
various crop groups

S. No. Crop group

including cereals, pulses, oilseeds, vegetables, fruits, fibres and ornamentals. Since
the Mutant Variety Database of the IAEA is perhaps not being updated very
regularly and frequently, as is evident from the number of mutant varieties released
in China (817), India (341) and Pakistan (56) reported in the MVD, China has
already released more than 1000 mutant varieties (Liu 2021), India has already
reported 542 (Tables 13.3, 13.4 and 13.11) and Pakistan has released 79 mutant
varieties (Tariq M. Shah personal communication). The number of mutant varieties
released in the world from >240 plant species by early 2022 is expected to be
>3500. Majority of the mutant varieties have been released during the last five
decades. With more than 100 mutant varieties each, China, India, Japan, the Russian
Federation, the Netherlands, Germany and the USA are the leading countries
engaged in the development and release of mutant varieties (Table 13.3). Several
other countries, particularly in the European and Asian continents, are among the
other important countries actively engaged in the development and release of mutant
varieties, which have released more than 20 important cultivars each through
mutation breeding.
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Mutant varieties

Number Percentage

1 Cereals 1616 48.02

2 Ornamentals 728 21.64

3 Legumes 466 13.85

4 Oil crops 362 10.76

5 Industrial crops 120 3.57

6 Fruits/nuts 103 3.06

7 Vegetables 93 2.76

8 Others 123 3.65

9 Total 3365

http://mvd.iaea.org (accessed in March 2022)

A perusal of the data on specific crops and number of mutant varieties released in
the world (Table 13.3) indicates that the top 20 ranks are occupied by some of the
most important food and ornamental plant species in the world agriculture, e.g., rice
(853), barley (311), chrysanthemum (266), wheat (265), soybean (181), maize (96),
groundnut (79), rose (67), common bean (59) and cotton (48). Although an exact
estimate of the total area covered by commercially released mutant cultivars in a
large number of countries is not readily available, they are being cultivated in
millions of hectares and have made a very significant contribution worth billions
of dollars in global agriculture addressing food and nutritional security problems in
many countries of the world (Ahloowalia et al. 2004; Kharkwal and Shu 2009;
Kharkwal 2012, 2017). Most of the released mutant varieties of crop plants belong to
seed-propagated species. About 75% of varieties developed and released using
induced mutations are of crop plants and 25% are of the ornamentals. Of the total
mutant varieties, majority mutant varieties were developed ‘directly’ after mutagenic
treatment and selection in the subsequent generations (Table 13.4). The remaining

http://mvd.iaea.org


S. No. Development methods

new mutant varieties were developed ‘indirectly’ through cross-breeding of mutants
or already released mutant varieties as sources of desired characters in cross-
breeding programmes.
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Table 13.3 Number of mutant cultivars released in top 20 countries and crops of the world

No. Country No. of mutants No. Crop No. of mutants

1 China 817 1 Rice 853

2 India 542a 2 Barley 316

3 Japan 479 3 Chrysanthemum 266

4 Russian Federation 216 4 Wheat 265

5 Netherlands 176 5 Soybean 181

6 Germany 171 6 Maize 96

7 USA 139 7 Groundnut 79

8 Pakistan 79b 8 Rose 67

9 Bulgaria 76 9 Common bean 59

10 Bangladesh 76 10 Cotton 48

11 Viet Nam 58 11 Mung bean 39

12 Canada 40 12 Dahlia 36

13 South Korea 40 13 Durum wheat 31

14 France 39 14 Pea 34

15 Italy 35 15 Sesame 30

16 UK 34 16 Chickpea 27

17 Poland 31 17 Tomato 25

18 Sweden 26 18 Rapeseed 24

19 Guyana 26 19 Oat 23

20 Thailand 24 20 Faba bean 20

http://mvd.iaea.org (accessed in March 2022)
a Details in Tables 13.8 and 13.11
b Personal communication T.M. Shah, Director, NIAB, Faisalabad, Pakistan

Table 13.4 Methods used in the development of mutant varieties

Mutant varieties

Number Percentage

1 Direct use of an induced mutant 2137 65.09

2 Crossing with one mutant 457 13.92

3 Crossing with two mutants 160 4.87

4 Crossing with one mutant variety 299 9.10

5 Mutagenic treatment of breeding material F1, F2 168 5.11

6 Mutagenic treatment of hybrid F1 62 1.89

3283

http://mvd.iaea.org (accessed in March 2022)

Different mutagens have been used by various breeders to induce genetic
variability in various crops. Among the important mutagenic agents used for devel-
oping mutant varieties, a great majority were obtained with the use of physical

http://mvd.iaea.org
http://mvd.iaea.org


mutagens like radiations, particularly gamma rays and X-rays. Chemical mutagens
have also been used to develop 384 mutant varieties (Table 13.5). Among the
chemical mutagens, the most popular ones are EMS, NEU and NMU. Although a
large number of physical as well as chemical mutagens have been successfully used
to breed mutant varieties all over the world, the proportion of top ten most com-
monly used physical and chemical mutagenic agents is given in Table 13.5.
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Table 13.5 Proportion of top ten mutagens used for the development of mutant varieties released

Physical mutagens (2610 mutant vars.) Chemical mutagens (384 mutant vars.)

Mutagen Number % Mutagen Number %

Gamma rays 1705 65.25 EMS 108 28.12

X-rays 561 21.50 NEU 57 14.84

Gamma rays chronic 3.41 NMU 48 12.50

Fast neutrons 2.22 Colchicine 12.24

thN 1.91 EI 9.37

Aerospace 1.76 DMS 4.95

Laser 1.00 dES 3.65

Neutrons 0.92 NaN3 2.86

Ion beams 0.77 MNU 1.82

Beta rays 0.61 MNH 1.56

http://mvd.iaea.org (accessed in March 2022)

A wide range of characters including yield and yield-contributing traits, resis-
tance/tolerance to biotic and abiotic stresses, quality and nutrition traits, and agro-
nomic and botanic traits have been improved in the mutant varieties developed so far
(Table 13.6). Besides these general improved characters, a very large number of
specific characters like yield, early maturity, growth habit, drought tolerance, salinity
tolerance and disease resistance have also been successfully incorporated in a large
number of mutant varieties developed and released.

As per the FAO/IAEA Mutant Variety Database (FAO/IAEA 2022), the total
number of mutant varieties officially released at the beginning of the year 2022 is
3365 and they belong to>240 plant species. Its distribution and widespread success in
various crop groups (Table 13.7) indicate the enormous popularity of mutation
breeding in crop improvement programmes being applied in a large number of
countries in all the continents of the world (Shu 2009; Sivasankar et al. 2021). The
following selected examples of major crops illustrate the role that mutation breeding
has already played and continues to play in plant breeding of a large number of crop
plants in big as well as very small countries.

Among the crops, mutation breeding in rice has been very successful worldwide,
probably due to its diploid nature, self-fertilizing character and enormous attention
of many researchers to this most important food crop. The majority of rice mutant
varieties have been developed after selection in segregating mutated populations.
The economic impact of mutant varieties of rice released with improved characters
such as semi-dwarfness, earliness, improved grain yield, disease tolerance and
improved grain quality has been reviewed by Rutger (1992) and Maluszynski
et al. (1995a, b). In barley, mutant varieties that proved to be superior to best control

http://mvd.iaea.org


S. No. Characters

Crop group Specific major crops and number of mutant varieties released

lines for important plant characters have been isolated and released by various
countries. Most of the barley mutant cultivars are characterized with dwarf or
semi-dwarf stature, low susceptibility to lodging due to stiff straw, higher tillering
and better harvest index. For instance, the induced barley mutants further used by
Swedish scientists in cross-breeding gave rise to cultivars which performed very
well (Gustafsson 1963). Similarly, a Danish dwarf mutant with remarkably high
degree of lodging resistance had very good grain yield performance. Some of the
important mutant varieties of barley are ‘Pallas’ (Sweden), ‘Balder J’ (Finland),
‘Diamant’ (Czech Republic), ‘Trumpf’ (Germany), ‘Goldspear’ (UK), ‘Pennrad’ &
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Table 13.6 Proportion of improved characters in mutant plant varieties released

Mutant varieties

Number Percentage

1 Agronomic and botanic traits 2989 49.82

2 Quality and nutrition traits 1175 19.59

3 Yield and contributors 1029 17.15

4 Resistance to biotic stresses 558 9.30

5 Tolerance to abiotic stresses 248 4.13

5999

http://mvd.iaea.org (accessed in March 2022)

Table 13.7 Crop varieties developed through mutation breeding

No. of
mutants

Cereals 1616 Rice (853), barley (311), wheat (265), maize (96), durum wheat
(31), oats (23), millet (20), sorghum (17)

Legumes 489 Soybean (181), groundnut (79), Common bean (59), mung bean
(39), pea (34), chickpea (27), faba bean (20), lentil (18), cowpea
(16), black gram (9), pigeon pea (7)

Oilseeds 102 Brassica sp. (33), sesame (30), linseed (11), sunflower (6), castor
(5) and others (17)

Industrial/
cash crops

120 Cotton (48), tobacco (15), sugarcane (13), Jute (12), fibre flax (11),
citronella (6), tea (2) and others (13)

Fruits/nuts 103 Sweet cherry (16), apple (13), citrus (12), mulberry (9), peach (7),
sour cherry (5), pear (5), banana (4), pomegranate (2), apricot (1),
papaya (1), plum (1), grape (1) and others (26)

Vegetables 93 Tomato (25), chilli (16), lettuce (7), sugar beet (7), potato (7),
sweet potato (6), onion (6), brinjal (5), cabbage (4), taro (3),
cassava (2), okra (2) and others (3)

Flowers/
ornamentals

728 Chrysanthemum (266), rose (67), dahlia (36), Alstroemeria
sp. (35), streptocarpus (30), carnation (28), begonia (18),
bougainvillea (17), portulaca (17), azalea (15), Hibiscus sp. (14),
tulip (9), canna lilies (8), snapdragon (5), gladiolus (4), lotus (3),
polyanthus (2), Delphinium sp. (2) and others (156)

http://mvd.iaea.org (accessed in March 2022)

http://mvd.iaea.org
http://mvd.iaea.org


‘Luther’ (USA) and ‘Betina’ (France) (Van Harten 1998). The two barley parent
cultivars ‘Pallas’ and ‘Mari’ that are in the pedigrees of many cultivars grown today
derive from mutation programmes. The economic impact of short-straw mutants and
some other mutant types in barley has been of immense economic value in Sweden,
Denmark, Germany, France, Spain, the UK and the Czech Republic (Lundqvist
2009, 2021). Commercial success and economic impact of mutant varieties of
grapefruit in Texas, USA, and pear in Japan have been highlighted by Nichterlein
et al. (2000).
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The success of mutation breeding in some of the leading countries and their
important achievements in terms of the mutant varieties released in various crops are
summarized and presented here continent- and countrywise in the following
paragraphs of this chapter.

13.2.1 Asia

More than half of the total number of mutant varieties released in the world are
developed in Asia. China, India and Japan are the three leading Asian countries that
have released the largest number of mutant varieties and in turn contributed to crop
improvement and their national economy and food security. Mutation breeding has
also been successfully used in many other Asian countries like Pakistan,
Bangladesh, Viet Nam, South Korea, Thailand and Myanmar. While detailed infor-
mation for India, Pakistan, Bangladesh and Sri Lanka has been given under the
Indian subcontinent heading of this chapter elsewhere, brief status of major Asian
countries actively engaged in mutation breeding is highlighted in the following
paragraphs.

13.2.1.1 China
Rice breeding through induced mutations was started by China in 1960, and the first
mutant variety developed was 12-‘Zhefu’. The most widely cultivated rice mutant
variety in China between 1986 and 1994 was ‘Zhefu-802’, and its cumulative
planted area reached 10.6 million ha during that period. Induced by gamma rays,
mutant variety ‘Zhefu-802’ has a short growing period (105–108 days), high yield
potential even under poor management and infertile conditions, wide adaptability,
high resistance to rice blast and tolerance to cold. Two other mutant rice varieties,
‘Yuanfengzao’ and ‘Yangdao #6’, developed and released before and after ‘Zhefu-
802’, are further mutant varieties that had been grown on annual scales up to
1 million ha. Using a pollen irradiation technique, two new high-quality, high-
yield and early-maturity mutant varieties—‘Jiahezazhan’ and ‘Jiafuzhan’, resistant
to blast and planthopper, as well as endued with a wide adaptability—were devel-
oped and are now planted annually on 363,000 ha in Fujian province of China. China
has also been successful in breeding soybean varieties like ‘Hefeng-25’, ‘Henong’
and ‘Tiefeng-18’, possessing different excellent traits such as high yield, good grain
quality, disease/insect resistance or drought/salt tolerance. China has also developed
and released a large number of high-yielding groundnut mutant varieties during the



last few decades. The cumulative cultivated area of the more than 35 mutant cultivars
released accounts for about 20% of the total area under groundnut in China. The
maximum annual dissemination area of mutant varieties is more than 9 million ha,
which results in the production of over 1.5 million tons of crops annually, with an
estimated value of about US$ 500 million. In China, only three mutant varieties are
covering over 30 million ha and earn US$ 4.9 billion to uplift the socio-economic
status (Liu et al. 2021).
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In the late 1980s, Chinese scientists initiated new mutagenesis approaches,
including space radiation with high-energy and heavy-ion beam irradiation used as
new effective and alternative ways for crop improvement. China started the use of
space mutagenesis for crop improvement in 1987, and Chinese scientists produced
giant sweet peppers and improved quality traits in wheat and rice through rare
inheritable genetic mutations using satellites and high-altitude balloons for space
radiation. Spaceflight-induced mutation, also called space breeding, is a technique
using an aerospace environment to generate genetic variation. The space environ-
ment is characterized by its mixture of cosmic ray irradiation, microgravity, weak
geomagnetic field and super-vacuum and is super clean. China launched and recov-
ered a specific breeding satellite, ‘Shijian 8’, in 2006 to conduct basic research and
for the application of space breeding. Using space satellite, China has produced
41 varieties developed through space-induced mutation breeding of various crop
species, viz. rice, wheat, cotton, sesame, pepper, tomato and alfalfa (Liu et al. 2021).

High-yielding Chinese mutant varieties of wheat (Luyuan-502, Yangfumai
No. 3, 4 and 5), rice (Ilyou-D069, C Liangyou-266 and Zhefu-802), soybean
(Hefeng-25 and Henong), groundnut (Luhua-11) and other crops like cotton,
maize and forage legumes are being cultivated in millions of hectares, and their
breeders have won National Invention Awards (Liu 2021). By the end of 2018, the
total number of officially released mutant varieties had reached more than 1030
mutant varieties covering 46 crop and ornamental species with high-yielding, fine-
quality and multi-resistant traits in cereal, oil and vegetable crops (Liu et al. 2021).
The maximum annual dissemination area of mutant varieties was more than 9 million
ha. The mutant varieties yielded more than 1.5 million tonnes of crop production
annually, which was valued at US$ 500 million. China has developed and officially
released 14 wheat mutant varieties with improved salt tolerance, higher yielding
potential, better quality or enhanced drought resistance. The wheat mutant variety
H-6756, characterized by its salt tolerance, produces 17% higher yield than the
control variety. Hangmai-247, which was released nationally in 2016, has high and
stable yield potential in a large area. The national variety Luyuan-502 is a widely
adaptable, sprouting-resistant, lodging-resistant, drought- and main disease-tolerant
and high-yielding variety. The average yield of this variety is 8.2 t/ha and the
maximum yield is 12.2 t/ha. By 2017, the variety had a cumulative cultivation
area of over 3.6 million hectares. Hangmai-2566, Hangmai-287 and Hangmai-501
are new mutant varieties of wheat released in 2018 and contributing to higher grain
yield, higher farmers’ income and a better environment. The use of induced
mutations and mutation breeding for crop improvement has been playing very



important roles in food security and found to be a profitable approach in China
(Wang 1991).
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13.2.1.2 Japan
Japan started research on radiation-induced mutations and mutation breeding during
the 1960s, which was accelerated following the construction of the Gamma Field at
the Institute of Radiation Breeding, Hitachiōmiya, in Ibaraki. In total, 479 mutant
varieties, 318 direct-use mutant cultivars representing 79 species generated and
released through irradiation of gamma rays, X-rays, ion beams and chemical muta-
genesis and in vitro culture (somaclonal variation), have been registered in Japan.
Approximately 79% of these direct-use cultivars were induced by radiation
(Nakagawa 2021). The total number of 375 indirect-use mutant cultivars released
in Japan included 332 rice, 16 soybean, 8 barley, 6 wheat, 3 tomato, 4 lettuce,
1 eggplant, 2 Japanese lawn grass, 2 mat rush and 1 Job’s tears. Recently, the
development of mutant cultivars generated by ion beam irradiation has been a
growing area of mutation induction in Japan (Nakagawa 2021).

The first gamma-ray irradiation-induced mutant rice cultivar developed and
registered in 1966 in Japan was semi-dwarf cv. ‘Reimei’. This cultivar exhibits a
mutation of the sd-1 locus, which is the same as the mutation of a miracle rice,
cv. ‘IR8’, through cv. ‘Dee-geo-woo-gen’, which later contributed to the ‘Green
Revolution’ of rice. The number of mutant cultivars derived from cv. ‘Reimei’ has
been increasing, and 99 mutant cultivars (2 direct-use and 97 indirect-use cultivars)
were in cultivation in Japan in 2005. The total cultivated area of mutant cultivars
increased after cv. ‘Reimei’ was released for cultivation. The peak use of induced-
mutation cultivars was 250,000 ha in 1986 and slightly exceeded 210,000 ha in 2005
(Nakagawa 2009).

The economic impact of the mutant cultivars, primarily of rice, soybean and pear,
is very large, and the roles of cvs. ‘Reimei’, ‘Kinuhikari’ and ‘Mineasahi’ of rice and
‘Gold Nijisseiki’ of pear are very important in Japan. Useful mutations in soybean
such as radiosensitivity, fatty acid composition and super-nodulation have been
identified. There have been 16 direct-use mutant cultivars of soybean registered in
Japan since cvs. ‘Raiden’ and ‘Raikou’ were developed by gamma-ray irradiation in
1960. The Japanese pear mutant variety ‘Gold Nijisseiki’ registered and released in
1991 is more resistant to black spot disease caused by Alternaria alternata than its
parent. The economic effect of this pear mutant variety ‘Gold Nijisseiki’ has been
extraordinary. Following its development, two more new pear mutant cvs. ‘Osa-
Gold’ and ‘Kotobuki Shinsui’ were also developed. The additional annual income
by growing these mutant varieties is estimated to be several million US$ (Nakagawa
2021).

13.2.1.3 Viet Nam
Mutation breeding in rice and soybean has been carried out in Viet Nam since the
1980s, and it has made outstanding achievements by releasing 58 mutant varieties
till date, predominantly 36 mutant varieties of rice for farmers’ cultivation. Rice
which represents more than 60% of mutant varieties, besides contributing to the



national food security, also provides income and decreases poverty among millions
of rural population in Viet Nam. These rice mutant varieties have 10–20% higher
yields in comparison to the parent varieties, with lodging resistance, tolerance to acid
soils, salinity, tolerance to biotic stress, short duration and better nutritional quality.
Due to short duration, mutant rice varieties can be cultivated 2–3 crops per year and
avoid early flooding. With resistance to diseases and pests, cultivation can be done
with a reduced number of sprayings, which saves costs and protects the environment
from excessive use of pesticide (Ahloowalia et al. 2004; Kharkwal and Shu 2009).
Though Viet Nam used to import 2–3 million tons of food annually in the decade of
1970–1980, it now exports 4–5 million tons of rice, becoming the world’s second-
largest exporter of rice. The wide use of dozens of high-yielding mutant varieties
contributed substantially to this transformation into food self-sufficiency. For exam-
ple, the mutant rice variety ‘VND-95-20’, grown on more than 300,000 ha/year, has
become the top variety in southern Viet Nam, both as an export variety and in terms
of growing area (Do et al. 2009). Two more improved rice mutant varieties, ‘TNDB-
100’ and ‘THDB’, with earliness and improved grain yield were released within only
6 years after mutagenic treatment in Mekong Delta of Viet Nam. These varieties
grown in millions of hectares have maintained tolerance to acid sulphate soil or soil
salinity. The rest of the crops including soybean, chrysanthemum, maize, groundnut,
Indian jujube and field mint have also made significant contributions to national food
security (Le et al. 2021). Induction and incorporation of desirable traits in ideal
soybean mutant varieties such as DT-84, DT-90, DT-99 and DT-2008 have been
achieved in Viet Nam. These outstanding mutants incorporate desirable traits like
high and stable yield (2.0–3.5 t/ha), good quality, drought tolerance, resistance to
diseases, short growth duration (70–100 days), and wide adaptability and suitability
for various ecological regions and cropping systems in the whole country. The most
outstanding soybean mutant variety, DT-84, occupies over 50% of the total produc-
tion area and 80% in Central and North Viet Nam. Mutant varieties DT-90 and
DT-2008 contributed to increasing soybean productivity from 0.66 t/ha in 1980 to
1.44 t/ha in 2013. Thus, during the past decade, mutation breeding has played an
important role in improving production and productivity of rice and soybean
varieties in Viet Nam and has become an icon for the success of mutation breeding
(Le et al. 2021).
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13.2.1.4 Thailand
The contribution of Thailand in mutation breeding is best reflected by the two
aromatic indica-type mutant varieties of rice, ‘RD-6’ and ‘RD-15’, derived from
gamma-irradiated progeny of the popular rice variety ‘Khao Dawk Mali 105’. RD-6
has glutinous endosperm and retained all other grain traits, including the aroma of
the parent variety. RD-15, on the other hand, is non-glutinous and aromatic like the
parent, but ripens 10 days earlier than the parent, which is a major advantage for
harvesting before the onset of the rainy season. Even 30 years after their release,
these two varieties are still grown extensively covering 80% of the rice fields in
north-eastern Thailand. Thailand is the largest exporter of aromatic rice to the world
market. Thus, the impact of the two rice mutant varieties is far beyond the farm gate



with a major contribution to the export earnings (Ahloowalia et al. 2004; Kharkwal
and Shu 2009). Besides the highly popular mutant varieties of rice, the first mung
bean variety of Thailand, Chai Nat-72 (CN-72), developed through induced muta-
tion as high yielding and tolerant to bean fly was officially released in the year 2000
(Nagampongsai et al. 2009).
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13.2.1.5 South Korea
Sesame yield in the Republic of Korea has been increased more than twice (from
283 to 720 kg/ha) due to the development and release of 15 improved determinate
type, high-oil-content mutant varieties having phytophthora blight resistance and
good cooking quality. These mutants occupied 55% of the national acreage during
the last two decades in Korea (Kang et al. 2008; Kharkwal and Shu 2009).

13.2.1.6 Myanmar
Rice mutant variety ‘Shwewartun’with improvement in grain quality, seed yield and
early maturity was developed after irradiation of ‘IR5’ seeds and released in
Myanmar in 1975. The success of this high-yielding rice mutant variety led to its
large-scale planting, and it covered annually more than 0.8 million ha—17% of the
4.8 million ha area under rice in Myanmar (Ahloowalia et al. 2004; Kharkwal and
Shu 2009).

13.2.2 Europe

Mutation breeding in Europe has become a significant method in the European plant
breeding programmes resulting in the release of 959 mutant varieties (Zakir 2018;
Sarsu et al. 2021). Induced mutations have become an inherent component of many
current plant varieties in Europe, particularly for barley, durum wheat and oats.
Mutation techniques are also widely used in the breeding of flowers and horticulture
cultivars. A few examples of European countries are given here.

13.2.2.1 Sweden
Swedish research on induced mutations in barley was initiated by the eminent
Swedish geneticists Herman Nilsson-Ehle and Åke Gustafsson at Svalöf. The
systematic approach of the work at Svalöf through the joint efforts of the barley
breeders can be used as an example of how mutation breeding can be employed in a
crop improvement programme (Gustafsson 1963). In the Swedish programme, the
use of macro-mutations has proved to be more successful than recurrent mutagenic
treatments. A rather large number of mutant cultivars of two-row barley were
registered as originals, and 15 Swedish ones were commercially released. Two of
these cultivars, ‘Pallas’, a stiff-straw, lodging-resistant and high-yielding Erectoides
mutant, and ‘Mari’, an extremely early photo- and thermo-insensitive mutant, were
produced directly by X-irradiation. All other cultivars derive from crosses and
backcrosses with the X-ray-induced mutants ‘Pallas’, ‘Sv 44/3’ and ‘Mari’. Most
of the Swedish barley mutant cultivars are characterized with dwarf or semi-dwarf



stature, low susceptibility to lodging due to stiff straw, higher tillering and better
harvest index (Lundqvist 2009, 2021).
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13.2.2.2 Czech Republic
‘Diamant’, a gamma ray-induced barley mutant cultivar that was 15 cm shorter than
the parent cultivar ‘Valticky’ and had an increased grain yield of around 12%, was
officially released in the Czech Republic in 1965. It became so popular that nearly
45% of spring barley in the Czech Republic was planted under either Diamant or
mutant cultivars derived from Diamant. The spring barley cultivars that had mutated
Diamant’s denso gene in their pedigree were grown all over Europe on an area of
nearly 3 million ha (Bouma et al. 1991). The high-yielding, short-height barley
mutants Diamant and Golden Promise were a major impact on the brewing industry
in Europe; they added billions of US dollars to the value of the brewing and malting
industry. More than 150 cultivars of malting barley in Europe, North America and
Asia were derived from crosses involving Diamant (Ahloowalia et al. 2004;
Kharkwal and Shu 2009).

13.2.2.3 Germany
‘Trumpf’, the best-known barley mutant cultivar obtained after crossing with the
Czech mutant cultivar ‘Diamant’ occupied more than 70% of the barley-planting
area in Germany. The mutant had a yield increased by 15% and better disease
resistance. Used extensively in cross-breeding, Trumpf became incorporated into
many barley breeding programmes in a large number of European countries (Van
Harten 1998; Ahloowalia et al. 2004; Kharkwal and Shu 2009).

13.2.2.4 Italy
Release of 11 durum wheat mutant varieties was a great success story of mutation
breeding in Italy. Six of them were developed through the direct use of identified
mutants and five were developed through cross-breeding. ‘Creso’ is one of the best
durum wheat mutant varieties which was released in 1974 that had a significant
impact on Italian economy contributing with US$ 1.9 billion. Creso was grown in
about one-third of the total area of durum wheat in Italy. During a period of 10 years,
in Italy alone, an extra economic profit of 1.8 billion US dollars was obtained by
growing this cultivar. ‘Castelporziano’ and ‘Castelfusano’, the other two high-
yielding durum wheat mutants, had shorter culms and spike length and better
resistance to lodging, but higher numbers of grain per spikelet. Planted in sizable
areas, they contributed notably to the national economy of Italy. Both mutants were
also used in extensive cross-breeding. Elsewhere in the world, the FAO estimated in
1994 that almost 70% of the durum wheat in Italy was mutant varieties. Many wheat
mutant lines developed in Italy were used in the wheat improvement programmes in
Austria and Bulgaria for releasing improved wheat varieties (Scarascia-Mugnoza
et al. 1991; Ahloowalia et al. 2004; Kharkwal and Shu 2009).
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13.2.2.5 Finland
A high-yielding barley mutant released in Finland, ‘Balder J’, had higher yield,
greater drought resistance, better sprouting resistance and greater 1000-kernel
weight. Nearly 1 million kg of ‘Balder J’ seed was sold by Jokioinen Seed Center.
Oat stiff-straw mutant cultivar ‘Ryhti’ occupied up to 41% of the total area of oat in
Finland during 1970–1980. Another stiff-straw oat mutant cultivar, ‘Puhti’,
occupied 30% of the oat-planting area in Finland. Many new varieties now grown
are derived from crosses with these mutant varieties (Van Harten 1998; Kharkwal
and Shu 2009).

13.2.2.6 Bulgaria
For over 50 years, Bulgaria has efficiently applied mutation breeding in crop
improvement. The country has released 76 mutant cultivars in 15 different crop
species, such as barley (5), wheat (5), durum wheat (9), maize (26), sunflower (3),
lentil (4), bean (2), pea (1), chickpea and vetch (2), soybean (5), tomato (6), pepper
(4), cotton (2) and tobacco (2). Some of the mutant varieties, e.g. maize mutant
hybrid ‘Kneja 509’ and durum wheat variety ‘Gergana’, have become the leading
varieties occupying up to 50% of the planting area from 1984 to 2000. In durum
wheat, mutant varieties have not only covered nearly all the growing areas but also
doubled the yield over the past 30 years (Yanev 2006; Kharkwal and Shu 2009).

13.2.3 North America

In North America, the USA is one of the pioneering countries in the exploitation of
mutation breeding for crop improvement and has had many extraordinary successes.
Significant progress has also been reported from Canada, and more recently in
Mexico.

13.2.3.1 The USA
The USA has developed and released 139 induced mutant varieties. In his classic
mutation breeding experiments, Gregory (1960) exposed about 200 pounds (90 kg)
of peanuts to high doses of X-rays in 1959 and planted one million M2 plants in
64 acres in the university’s crop development fields. This population ultimately
resulted in the release of one of the first commercial groundnut mutant var. NC 4x in
the USA, which was about 5% better in total production. Mutation breeding was
accelerated in the USA with the nation’s first semi-dwarf table-rice mutant variety
‘Calrose 76’ induced by gamma irradiation released in 1977 in California (Rutger
2006). The semi-dwarf gene allele sd1, which was induced through gamma-ray
mutagenesis, has enabled the American version of the ‘Green Revolution’ in rice.
This gene is transferred by crossing other varieties and led to the development of
22 new rice mutant cultivars that included 11 released in the USA, 9 in Australia and
2 in Egypt (Rutger 2009). A high-yielding wheat mutant variety ‘Stadler’ released in
Missouri had early maturity, resistance to races of leaf rust and loose smut, as well as
better lodging resistance. It was once grown on two million acres annually in the



USA (Ahloowalia et al. 2004). ‘Luther’, a barley mutant, had 20% increased yield,
shorter straw, higher tillering and better lodging resistance. About 120,000 acres
were planted annually in three states of the USA—a gain of an estimated US$ 1.1
million in 1 year. It was used extensively in cross-breeding, and several mutants
were released. ‘Pennrad’, a high-yielding winter barley mutant released in
Pennsylvania, had winter hardiness, early ripening and better lodging resistance. It
was grown on about 100,000 ha in the USA. ‘Sanilac’, a high-yielding Navy pea
bean mutant cultivar developed after irradiation with X-rays and released in
Michigan, was grown on more than 87,000 ha. Similarly, about 160,000 ha were
planted with common bean cultivars ‘Gratiot’ and ‘Sea-way’, developed likewise by
cross-breeding with a ‘Michelite’ mutant, an X-ray-induced white bean mutant with
altered plant type, which is in the pedigrees of most of the white beans grown in
North America (Ahloowalia et al. 2004; Kharkwal and Shu 2009). The peppermint
mutant variety, ‘Todd’s Mitcham’, forms bulk of the world’s production of mint oil.
Two grapefruit varieties, ‘Star Ruby’ and ‘Rio Red’, both developed through thermal
neutron mutagenesis (Hensz 1991), have become a widely grown variety during the
past two decades. Currently grown on 75% of the grapefruit-planting area in Texas,
the fruits of both cultivars are sold under the trademark ‘Rio Star’ (Kharkwal and
Shu 2009).
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13.2.3.2 Canada
After wheat and barley, rapeseed-canola is Canada’s third most important grain
export crop. Mutant cultivars with low erucic acid and very low (more than 30 μm/g)
glucosinolates (‘Double Zero’) have been developed and released in Canada
(Ahloowalia et al. 2004). The strongest modification of oil composition with induced
mutations has been the development and release of linseed cultivars of the ‘linola’
type in Australia and Canada. Zero is the low-linolenic acid genotype derived by
ethyl methanesulphonate (EMS) mutagenesis of the Australian linseed cultivar
‘Glenelg’ and recombination of two mutated genes (Green and Dribnenki 1996).
The rapeseed cultivar ‘Regina II’ was developed by mutation in Sweden and was
released in Canada in 1953. ‘Redwood 65’ flax was derived from a mutation
programme at the University of Saskatchewan (Larter et al. 1965) and is present in
the pedigrees of many western Canadian flax cultivars. In 2000, Canada planted
canola in 5,564,000 ha and earned US$ 350.5 million, an outstanding contribution to
the Canadian economy (Ahloowalia et al. 2004).

13.2.3.3 Mexico
Radiation-induced mutation breeding started in 1974 in Mexico. Two new wheat
mutant varieties, ‘Centauro’ and ‘Bajio Plus’ derived from ‘Salamanca’ seeds
irradiated at 500 Gy, showed increased yield and tolerance to lodging. Two soybean
mutant varieties, ‘Hector’ and ‘Esperanza’, were obtained by irradiation of seeds
from the variety ‘Suaqui 86’ at 150 Gy. These new varieties exhibit an increased
yield and reduction in dehiscence and lodging, being tolerant to white fly. ‘SalCer’ is
another new soybean variety obtained through irradiation of seeds from the line



ISAEGBM2 at 200 Gy. Its improved traits are higher yields and increased height to
first pod (da Cruz et al. (2013).
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13.2.4 Latin America

Mutation breeding through irradiation in Latin America was started during the 1960s
initially in six countries, viz. Colombia, Peru, Brazil, Guatemala, Uruguay and Costa
Rica, followed by Argentina, Chile and Panama in subsequent years. The IAEA and
FAO have been working with 18 countries in Latin America and the Caribbean for
many years to introduce and strengthen crop mutation breeding. The project used
mutation breeding techniques to develop improved crops of economic interest with
better tolerance to environmental stresses and better quality. Participating countries
have successfully developed a range of new mutant varieties (Sarsu et al. 2021). A
few examples of Latin American countries are given here.

13.2.4.1 Argentina
Mutant varieties of rice covered 40% of the rice production area in Argentina during
2016–2017. They were also distributed in other Latin American countries where
weedy red rice is a problem. Currently, imidazoline herbicide-resistant varieties are
grown on more than 800,000 ha. They have also been very useful to improve
abandoned rice fields for being severely occupied by red rice (Livore et al. 2018).
‘Puita INTA-CL’, a rice mutant with high yield and herbicide resistance, has
occupied more than 18% of the rice-growing area in Argentina since then. Also
planted in Brazil, Costa Rica, Paraguay and Bolivia, this mutant variety has
contributed significantly to these Latin American countries’ economies and their
food security (Kharkwal and Shu 2009). ‘Colorado Irradiado’, a groundnut mutant
induced by X-rays with high yield and fat content, occupied more than 80% of the
groundnut area in Argentina in the 1970s (Ahloowalia et al. 2004).

13.2.4.2 Cuba
Mutation breeding has been successfully applied in Cuba for crop improvement, and
tremendous successes have been achieved in a range of food and ornamental crops.
Cuba has released 21 mutant varieties so far in crops including hibiscus (3),
sugarcane (4), tomato (3), rice (9) and soybean (2) (González et al. 2008a, b,
2009, 2020). The rice variety ‘LP-7’ has higher yield and is tolerant to salinity.
Attempts to obtain a rice mutant variety with good agronomical characteristics and
salinity tolerance have been successful in Cuba. The first mutant released from
in vitro mutagenesis using proton radiations in Cuba is ‘GINES’, which shows the
best performance under saline conditions and has been successfully introduced in
rural areas (PBGN, 2020). Another significant success achieved by Cuba is in tomato
in which the very first tomato mutant variety ‘Maybel’ and the second ‘Domi’
mutant have shown significantly increased yields and high performance under
drought conditions and have been introduced and released in rural areas of different
provinces of Cuba (González et al. 2020). Two new improved mutant varieties,



‘Giron-50’ of tomato and ‘Cuvin-22’ of soybean, have also been successfully
induced and released by Cuba (Gonzalez et al. 2021).
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13.2.4.3 Peru
Mutation breeding has been very successfully used in Peru, and a barley mutant
variety ‘UNA La Molina-95’ characterized by its earliness, short stature and pro-
duction of huskless grains with higher protein content was released in 1995. Another
barley mutant variety ‘Centenario’ with high yield (37% over the parent cultivar),
earliness (18 days), better test weight and better quality with higher protein (10.3%),
and resistance to yellow rust is grown at altitudes of up to 5000 m above sea level
and is replacing the traditional cultivars of the Central Highlands of Peru, extending
the range of crops to higher altitudes contributing significantly to the food security of
the country (Gomez-Pando et al. 2009; González et al. 2020). The amaranth mutant
variety ‘Centenario’ released in 2006 is cultivated in the Peruvian highlands and
exported as a high-value commodity (Gomez-Pando et al. 2009). Centenario
(MSA-011), a Kiwicha (Amaranthus caudatus) mutant with high yield, earliness
(45 days), tolerance to salinity, wide adaptability, better grain colour and size, as
well as higher market price, was released in 2006 and has covered 40% of the total
Peruvian land dedicated to Kiwicha crops (Gomez-Pando et al. 2009).

13.2.4.4 Brazil
Brazil has been effectively using induced mutations in the improvement of new rice
varieties. The rice mutant variety, ‘SCS-118 Marques’, was developed through
application of gamma rays in 2013. This high-yielding lodging-resistant variety
has moderate resistance to blast disease, long grains and consumer-preferred
cooking quality. The mutant variety ‘SCS-121-CL’ which shows resistance to
herbicide Kifix was released in 2014. ‘Clearfield’, an IMI herbicide-resistant cultivar
of rice improved through mutagenesis, was released for cultivation. Combination of
management practices has increased rice yield in Brazil by approximately 50%.
Around 1.1 million ha were planted with IMI herbicide-resistant rice mutant variety
Clearfield in Brazil (Merotto et al. 2006; Schiocchet et al. 2015; Singh et al. 2017).

13.2.5 Australia

Nine rice mutant varieties—‘Amaroo’, ‘Bogan’, ‘Echua’, ‘Harra’, ‘Illabong’, ‘Jar-
rah’, ‘Langi’, ‘Millin’ and ‘Namaga’ derived from the famous American rice mutant
variety ‘Calrose-76’—have been introduced in Australia. Rice mutant variety
Amaroo has covered 60–70% of the rice cultivation area of Australia and on average
yielded 8.9 t/ha grain with a potential of 13.3 t/ha (Clampett et al. 2001). The highly
successful Japanese pear mutant variety ‘Gold Nijisseiki’ was also registered under
the same name in Australia in 2004. Facing the new challenge of developing
herbicide-tolerant lupin cultivars, a dominant grain legume crop in Western
Australia, chemical mutagenesis has been used to create new tolerance to herbicide.
The two lupine mutants (Tanjil-AZ-33 and Tanjil-AZ-55) are highly tolerant, six



times more tolerant to metribuzin herbicide than the original parental cultivar Tanjil,
and also have high yield and resistance to the disease anthracnose (Kharkwal and
Shu 2009). Induced mutation proves to be an effective tool in the improvement of
lupine crop in Australia (Si et al. 2009).
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13.2.6 Africa

Several African countries have initiated and successfully applied mutation breeding
in their crop improvement programmes during the last three decades. The continent
has already released 83 mutant cultivars in crop species, such as rice, wheat, maize,
sorghum, finger millet, groundnut, soybean, chickpea, cowpea, common bean,
sesame, safflower, tomato, banana and cassava. The 16 countries which have
succeeded in releasing mutant varieties in one or more crops include Algeria
(soybean), Burkina Faso (rice), Congo (soybean and maize), Cote D’Ivoire (rice),
Egypt (chickpea, common bean, safflower and sesame), Ghana (cassava), Kenya
(cowpea and wheat), Male (sorghum and rice), Mauritius (tomato and oyster mush-
room), Nigeria (rice), Senegal (rice), Sudan (banana and groundnut), Tunisia (com-
mon bean), Uganda (wheat), Zambia (finger millet and cowpea) and Zimbabwe
(cowpea). A few examples of the African countries are given here.

13.2.6.1 Egypt
A total of nine mutant varieties have been released in Egypt, which include five
belonging to sesame, two to safflower and one each to chickpea and common bean.
Two semi-dwarf mutant rice varieties, ‘Giza 176’ (1989) and ‘Sakha 101’ (1997),
derived from the famous American rice mutant variety ‘Calrose-76’ were released in
Egypt during the 1990s with the standard yield abruptly increasing from 3.8 to 8.9 t/
ha. ‘Giza 196’ became the leading rice variety with a yield potential of 10 t/ha
(Badawi 2001). Induced mutation technique was also successfully applied in edible
oil crops, such as sesame and safflower. Five sesame mutant varieties were devel-
oped with high yield and good quality during 1992–1996 (Kharkwal and Shu 2009).
Two safflower mutant varieties with high yield and oleic fatty acid, resistant to leaf
spot and smut, were released in Egypt in 2011 (Sarsu et al. 2021).

13.2.6.2 Ghana
Ghana has been working on induced mutations since 1983 and has produced
improved mutant varieties in two crops. In cassava, irradiation of stem cuttings
resulted in the production of ‘Tek bankye’, a mutant variety with excellent cooking
and pounding quality and high dry matter content (40%) released in 1997 (Danso
et al. 2009). With significant increases in yield, this mutant variety is tolerant to
Africa cassava mosaic virus (ACMV), thereby leading to its quick adoption by many
farmers in Ghana as it is used to prepare fufu, the nation’s most popular cassava-
based food (Kharkwal and Shu 2009). Similarly, irradiation of vegetative buds of
‘Amelonado’, ‘Trinitario’ and ‘Upper Amazon’ cocoa varieties resulted in the



production of a mutant variety resistant to the cocoa swollen shoot virus (Danso et al.
2009).
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13.2.6.3 Sudan
Mutation breeding in Sudan was started about three decades ago and covered crops
like cotton, sugarcane, sesame, banana, tomato, groundnuts and cereals under stress
environment to ensure sustainable food security and well-being of farmers. The
outcome of these efforts resulted in the development of a banana variety ‘Albeely’
released in the year 2003 with 40% higher yield over the existing cultivars, and it
also has better crop stand and fruit quality. ‘Albeely’ is widely cultivated by farmers
in banana production areas along the Blue Nile in the south of Wad Madani
(Kharkwal and Shu 2009). A drought-tolerant peanut variety, ‘Tafra-1’, was released
in 2018 for Sudanese farmers in drought-prone areas, which led to an increase in the
country’s exports (Abdalla et al. 2021).

13.2.6.4 Mauritius
Three high-yielding tomato mutant varieties, namely ‘Summer King’, ‘Summer
Star’ and ‘Rising Star’, and four oyster mushroom mutant varieties have been
released in Mauritius. These varieties were distributed among farmers, and seed
multiplication continues to reach more farmers (Sarsu et al. 2021).

13.2.6.5 Namibia
Namibia developed four sorghum and seven cowpea mutant varieties with 10–20%
higher yield than local cultivars under drought conditions and pre-released to
farmers. The Ministry of Agriculture is facilitating seed multiplication and planning
to provide seeds of the newly developed improved mutant varieties to all potential
cowpea growers in the country during the ensuing cropping seasons (Horn et al.
2017).

13.3 Mutation Breeding for Crop Improvement in the Indian
Subcontinent

The Indian subcontinent includes the countries of Bangladesh, Bhutan, India,
Maldives, Nepal, Pakistan and Sri Lanka. With about one-fourth of the world’s
population, it is the most populous and also the most densely populated geographical
region in the world. Overall, it accounts for about 39.5% of Asia’s population and is
home to a vast array of people needing huge quantities of food to sustain the ever-
increasing demands for their food security. The largest country by area and also by
population in the Indian subcontinent, India has made spectacular achievements in
crop improvement through mutation breeding and occupies the second position in
the release of mutant varieties after China at the global level. Similar gains in crop
improvement through mutation breeding have been achieved by the two other
neighbouring countries—Pakistan and Bangladesh—as they have also released
several high-yielding, biotic and abiotic stress-resistant mutant varieties of rice,



wheat, chickpea, mung bean, cotton and some other crops for commercial cultiva-
tion. Several of these mutant varieties, whose details are given under their respective
countries reported at the end of this chapter, grown in millions of hectares have made
significant impact on crop improvement and the total production and productivity in
these countries. Sri Lanka, a small island country, has also been working in mutation
breeding and succeeded in the development and release of four mutant varieties so
far. Brief surveys of the progress in crop improvement through mutation breeding
and release of mutant varieties in a wide range of crops achieved by India, Pakistan,
Bangladesh and Sri Lanka are listed countrywise in the ensuing paragraphs.
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13.3.1 Mutation Breeding for Crop Improvement in India

India is one of the few pioneering countries of the world which started working on
systematic mutation breeding seriously right from the middle of the twentieth
century and was successful in releasing the first ever X-ray-induced drought-
resistant cotton mutant variety MA-9 in 1948. A large number of mutant varieties
out of the total of 542 mutant varieties belonging to 85 crop species developed and
reported in India are under commercial cultivation and have made significant
contribution to crop improvement and food and nutritional security of the country.
Mutation breeding in India has yielded considerable dividends in enhancing our
knowledge on various mutagenesis processes relevant to crop improvement and food
security in India (Kharkwal and Shu 2009). Some of the major research centres
actively engaged in mutation breeding work in several crops and having contributed
substantially to the development and release of a large number of mutant varieties
are the Indian Agricultural Research Institute, New Delhi; the National Botanical
Research Institute, Lucknow; the Central Institute for Medicinal and Aromatic
Plants, Lucknow; the Bhabha Atomic Research Centre, Mumbai; the Tamil Nadu
Agricultural University, Coimbatore; Odisha University of Agriculture and Tech-
nology, Bhubaneswar; and several others. The mutant varieties developed in India
belong to cereals, grain legumes, oilseeds, fibre crops, vegetables and ornamentals.
The highest number was of ornamentals (165) followed by cereals (126), grain
legumes (85) and oilseeds (74). The rapid progress in the development of mutant
varieties is evident from the fact that Kharkwal et al. (2004) enlisted a total of
309 mutant varieties of 56 plant species released in India till 2004. Concerted further
efforts in mutation breeding had already resulted in the development and release of
345 improved mutant varieties belonging to 57 crop species by 2017 (Kharkwal
2017). However, the most up-to-date list of 542 mutant varieties belonging to
85 crop species reported in India (Tables 13.3, 13.8 and 13.11) unambiguously
demonstrates the significance and importance of use of mutation breeding in crop
improvement in India. More than 72% of these 542 mutants have been developed as
direct mutants and 12% by crossing with one or more mutants or mutant varieties.
The largest number of mutant varieties reported from India belong to rice
(76) among cereal crops, chrysanthemum (63) among the ornamentals, and ground-
nut (33) among the oilseed crops and mung bean (22) among legume crops



(continued)
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Table 13.8 Number of mutant varieties developed and reported in India

S. No. Latin name Common name Type No. of mutants

1 Eleusine coracana Finger millet C 10

2 Hordeum vulgare Barley C 14

3 Oryza sativa Rice C 76

4 Panicum maximum Guinea grass C 1

5 Panicum sumatrense Little millet C 2

6 Paspalum scrobiculatum Kodo millet C 5

7 Pennisetum glaucum Pearl millet C 5

8 Setaria italica Foxtail millet C 1

9 Sorghum bicolor Sorghum C 6

10 Triticum aestivum Wheat C 4

11 Triticum dicoccum Emmer wheat C 2

Cereals 126

12 Cajanus cajan Pigeon pea L 10

13 Cicer arietinum Chickpea L 9

14 Cyamopsis tetragonoloba Cluster bean L 1

15 Lablab purpureus Hyacinth bean L 2

16 Lens culinaris Lentil L 4

17 Macrotyloma uniflorum Horse gram L 1

18 Phaseolus vulgaris Common bean L 1

19 Pisum sativum Pea L 1

20 Trifolium alexandrinum Egyptian clover L 1

21 Vigna aconitifolia Moth bean L 6

22 Vigna mungo Black gram L 13

23 Vigna radiata Mung bean L 22

24 Vigna unguiculata Cowpea L 14

Legumes 85

25 Arachis hypogaea Groundnut O 33

26 Brassica campestris Field mustard O 3

27 Brassica juncea Indian mustard O 9

28 Brassica napus Rapeseed O 2

29 Glycine max Soybean O 12

30 Helianthus annus Sunflower O 3

31 Linum usitatissimum Linseed O 2

32 Ricinus communis Castor bean O 4

33 Sesamum indicum Sesame O 6

Oil seeds 74

34 Corchorus capsularis White jute I 6

35 Corchorus olitorius Tossa jute I 5

36 Gossypium arboreum Desi cotton I 2

37 Gossypium herbaceum Desi cotton I 1

38 Gossypium hirsutum American cotton I 8

39 Nicotiana tabacum Tobacco I 1

40 Saccharum officinarum Sugarcane I 9



(continued)
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Table 13.8 (continued)

S. No. Latin name Common name Type No. of mutants

Industrial crops 32

41 Abelmoschus esculentus Okra V 2

42 Capsicum annum Pepper V 1

43 Luffa acutangula Ridged gourd V 1

44 Momordica charantia Bitter gourd V 1

45 Solanum lycopersicon Tomato V 4

46 Solanum melongena Brinjal V 1

47 Trichosanthes anguina Snake gourd V 1

Vegetables 11

48 Carica papaya Papaya Fr 1

49 Citrus reticulata Mandarin Fr 1

Fruits 2

50 Coriandrum sativum Coriander S 1

51 Cuminum cyminum Cumin S 1

52 Curcuma longa Turmeric S 2

53 Trigonella foenum-graecum Fenugreek S 2

54 Zingiber officinalis Ginger S 2

Spices 8

55 Catharanthus roseus Periwinkle M 1

56 Chamomilla recutita German chamomile M 3

57 Cymbopogon flexuosus Lemongrass M 5

58 Cymbopogon winterianus Citronella M 10

59 Hyoscyamus niger Black henbane M 2

60 Lantana depressa Wild sage M 3

61 Matricaria chamomilla German chamomile M 1

62 Mentha citrate Orange mint M 1

63 Mentha piperita Peppermint M 3

64 Mentha spicata Spearmint M 1

65 Papaver somniferum Opium poppy M 3

66 Phyllanthus niruri Java citronella M 1

67 Plantago ovata Psyllium M 3

68 Rauwolfia serpentina Indian snakeroot M 1

69 Solanum khasianum Khasianum M 1

Medicinal and aromatic 39

70 Bougainvillea spectabilis Bougainvillea F 28

71 Callistephus chinensis Chinese aster F 2

72 Canna generalis Canna lily F 2

73 Chrysanthemum sp. Chrysanthemum F 63

74 Coreopsis Tickseed F 1

75 Crossandra infundibuliformis The fire cracker F 1

76 Dahlia sp. Dahlia F 11

77 Dianthus caryophyllus Carnation F 1

78 Gladiolus sp. Gladiolus F 4



(Table 13.8). Although an exact estimate of the total area covered by commercially
developed/released mutant cultivars in different states of India is not readily avail-
able, the limited information gathered clearly indicates that several of these are being
cultivated in thousands of hectares and have made a very significant contribution to
Indian agriculture addressing food and nutritional security problems of the country.
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Table 13.8 (continued)

S. No. Latin name Common name Type No. of mutants

79 Hibiscus sinensis Hibiscus F 2

80 Jasminum sp. Jasmine F 1

81 Morus alba Mulberry F 2

82 Polyanthus tuberosa Tuberose F 2

83 Portulaca grandiflora Portulaca F 11

84 Rosa sp. Rose F 33

85 Solenostemon rotundifolius Coleus F 1

Ornamentals 165

Total of all crops 542

Abbreviations: C cereals, F flowers, Fr fruits, I industrial crops, L legumes, M medicinal plants,
O oilseeds, S spices, V vegetables

A close examination of the type of mutagens used and the number of mutant
cultivars developed and reported in India (Tables 13.3, 13.8 and 13.11) indicates that
the largest number of mutant varieties have been induced by physical mutagens
(Table 13.9), with gamma rays being the most commonly used and highly successful
followed by X-rays. This is largely because of the ease of availability and conve-
nience of safety in handling and transportation of treated material. Although most of
the chemical mutagens are very effective, they are highly carcinogenic, their
handling with proper safety is a concern, and if high doses are applied, the desired
mutations may be accompanied by too many undesired ones (Sybenga 1983). The
survey also indicates that major gains have resulted from the use of induced
variability when it was fully integrated with crop breeding and more varieties have
resulted by using induced mutants in cross-breeding programme rather than
processing them directly into mutant varieties (Table 13.9).

13.3.1.1 Mutant Varieties Released for Crop Improvement in India
A large number of mutant varieties of several food crops, ornamental crops and
medicinal and aromatic plants have been released for cultivation in different agro-
climatic regions in India. The mutant cultivars released in India have contributed
immensely to augmenting the efforts of Indian plant breeders in achieving the target
of self-sufficiency in food production, nutritional security and strong economic
(Kharkwal et al. 1988) growth of the country (Kharkwal 1996, 1998, 2012, 2017;
Kharkwal et al. 2001, 2004, 2005; Kharkwal and Shu 2009). Mutation breeding has
made significant contribution to increasing the production of rice, groundnut, castor,
chickpea, mung bean and urdbean in the Indian subcontinent (Kharkwal et al. 2004;
Kharkwal 2017).



Table 13.9 Mutagens
used for the development of
542 mutant varieties
reported in India

Mutagen/origin
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Mutant varieties

Number Percentage

Gamma rays 285 52.50

X-rays 37 6.90

Neutrons 7 1.30

Chemical mutagens 50 9.30

Combined treatment 12 2.20

Crosses 73 13.40

Bud sports 22 4.10

Natural and others 56 10.40

A perusal of the details of mutant cultivars of agricultural crop plants reported or
approved for release and cultivation in India provided in Tables 13.8 and 13.11
indicates that the largest number of mutant cultivars have been produced in
ornamentals (165) followed closely by cereals (126), legumes (85) and oilseeds
(74). The success story of mutation breeding in ornamentals and horticultural plants
in India as is evident with 63 mutants of chrysanthemum topping the list of
ornamentals followed by roses (33) is because of the fact that India is at the threshold
of a boom in the export market in floriculture and horticulture. Among cereals, the
leading position with 76 mutant cultivars is occupied by rice. Keeping in view the
rarity with which mutations occur and the general deleterious nature of induced
mutants, the success and achievements of mutation breeding in the development of
commercially released varieties in such a large and wide range of plant species in
India are thus significant. This is particularly true in Indian situation where all
varieties (except ornamentals) irrespective of the method through which they are
developed have to go through the All India Coordinated Trials grid before getting
identified/approved for release. It is already known that mutation breeding is
expected to make a contribution primarily as an important adjunct to the conven-
tional breeding approach. Among the research institutes actively engaged in muta-
tion breeding in India, the largest number of 67 Indian mutant varieties belonging to
20 major crop species have been developed and released by the ICAR-Indian
Agricultural Research Institute (IARI), New Delhi, a leading institute in agricultural
research not only in India, but also in the world (Table 13.10).

13.3.1.2 Success Stories of Prominent Mutant Varieties Released in
India

Although the world’s very first cotton mutant variety MA-9 induced by X-rays, and
endowed with drought tolerance, was released by India way back in 1948, concerted
efforts for crop improvement through induced mutations in India were initiated
during the second half of the 1950s. India, distinctly, is the first in the world to
have released radiation-induced mutant varieties in cotton (MA-9), wheat (NP-836),
sugarcane (Co-6608), castor (Aruna), chickpea (Pusa-408 Ajay), pearl millet
(NHB-5), black gram (Co-4), mung bean (TAP-7), pigeon pea (Co-3), lablab
(Co-10), okra (MDU-5), turmeric (Co-1), bitter gourd (MDU-1) and ridge gourd



(PKM-1). Mutant varieties like Aruna of castor that matures in 120 days compared to
270 days of the parent variety; TAG-24, TG-37A and TG-38 of groundnut; Pusa-408
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Table 13.10 Mutant varieties released by the Indian Agricultural Research Institute, New Delhi

S. No. Crop Latin name No. Names of mutant varieties

1 Rice Oryza sativa 13 PNR-162, PNR-166, PNR-381,
PNR-519, PNR-550-1-2 (JD-8),
PNR-551-4-20 (JD-6), PNR-555-28
(JD-10), PNR-555-5, PNR-555-5
(JD-3), PNR-570-17, PNR-571

2 Barley Hordeum
vulgare

6 DL-253, Karan-3, Karan-4, Karan-15,
Karan-201, Karan-265

3 Wheat Triticum
aestivum

3 NP 836, Pusa Larma, Sharbati Sonora

4 Emmer wheat Triticum
dicoccum

2 COW-2, Nilgiri khapli (HW-1098)

5 Pearl millet Pennisetum
glaucum

4 NHB-3, NHB-4, NHB-5, Pusa-46

6 Chickpea Cicer arietinum 4 Pusa-408 (Ajay), Pusa-413 (Atul),
Pusa-417 (Girnar), Pusa-547

7 Cowpea Vigna
unguiculata

6 V-16 (Amba), V-37 (Shreshtha), V-38
(Swarna), V-240, V-578, V -585
(Sampada)

8 Castor bean Ricinus
communis

2 Aruna, Sowbhagya (157-B)

9 Cotton Gossypium
hirsutum

2 Pusa Ageti, Rasmi

10 Soybean Glycine max 2 Pusa-97-12, Pusa-12

11 Pigeon pea Cajanus cajan 1 Pusa-855

12 French bean Phaseolus
vulgaris

1 Pusa Parvati

13 Field pea Pisum sativum 1 L-116 (Hans)

14 Tomato Solanum
lycopersicon

1 Pusa Lal Meruti

15 Papaya Carica papaya 1 Pusa Nanha

16 Chrysanthemum Chrysanthemum 4 Pusa Amol, Pusa Arunodaya, Pusa
Centenary, Pusa Kesari

17 Roses Rosa sp. 11 Abhisarika, Chitra, Climbing
Sadabahar, Madhosh, Nav Bahar, Pink
Sport Montezuma, Pusa Abhishek,
Pusa Christian, Pusa Mansij, Pusa
Urmil, Striped Christian Dior

18 Bougainvillea Bougainvillea
sp.

1 Visaka

19 Gladiolus Gladiolus sp. 1 Swarnima

20 Tickseed Coreopsis 1 Pusa Tara

Total 67



(Ajay), Pusa-413 (Atul), Pusa-417 (Girnar) and Pusa-547 of chickpea; TARM-1,
Co-4 and TMB-37 of mung bean; TAU-1 and Co-4 of black gram; TT-401 of pigeon
pea; Jagannath, Savitri, Dharitri, Gayatri, Sattari, Keshari and Nagina-22 of rice;
amber-coloured Sharbati Sonora of wheat; DL-253 of barley; Pusa 46 of pearl millet;
and Pusa Nanha, a dwarf variety of papaya, are among the most important varieties
of economic importance released in India (Kharkwal 1996, 1998; Kharkwal et al.
2001, 2005, Kharkwal and Shu 2009). However, authentic information on the area
covered under these cultivars is unfortunately lacking. It is also, however, accepted
that some of the mutant cultivars of rice, wheat, castor, groundnut, chickpea, mung
bean and urdbean did find wide acceptability and cover a sizable acreage on their
release for cultivation in various states and areas of India.
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The first ever examples of direct use of induced micro-mutants in a legume crop
in the world are the four gamma ray-induced chickpea mutant varieties, Pusa-408
(Ajay), Pusa-413 (Atul), Pusa-417 (Girnar) and Pusa-547 with resistance to
Ascochyta blight, Fusarium wilt and other diseases and pests developed by the
author at the Division of Genetics, ICAR-Indian Agricultural Research Institute
(IARI), New Delhi, and released by the Government of India for commercial
cultivation by the farmers. The salient features of these four high-yielding direct
mutant varieties of chickpea are given in the following paragraphs.

13.3.1.2.1 Pusa-408 (Ajay)
Pusa-408, an induced mutant through 600 Gy gamma rays, has superior average
yield of 23 q/ha and a yield potential of 35 q/ha. It is suitable for normal as well as
late plantings, under rainfed and irrigated conditions. Pusa-408 has resistance to
Ascochyta blight and Fusarium wilt, stunt virus and collar rot. It shows low
incidence of pod borer and nematode damage. This mutant variety has been released
for commercial cultivation by farmers of Haryana, Punjab, Rajasthan, Delhi, western
UP and J&K states of India.

13.3.1.2.2 Pusa-413 (Atul)
Pusa-413, an induced mutant through 600 Gy gamma rays, has superior average
yield of 21 q/ha and a yield potential of 35 q/ha. It is suitable for normal as well as
late plantings, under rainfed and irrigated conditions. Pusa-413 has resistance to
Fusarium wilt and Ascochyta blight, stunt virus, foot rot and root rot. It shows low
incidence of pod borer and nematode damage. This mutant variety has been released
for commercial cultivation by farmers of the eastern UP, Bihar, Jharkhand, Odisha,
West Bengal and Assam states of India.

13.3.1.2.3 Pusa-417 (Girnar)
An induced mutant through 600 Gy gamma rays, Pusa-417 has superior average
yield of 21 q/ha and a yield potential of 35 q/ha. It is suitable for normal as well as
late plantings, under rainfed and irrigated conditions. Pusa-417 has high resistance to
Fusarium wilt and moderate resistance to Ascochyta blight, stunt virus, collar rot,
foot rot and root rot. It shows low incidence of pod borer and nematode damage. This
mutant variety has been released for commercial cultivation by farmers of Madhya



Pradesh, Rajasthan, Gujarat, Maharashtra and parts of Telangana and Karnataka
states of India.
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13.3.1.2.4 Pusa-547
An induced mutant through 600 Gy gamma rays, Pusa-547 has superior average
yield of 20 q/ha and a yield potential of 35 q/ha. A golden brown bold-seeded (25 g/
100 seeds) variety, it is especially suitable for late plantings, under rainfed and
irrigated conditions. Chickpea mutant variety Pusa-547, the latest variety released in
2006 for commercial cultivation by farmers in Haryana, Punjab, Rajasthan, Delhi,
western UP and J&K states of India, has shown high yield performance particularly
under late-sown conditions. Based on its performance on farmers’ fields, it has
become popular in several other chickpea-growing areas like eastern UP, Bihar
and Madhya Pradesh. It has very attractive bold, golden colour grains having thin
testa and good cooking quality (Kharkwal et al. 2005). A major seed production
programme of this high-yielding chickpea mutant variety Pusa-547 for rapid pro-
duction of breeder seed, foundation seed and certified seed has been taken up in a big
way by the State Farms Corporation of India (SFCI) and also the National Seed
Corporation (NSC) at their Hisar (Haryana), Suratgarh, Sardargarh and Jaitsar
(Rajasthan) farms, and more than 35,000 q of high-quality seeds of this high-
yielding bold-seeded mutant variety Pusa-547 have already been produced and
distributed to farmers.

13.3.1.3 Other Prominent Mutant Varieties Released in India
Jagannath (BBS-873), a short rice mutant, was isolated and released as ‘Jagannath’
in 1969 for the coastal districts of Odisha, West Bengal and Andhra Pradesh. It
matured in about 155 days and yielded about 50% more than tall parent T-141 in
shallow-water conditions and is moderately responsive to nitrogen fertilization. A
late-maturing mutant variety with medium slender translucent grains, it has 1000-
grain weight of 20 g. It is strongly photosensitive and possesses strong seed
dormancy; it has broad-spectrum field resistance to major pests and diseases. It
was the leading high-yielding rice mutant variety in Odisha for nearly two decades.
The change of wheat seed coat colour from red to amber by gamma radiation
resulting in the development of ‘Sharbati Sonora’ (Swaminathan et al. 1968) is a
classical example. In castor, the mutant variety ‘Aruna’ developed through neutron
irradiation matures in 120 days compared to 270 days of the parent cultivar, HC-6
(Ankineedu et al. 1968), which is also a classical example of prominent mutant
variety. One of the black gram (urdbean) mutant var. ‘TAU-1’ released in India has
become the most popular variety in Maharashtra, occupying over 70% of the total
area under urdbean cultivation in Maharashtra (Pawar et al. 1991). Since 1990, the
Maharashtra State Seed Corporation has distributed about 200,000 q of certified
seeds of TAU-1 to the farmers, which has resulted in an additional production of
about 129,000 q of urdbean annually in Maharashtra. The notional income generated
by additional production amounts to Rs. 258 crores annually (Kharkwal and Shu
2009; Kharkwal 2017). Similarly, several mutant varieties of groundnut—TAG-24
and TG-26—released and cultivated in millions of acres in Maharashtra, Gujarat and



several other states have contributed tremendously not only towards achieving the
targets of the agricultural production of the respective states but also to the Indian
agricultural economy as a whole (Kharkwal et al. 2004; Kharkwal and Shu 2009).
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The main improved characteristics of Indian mutant varieties developed and
released or approved as reported by the breeders and summarized in Table 13.11
indicate that higher yield, altered maturity duration, improved plant type, increased
resistance to biotic and abiotic stresses and quality characters, which ultimately led
to higher productivity and acceptability of these mutant cultivars, are the most
frequent traits in a new variety reported and released for commercial cultivation by
farmers and marketing.

13.3.2 Mutation Breeding for Crop Improvement in Pakistan

Pakistan has successfully developed and released 79 mutant varieties in major crop
groups like cotton (24), pulses (29), cereals (16), oilseeds (8) and one each of
sugarcane and citrus fruit mandarin (Personal communication T.M. Shah). There
are three major institutes engaged in mutation breeding in Pakistan. The largest and
main centre, Nuclear Institute of Agriculture and Biology (NIAB) based in
Faisalabad, has developed and released 50 mutant varieties belonging to 8 crop
species till the beginning of 2022. The second main contributor of 19 mutant
varieties belonging to 7 crops is the Nuclear Institute of Agriculture (NIA) based
in Tando Jam near Hyderabad in Sindh Province. The third centre of mutation
breeding in Pakistan is the Nuclear Institute for Food and Agriculture (NIFA) located
at Peshawar in Khyber Pakhtunkhwa, which has developed 10 mutant varieties of
3 crops. NIAB has the distinction of developing not only the largest number of
mutant varieties but also the first and most important and popular mutant varieties of
rice—‘Kashmir Basmati’, cotton mutant var. ‘NIAB-78’, chickpea ‘CM-72’ and
mung bean ‘NM-28’, all four being the first mutant varieties in these crops released
in 1983 (Ullah et al. 2020; Razzaq et al. 2021). The mutant varieties of wheat, rice
and pulses like chickpea, mung bean and lentils have improved food sustainability in
Pakistan, and mutant varieties of oilseed crops and cash crops like cotton have led to
positive economic impacts worth billions of US dollars through their export poten-
tial. Individual cropwise details of these mutant varieties are listed in Table 13.12.

Cotton is the second most important crop of Pakistan after wheat. Mutation
breeding in cotton initiated in 1970 has resulted in the development of 24 early-
maturing, high-yielding mutant varieties with desirable fibre quality (Table 13.12).
Some of them like NIAB-78, NIAB-86 and NIAB Karishma covering millions of
hectares have resulted in a quantum jump in cotton production in Pakistan. NIAB-78
covered about 70.8% of the total cotton area in Punjab in 1988. It spread gradually to
Sindh starting from 1992 to 1993 and covered almost all the area of cotton crop and
now also covers some of the areas under cotton in Sindh. Within 5 years of release of
NIAB-78, its cultivation contributed enormously to the growth of the textile industry
in the country and doubled cotton production in Pakistan. It is estimated that during
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the 10 years following its release, it contributed more than US$ 3 billion in cotton
production.

418 M. C. Kharkwal

So far, Pakistan has released 24 mutant varieties of cotton, out of which the NIAB
has developed 19 cotton cultivars through the use of induced mutation, including the
famous cultivars NIAB-78, NIAB-Karishma, NIAB-111 and, most recently, the
high-yielding and fine-fibre cotton varieties NIAB-Kiran, NIAB-878B, NIAB-545
and NIAB-1048. Area under NIAB-Karishma increased from 17.4% in 1997–1998
to 28.4% in 1998–1999 and more than 40% in 1999–2000. NIAB Kiran covered an
area of 292,000 ha (2019–2020) in Pakistan (Hussain et al. 2021). The first induced
mutant variety of cotton ‘NIAB 78’ has assisted transformation of cotton production
and stimulated a wider impact on agriculture in Pakistan. NIAB-78 had early
maturity and higher yield, showed wider adaptability and eventually covered 80%
of the cotton area in Punjab and Sindh provinces (Ahloowalia et al. 2004). By
introduction of this variety, cotton production increased from 654,000 to
2,613,000 tons during 1991 and 1992. This mutant variety remained in farmers’
fields over a very long period (1983–2000) and led to an increase in cotton produc-
tion from 1,024,000 to 7,276,600 tons per year in Pakistan (Haq 2009). However,
huge yield gap differences still exist among the top three cotton-producing countries
of the region (China 1484 kg/ha, Pakistan 700 kg/ha and India 529 kg/ha). These
yield differences are being further aggravated due to changing climate associated
with higher temperature stresses (Rahman et al. 2018; Razzaq et al. 2021). The
cotton mutant varieties developed through the use of induced mutation at the NIAB
have shown enhanced resilience against high temperatures under field conditions
and also showed significant variation in their root length leading to higher yields and
better productivity (Hussain et al. 2021). Cotton of course is a cash crop, important
for the textile industry in the region, which has made it a priority for the NIAB’s
mutation breeding activities. Right now, of the 3.1 million hectares planted with
cotton, nearly 25% area is planted with mutant varieties, a number expected to
increase to 30–40% in 2018–2019. Three mutant varieties released in 2013, 2016
and 2017 have been well accepted by the farmers because of their ability to
withstand high temperatures and heavy rains, resistance to pests and diseases and
capacity to sustain yields in this time of climate change while also producing a very-
high-quality fibre that brings a higher price than standard varieties at the market. The
improved characteristics of the mutant varieties like NIAB-78 and NIAB-86 along
with their wide adaptability in different agro-climatic areas leading to quantum jump
in cotton production have not only improved the agriculture sector’s output and, in
turn, national food security, but also contributed to the economy of the country. The
cotton mutant variety NIAB-78 alone created an additional income of US$ 486 mil-
lion to often poor growers between 1986 and 2004. The NIAB estimates that the
50 NIAB mutant varieties had an economic impact on the national economy that, as
of April 2018, amounted to US$ 6 billion (Hussain et al. 2021).

Besides the large number of high-yielding mutant varieties of cotton released, the
NIAB, Faisalabad, has developed and released six famous mutant varieties of rice
(Table 13.12). It released Pakistan’s first rice mutant variety ‘Kashmir Basmati’ from
Basmati 370. The basmati types are contributing billions of dollars by export to their
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national economy. NIAB-Super and NIAB-IRRI-9 are fine-grain, salt-tolerant
mutant varieties of rice released by the NIAB. Area in Punjab province of NIAB-
IRRI-9 in coarse group is about 23.8% on an average basis. It fetches higher price
due to fine and translucent grain features. Export share of NIAB-IRRI-9 in
non-basmati group from 2010 to 2015 is 3.56% having a worth of US$ 42.5 million
(3.68%). The Nuclear Institute of Agriculture (NIA), Tando Jam, has released three
famous wheat mutant varieties Jauhar-78, Soghat-90 and Kiran-95, including its first
mutant wheat variety Jauhar-78 with salinity tolerance and shattering resistance and
Kiran-95 endowed with better grain quality and tolerance to salinity and rusts.

420 M. C. Kharkwal

In chickpea, the NIAB has released six high-yielding and disease-resistant mutant
varieties of desi and kabuli types (Table 13.12), the most popular and widely
cultivated being CM-72, CM-88 and CM-98 (Haq 2009). The Nuclear Institute for
Food and Agriculture (NIFA), Peshawar, has released four chickpea mutant varieties
including Hassan-2K, a kabuli mutant variety (Hassan et al. 2001). Out of 17 mung
bean mutant varieties released by Pakistan, the prominent ones NM-92, NM-98 and
NM-2006 are being cultivated in more than 70% area of mung bean acreage in
Punjab province and improved mung bean varieties occupy almost 90% of the mung
bean area in Pakistan (Ali et al. 1997, 2010). NIAB Mung 2011 covered an area of
102,410 ha in the year 2015–2016, i.e. 70% area of mung bean (Razzaq et al. 2021).
Mutation breeding efforts in lentil in Pakistan have culminated in the development
and release of a high-yielding and disease-resistant mutant variety NIAB Masoor-
2006 and one NIA-Masoor-05 by NIA, Tando Jam (Ali et al. 2010).

The high-yielding, high-oil-content and early-maturing mutant varieties of oil-
seed crops, Abasin-95 and NIFA Raya (Table 13.12), are the first ever mutant
varieties of rapeseed and mustard, respectively, released in Pakistan (Syed et al.
2009). Both Abasin-95 and NIFA Raya are occupying several million acres and
giving additional income of several million US dollars to farmers. Two sesame
varieties released in 2016 and 2017 have doubled the yield of traditional sesame
varieties and are more suitable for modern cultivation techniques. The mutant
mandarin variety, NIAB Kinnow, released in 2017, has an increased yield of more
than 30% and reduced seed count from around 50 to just 3–5 seeds per fruit, which
makes it more valuable and popular for export.

13.3.3 Mutation Breeding for Crop Improvement in Bangladesh

The Bangladesh Institute of Nuclear Agriculture (BINA), Mymensingh, located in
northern Bangladesh, is the major centre of mutation breeding. Mutation breeding at
the BINA has resulted in the release of 76 mutant varieties belonging to 13 crop
species (http://mvd.iaea.org). The BINA has released 28 mutant varieties of pulses,
23 of oilseeds, 12 of rice and 4 of tomato (Table 13.13). Some of the popular mutant
varieties that have been widely adopted by farmers in Bangladesh for large-scale
cultivation include Binasail, Iratom-24, Binadhan-7, Binadhan-14 and Binadhan-19
of rice; ‘Hyprosola’, a high-yielding and high-protein mutant variety of chickpea
(Sheikh et al. 1982; Shaikh et al. 1995); Binachinabadam-4 of groundnut;

http://mvd.iaea.org


9’, with cream seed coat colour and larger seed size, maturing in 115–125 days,
tolerant to root rot and Botrytis grey mould, showing greater tolerance to pod borer

Table 13.13 Mutant varieties released by the Bangladesh Institute of Nuclear Agriculture,
Mymensingh in Bangladesh

S. No. Crop No. Mutant varieties

1 Rice 12 Iratom-24, Binasail, Binadhan-4, Binadhan-5, Binadhan-6,
Binadhan-7, Binadhan-9, Binadhan-13, Binadhan-14, Binadhan-
18, Binadhan-19, Binadhan-20

2 Mustard 10 Agrani, Safal, Binasarisha-3, Binasarisha-4, Binasarisha-5,
Binasarisha-6, Binasarisha-7, Binasarisha-8, Binasarisha-9,
Shambal BAU-M/248

3 Chickpea 10 Hyprosola, Binasola-2, Binasola-3, Binasola-4, Binasola-5,
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Binamoog-2 and Binamoog-5 of mung bean; Binamash-1 of black gram; and Safal
and Agrani mutant varieties of mustard. All these mutant varieties planted and
cultivated in large areas have contributed substantially towards food security in
Bangladesh. A bold kabuli-type high-yielding chickpea mutant variety ‘Binasola-

Binasola-6, Binasola-7, Binasola-8, Binasola-9, Binasola-10

4 Mung
bean

9 Binamoog-1, Binamoog-2, Binamoog-3, Binamoog-4,
Binamoog-5, Binamoog-6, Binamoog-7, Binamoog-8,
Binamoog-9

5 Groundnut 9 Binachinabadam-1, Binachinabadam-2, Binachinabadam-3,
Binachinabadam-4, Binachinabadam-5, Binachinabadam-6,
Binachinabadam-7, Binachinabadam-9, Binachinabadam-10

6 Lentil 8 Binamasur-1, Binamasur-2, Binamasur-3, Binamasur-5,
Binamasur-6, Binamasur-8, Binamasur-9, Binamasur-11

7 Jute 5 Atompet-28, Atompet-36, Atompet-38, Binadeshipat-2,
Binapatshak-1

8 Sesame 4 Binatil-1, Binatil-2, Binatil-3, Binatil-4

9 Tomato 4 Bahar, Binatomato-2, Binatomato-3, Binatomato-13

10 Black
gram

2 Binamash-1

11 Onion 2 Binapiaz-1, Binapiaz-2

12 Wheat 1 Binagom-1

13 Lathyrus 1 Binakhesari-1

Total 76

http://mvd.iaea.org (accessed in March 2022)

insect-pest infestation than other mutants and check varieties and also suitable for
farmers in drought-prone areas in Bangladesh, has been released for commercial
cultivation during 2017 (Begum 2021).

Climate change, drought, high/low temperatures, salinity, river and flash floods,
tidal surges, cyclones, hailstorms, etc. are recurrent phenomena in Bangladesh that
seriously hamper crop production and productivity. To cope with these natural
disasters, agricultural research in Bangladesh requires concerted efforts in the
development of climate-resilient crop varieties. Therefore, genetic improvement of
important traits in major crops has been successfully attempted in Bangladesh

http://mvd.iaea.org


a a
‘Boro’ rice variety, ‘Binad
short maturity duration (

r a
10’ rice with carbon-ion b
tolerant, short-duration (95–105 days) and high-yielding (average 4.0 t/ha) variety
for the ‘Aus’ growing sea
wheat variety, Binagom-1’, by selecting from a segregating population, obtained
from th akistan
(up to 12 dS/m) and prod

‘Binachinabadam-6’, ‘Bin
with gamma rays. All these four varieties can tolerate salinity (up to 8 dS/m) from
owering to maturity and p

These climate-resilient varieties are playing a significant role in food security and
enhancing the nutritional s

13.3.4 Mutation Breeding for Crop Improvement in Sri Lanka

n n

s e

led to the production of direct and indirect mutant varieties of groundnut ANK-G-1
in 1995 and sesame ‘ANK-S2’ (Pathirana et al. , and thereafter in tomato, a2000)
mutant variety ‘Lanka Cherry’ was released in 2010 (Pathirana 2011). Improved
mutant lines were either used to develop new varieties or conserved at the Plant
Genetic Resources Centre (PGRC) for future use. Through the IAEA’s Technical
Cooperation programme, IAEA has assisted in establishing the Sri Lanka National
Centre for Nuclear Agriculture by providing a new cobalt-60 source, to expand the
country’s mutation breeding activities (Parasuraman et al. 2021).
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through mutation breeding. Drought is an important stress phenomenon in
Bangladesh that greatly hampers crop production. For crop production to cope
with the problems driven by climate change, such as salinity, drought and extreme
temper tures, the B ngladesh Institute of Nuclear Agriculture (BINA) released a late

han-14’, in 2013 which is tolerant to high temperature, has
105–115 days) and gives an average yield of 6.9 t/ha.

Anothe variety, ‘Binadh n-19’, developed by irradiating the seeds of ‘NERICA-
eams was released by Bangladesh in 2017 as a drought-

son (Table 13.13). The BINA developed a salt-tolerant
‘

e NIAB, P . Released in 2016, this variety can tolerate salinity
uces an average yield of 2.8 t/ha. Apart from these, the

BINA developed four salt-tolerant groundnut varieties ‘Binachinabadam-5’,
achinabadam-7’ and ‘Binachinabadam-9’ by irradiation

fl roduce yields at 1.8–3.4 t/ha under saline soil conditions.

tatus of the people of Bangladesh (Azad et al. 2021).

A small island country, Sri Lanka is located to the south-east of the Indian subconti-
nent. I the island natio of Sri Lanka, the Department of Agriculture initiated
mutation breeding in the late 1960s with the introduction of a cobalt-60 source to
the country and ha succ ssfully developed and released four mutant varieties till
date. It released the very first mutant variety of rice ‘MI-273’ in 1971. This success

13.4 Future Scope

Mutation breeding is expected to continue making significant contribution to plant
breeding primarily as an important adjunct to the conventional and molecular
breeding approaches in future also. The direct use of mutations is a very valuable
supplementary approach to plant breeding, particularly when it is desired to improve
one or two easily identifiable characters in an otherwise well-adapted variety.



However, in the long run, the use of induced mutations in various cross-
combinations in hybridization programmes is probably more important than the
direct use of mutants. A survey of the achievements of mutation breeding and related
literature during the past eight decades of its history (Kharkwal and Shu 2009)
suggests that major gains have resulted from the use of induced variability when it
was fully integrated with conventional crop breeding programmes. This is evident
from the fact that many more mutant varieties have resulted by using induced
mutants in crossing programmes in comparison to those, which resulted through
the direct release of mutants. During recent decades, tremendous progress has been
made in the research of plant molecular biology and biotechnology, particularly
plant genomics. As a result, we are witnessing new impulses in plant mutation
research for crop improvement, from fundamental studies of mutagenesis to reverse
genetics. Breeders are now aware of the newer potentialities and far-reaching
implications of induced mutation for crop improvement and are able to use it with
more sophistication and efficiency than before.
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Induced mutagenesis is also gaining importance in plant molecular biology as a
tool to identify and isolate genes and to study their structure and function. During the
past three decades, mutation techniques for crop improvement have also been
integrated with other molecular technologies such as molecular marker and high-
throughput mutation screening techniques of genomics. Recent progress in the
sequencing of entire genomes has led to the identification of many genes in model
species. A future challenge will be to understand the functions of all these genes. In
reverse genetics, radiation, chemical and transposon mutagenesis are used to dis-
cover the unknown functions of genes by knocking out genes and assigning known
DNA sequences to the mutant phenotypes. Mutation breeding for crop improvement
is therefore entering into a new era of ‘molecular mutation breeding’, and several
ultramodern techniques like high hydrostatic pressure, ion beam technology,
Targeting Induced Local Lesions in Genomes, endonucleolytic mutation analysis
by internal labelling and space breeding technology are going to play an important
role in revolutionizing mutation breeding in the next few decades leading to
‘mutagenomics’. The detailed description of these techniques can be found in the
work of Shu et al. (2012) as due to page limitations the same is beyond the scope of
this chapter. Based on the review of the success of mutation breeding as is evident
from the release of more than 3500 mutant cultivars belonging to more than 240 crop
species from nearly 100 countries of the world till date, it can be hoped that mutation
breeding will continue to play a significant role in crop improvement and solving
world food security in the coming years and decades (Kharkwal and Shu 2009;
Kharkwal 2017).

13.5 Conclusion

Crop domestication and improvement for agriculture over the past 12,000 years have
been driven by spontaneous mutation combined with selection for desirable crop
traits such as yield, plant and inflorescence architecture and non-shattering of seeds.



Mutations occurring in the genome, either spontaneous or induced, constitute the
basis for this genetic diversity so central to crop improvement. Induced mutations
have been used to create novel genetic diversity in plants since as early as 1928, and
systematic mutation breeding has been used for crop improvement for about
90 years. Mutation breeding has played very important roles in elite crop variety
development in the past, and will also continue to play in the future, to secure the
global food supply and food security. More recently, the increasing threat posed by
climate change on biodiversity loss, crop productivity and, consequently, food and
nutrition security and farmers’ livelihoods demands the generation of novel genetic
variation for the development of improved varieties that can adapt to adverse climate
events. Therefore, the role of mutation breeding in enhancing genetic diversity and
crop improvement will become even more important in the coming decades in Asia,
particularly in the Indian subcontinent. In the future, mutation induction approaches
will be closely associated with biotechnology platforms, such as novel techniques of
high-throughput genotyping and phenotyping for the introduction of new genetic
alleles for climate-resilient traits like heat and cold tolerance and higher water and
nutrient efficiency.
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A brief description of the 542 mutant crop cultivars collected from various
research institutes and agricultural universities and reported or approved and/or
released as induced mutants or from the use of such mutants in cross-breeding or
natural and spontaneous mutants, including bud sports, belonging to 85 plant species
for cultivation in India is given in Table 13.11.
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Success of Mutation Breeding of Sorghum
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Abstract

To support food security in the country, Indonesia has launched a national
program of food diversification meaning that people should eat locally available
food stuff resources other than rice. Indonesia has a great potency to produce food
from the available crop diversity in order to support food security. In dryland
agroecosystem, Indonesia needs to develop crops that require less agricultural
inputs such as water and fertilizer and that have have good adaptability, nutrition,
and economic values, and the choice fell on sorghum (Sorghum bicolor).
Attempts to increase sorghum genetic variation were done by mutation breeding,
and by selecting desired mutant genotypes, some promising mutant lines have
been developed. Significant adverse impacts of climate change have appeared in
some agricultural regions in Indonesia, such as prolonged drought problem in the
eastern regions. To face the worsening conditions brought about by climate
change and variability, some sorghum mutant varieties having better adaptability,
productivity, and quality have been released and developed further by
stakeholders. Sorghum cultivation in Indonesia has given significantly positive
impacts on mitigating climate change and supporting food diversification pro-
gram for maintaining food security in the country. Sorghum has also promoted
economic growth in the rural areas impacted by climate change.
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14.1 Introduction

Crop improvement program is usually conducted through a plant breeding. The
improvement itself is focused on the genetics of crop’s desirable traits mostly related
to crop productivity and/or quality. Plant breeding activities are usually started by
increasing the genetic variation so that the breeders can do selection of superior
genotypes for further evaluation before releasing them as new varieties that can be
grown widely or commercially by stakeholders. There are many ways of increasing
genetic variation such as through introduction, collection of available local
genotypes, hybridization, mutation, and modern biotechnology. Many researches
on modern biotechnology have recently produced transgenic plants, which products
are called as genetically modified organism (GMO). For some countries, however,
public acceptances of the GMO products are still debatable because of the biosafety
and food safety issues. It seems to be different from those products produced from
mutation techniques.

Mutation is a sudden, random, and heritable change of genetic material that can
happen in the level of genome, chromosome, or gene (DNA). Mutation can happen
in a plant naturally due to cosmic rays of the sunshine radiation, but the mutation rate
is very low. Mutation can be induced by using a mutagenic agent. There are two
types of mutagenic agent, namely chemical or alkylating agent (such as EMS and
dES) and physical or ionizing radiation (such as gamma rays, fast neutron, ion
beam). Plant mutation breeding is the process of exposing plant reproductive
materials such as seeds, tubers, cuttings, anthers, and tissues to a mutagenic agent
with the objective of fastening the increase of genetic variation, doing selection of
desirable mutated genotypes, and then screening and testing the superior improved
plants in productivity and quality before finally submitting for the official release as a
new mutant variety. Other biotechnological tools can actually be used to help plant
breeder accelerate the breeding process of releasing new varieties with desired traits
such as through molecular assisted selection (MAS).

Once released, the mutant variety is safe for human beings because the mutagenic
radiation does not reside inside the plant, and also mutation breeding does not
involve gene modification but rather uses a plant’s own genetic resources and
mimics the natural process of spontaneous mutation. Globally, there are more than
3200 mutant varieties developed through mutation breeding, and information of the
released mutant varieties is now available at the IAEA Mutant Variety Database.
Research collaboration on mutation breeding in Indonesia has so far been supported
by IAEA through some technical cooperation (TC) projects and also through Forum
for Nuclear Cooperation in Asia (FNCA) projects. Results of the projects have given
positive social and economic impacts to some participating member states including
that of mutation breeding of sorghum in Indonesia (King et al. 2020). Information
and experience of the success in mutation breeding of sorghum in Indonesia are
discussed and presented in this chapter.
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14.2 Mutation Breeding in Indonesia

In Indonesia, research on plant mutation breeding is mainly conducted at the Center
for Isotopes and Radiation Application (CIRA) under the National Nuclear Energy
Agency of Indonesia (BATAN). The available infrastructure and facilities include
gamma irradiators, plant breeding laboratory, tissue culture and biotechnology
facilities, mutant seed germplasm storage, greenhouse, mutant nursery facilities,
experimental field, processing unit, and supporting equipment. The objectives of
mutation breeding are mainly to support national program on food security with
better nutrition for human health and livelihoods.

Food crop production, particularly in Java Island, is now facing problem with
shrinking growing areas due to land utilization for nonagricultural purposes such as
those of industries, roads, and properties. Expanding agricultural field to outside
Java is facing problems with soil fertility and infrastructure, and also adverse impacts
of climate change have been observed recently. Therefore, future plant breeding
programs are directed to develop climate-smart agriculture through developing crops
that can adapt and produce well in the impacted areas with less agricultural inputs,
especially outside Java Island.

Plant mutation breeding has so far played a very important role in crop varietal
improvement program in Indonesia. According to BATAN Report (2020), Indonesia
has released many mutant varieties of different crops including rice (25), soybean
(12), sorghum (3), mung bean (2), groundnut (1), tropical wheat (1), cotton (1), and
banana (1). All these mutant varieties have been grown and developed further by
stakeholders including farmers and some private companies throughout Indonesia.
The socioeconomic impact of mutant varieties had been studied and analyzed for
rice; for example, farmers who grew rice mutant variety from BATAN increased
their income of IDR 4,111,998 per ha per harvest season. This was about 49% higher
than using traditional local variety (Suryati et al. 2019). It is not exaggeration to
mention that rice mutant varieties have significantly contributed to self-sufficient rice
demand in Indonesia. However, Indonesia has so far been very much dependent on
rice as staple food. Rice is regarded as a high-input crop because of requiring more
water (irrigation), fertilizer, and other inputs. In order to support food security, the
Government of Indonesia has launched a food diversity program, meaning that we
should develop food sources other than rice. We found that sorghum is very suitable
and potential for hot and dryland, low-input crop and its grain can be used as a source
of foodstuff.

14.3 Breeding of Mutation of Sorghum

Sorghum is not of Indonesian origin, so the available genetic variability of the plants
is low; therefore, a sorghum breeding program is needed to increase the genetic
variation for further improved varieties (Human 2015a). In some areas, sorghum has
been recognized as a source of food, fodder, and fuel. However, sorghum is still
considered a minor crop and its cultivation is limited, mostly cultivated by local



farmers in a particular region. Sorghum (Sorghum bicolor) is a cereal crop that is
commonly grown in hot and dry (arid or semiarid) regions and is considered a
multipurpose crop due to its use as food, feed, or fuel. From an agronomic point of
view, sorghum is known as a low-input crop and is very efficient in the use of
fertilizers and sunlight (Suminar et al. 2017; Aznur et al. 2017). Sorghum grain
contains carbohydrates that can be used as a food source, and its stem and leaves
(stover) can be used as animal feed. In addition, there is another type of sorghum, the
stem of which contains liquid sugar known as sweet sorghum, and it is usually used
as a raw material for the production of liquid sugar (syrup) with a low glycemic
index (GI), so its products have become popular with people suffering from diabetes
(Human 2015a). The glycemic index indicates the effect of a food on a person’s
blood glucose level (also called blood sugar). Still in many countries, sweet sorghum
is commonly used as a raw material for the production of bioethanol (as a renewable
bioenergy) through the fermentation process of its sugar juice.
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Sorghum can grow and adapt well in Indonesia, especially in the drought-prone
areas of the eastern part of the country, but still with low productivity and quality.
Farmers in the provinces of Nusa Tenggara Barat (NTB) and Nusa Tenggara Timur
(NTT) have grown local varieties of sorghum for a long time and use it as a staple
food since other food crops such as rice and maize do not grow well there during the
dry season. Local sorghum varieties mostly have undesirable characteristics such as
low productivity, late maturity, tall plant height which is prone to lodging, and
low-quality dark-colored grains as an indicator of high tannin content. The dark
color of sorghum grains has been studied and was controlled not only by additive
dominant genes but also by epistatic genes with moderate heritability, which means
that the improvement of grain color can be done through a plant breeding program
(Trikoesoemaningtyas et al. 2017). The aim of sorghum breeding is to improve
agronomic traits including plant height, growth length, and grain yield and quality
and to adapt plants to withstand adverse conditions caused by climate change, such
as prolonged drought.

In Indonesia, the improvement of sorghum varieties using mutation techniques
was carried out at the Center for Isotopes and Radiation Applications (CIRA),
National Atomic Energy Agency (BATAN). The main equipment available at this
center is a gamma irradiator with an installed cobalt-60 source that can be used to
irradiate breeding materials to increase the genetic variation of plants (Fig. 14.1).
The plant materials used were seeds of the Zhengzu variety, which was imported
from China through the IAEA Regional Project RAS5040. Sorghum seeds were
treated with gamma radiation at doses of 0, 100, 200, 300, 400, 500, 600, 700,
800, 900, and 100 Gy, respectively, and then grown on sandy soil in a greenhouse
for a radiosensitivity study in the M1 generation. Seedling growth was measured for
each irradiation treatment, and optimal irradiation doses were determined using
lethal dose (LD) values. The highest plant genetic variation in M2 is usually found
between LD-20 and LD-50 values, as reported in the wheat mutation breeding
program (Nur et al. 2014). LD values were determined using best curve fitting
software, which is based on the function of measured lethality (Y ) at given irradia-
tion doses (X) as shown in Fig. 14.2, and the variation of plants in M2 is shown in



Fig. 14.3. It was found that optimal doses of gamma radiation for sorghum mutation
breeding purposes were about 200–450 Gy (Fig. 14.2). The mutant population
derived from these optimal irradiation doses yielded the highest genetic variation
(as measured by statistical variances) in M2. Visual selection of mutants was
performed by comparison with the original parent and then continued by seed
propagation in the next generation.
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Fig. 14.1 Gamma irradiator with installed cobalt-60 source available at BATAN for irradiating
breeding materials in mutation breeding program

Fig. 14.2 Screening methods for drought tolerance: (a) indirect screening and (b) direct screening

Screening of plants for drought tolerance was initiated in M2 using indirect
screening in the greenhouse and continued with direct screening in the field
(Fig. 14.2). Indirect screening was performed at the seedling stage by growing
seedlings in medium containing polyethylene glycol (PEG) in a greenhouse. PEG
is a chemical that can regulate the amount of water absorbed by a plant’s root (Van



den Berg and Zeng 2006). The higher the concentration of PEG in the growth
medium, the less water the root can absorb. A concentration of 25% PEG in solution
is equivalent to a critical drought exposure in the field with an impact on permanent
leaf wilt in cereals. The use of the PEG method to screen for drought tolerance has
also been reported in the sorghum mutation breeding program (Human 2015b;
Human and Sihono 2010). The selected tolerant seedlings were then transplanted
to the field for multiplying their seeds, and further direct screening was conducted in
the field during dry season in the drought-prone areas. Subsequently, yield trials
were evaluated among drought-tolerant plants in the field. Sorghum mutation breed-
ing program followed that of self-pollinated crop, which directed to the formation of
pure or homozygous line of the selected mutants (Richards 1997; Van Harten 1998).
Homogeneity test and stability of the mutant lines were studied in the M5 (Human
et al. 2011), and those of homogenous lines were denoted as the promising mutant
lines. Yield multilocation trials and grain quality analysis were conducted for the
promising mutant lines before they were proposed for submitting for the official
release to the Varietal Release Team which is under the Ministry of Agriculture.
Sorghum grain quality analysis was conducted at the Center for Chemistry, the
Indonesian Academy of Science (LIPI) at Serpong, Banten Province, Indonesia.
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Fig. 14.3 The released mutant varieties of sorghum: Pahat, Samurai-1, and Samurai-2

Fifteen promising drought-tolerant mutants were obtained in M5 and evaluated
together with their parental and national control varieties in multilocation trials.
Agronomic data were collected, analyzed, and reported by the Varietal Release
Team, and finally three promising mutant lines ZH-30, PATIR-1, and PATIR-4
were accepted by the Ministry of Agriculture for release as new mutant sorghum
varieties. The ZH-30 mutant line was released in 2013 and was named Pahat, while
the PATIR-1 and PATIR-4 mutant lines were released in 2014 under the names
Samurai-1 and Samurai-2. The head performance of these mutant varieties is shown
in Fig. 14.3. In the description, Pahat and Samurai-2 were recommended for grain



sorghum for food use, while Samurai-1 was sweet sorghum for use as liquid sugar
(syrup) or was further processed to make bioethanol (as bioenergy).
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Productivity and grain quality data for these sorghum mutant varieties are shown
in Table 14.1. All mutant varieties had higher grain productivity than the parental
variety Zhengzu and the national control variety Mandau. The grain of the mutant
varieties contained sufficient carbohydrates as a food source. However, judging by
tannin content alone, Pahat and Samurai-2 met the food requirements. According to
Indonesia’s Food Regulation, the tannin content of food should be less than 0.025%.
The Pahat variety is the most promising for food use because it has good
carbohydrates, high protein and fiber content, and low tannin content. The mutated
variety Pahat is agronomically early (89 days) and semidwarf (148 cm) in height,
making it easy to harvest and tolerant of lodging against strong winds. As one of the
negative impacts of climate change is adverse weather conditions such as strong
wind (tornado) in some regions, the semidwarf Pahat variety can be used to mitigate
climate change. The mutated sorghum variety Pahat is therefore widely cultivated in
Indonesia, especially to support food security in drought-prone areas in the eastern
part of the country, which is very strongly affected by climate change. Its short
growth period (only 3 months) also provides an advantage in the cultivation of the
Pahat mutant variety with respect to long-term drought avoidance during the dry
season.

Samurai-1 is the only mutant variety with the highest sugar or brix content (12%)
in stem juice, and this variety can be classified as sweet sorghum. Despite the high
productivity, Samurai-1 grain is not recommended to be used as food due to the high
tannin content (0.030%); therefore, the Samurai-1 variety is recommended mainly as
a source for the production of liquid sugar (syrup) or another process through
fermentation for the production of bioethanol (as bioenergy) industry. The Indone-
sian Government has recently promoted the use of bioenergy as a renewable energy
source, and many companies are now engaged in this type of business.

14.4 Dissemination, Economic, Social, and Environmental
Impacts

Based on the dissemination of breeding seeds of mutant varieties produced by
BATAN and their distribution to some stakeholders in 2017/2018, the cultivation
area of mutant sorghum varieties in Indonesia was estimated to be 800,000 ha in
total. Growers or stakeholders included farmers, private companies, local govern-
ment offices, and some universities. In fact, the commercialization of these mutant
sorghum varieties started in 2017 by a private company named PT Sedana Panen
Sejahtera (Fig. 14.4) and also PTPN XII, which widely cultivated the Pahat mutant
variety in Banyuwangi District, East Java Province (Fig. 14.5). In addition to the
company’s business, the cultivation of the mutant variety was also intended to
increase the productivity of land affected by climate change (drought-prone areas)
and ensure food security in Indonesia, especially during the prolonged dry season.
Especially for sweet sorghum, the Ministry of Energy and Mineral Resources of
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Indonesia (ESDM) cultivated a mutated variety of sweet sorghum Samurai-1 in
Merauke District, Irian Province, for the production of bioethanol industry with a
capacity of 40 kg of litter per day. Located in eastern Indonesia, Irian Province is one
province that has been adversely affected by climate change.
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Fig. 14.4 Some commercial sorghum products sold in the market in Indonesia

Fig. 14.5 Sorghum mutant variety of Pahat grown widely by the private company of PTPN XII in
Banyuwangi District of East Java Province during dry season
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In a country where rice is the main staple food and where the population was
unfamiliar with this new crop, the commercialization of sorghum focused on
emphasizing the nutritional added value of the crop. Sorghum grains are high in
fiber, iron, protein, calcium, and beneficial polyphenols, but low in fat and choles-
terol. In addition, sorghum does not contain gluten and has a low glycemic index, so
it is especially suitable for people suffering from diabetes and related diseases
(Human 2015a).

In addition to nutritional value, mutant sorghum varieties have proven to be early
maturing, high yielding, and drought resistant, making them ideal for dry-season
cultivation. This means that they have great potential to increase the marginal
productivity of land and support economic growth, especially in drought-prone
areas where arable land lies fallow and cannot grow other types of food crops
(such as those mostly found in the eastern part of Indonesia). Mutant sorghum
varieties have been certified by the Department of Agriculture to have a grain
yield of approximately 30% higher than nonmutant varieties. This feature, together
with the ability to grow and sell sorghum during the dry season, has the potential to
increase farmers’ income by an average of 20–30%.

In addition to their potential to enhance economic development through their
agronomic properties, these new mutant sorghum varieties hold promise for
supporting the country’s efforts to reduce dependence on rice and thus ensure future
food security. The past decade has seen a diversification of food consumption, which
was the highest priority for the country. This is taken into account in the Strategic
Plan of the Ministry of Agriculture (2015–2019). The goal of crop mutation breeding
is usually to improve the productivity and quality of crops compared to the original
variety. Once released, the mutant varieties may be adopted by farmers for their
higher yields and better prices. However, by growing mutated varieties of sorghum,
farmers can improve their income through soil productivity during the dry season, as
mutated varieties are more drought tolerant and high yielding and have good grain
quality. Therefore, these mutant sorghum varieties contributed to the success of the
food diversification program to promote food security in Indonesia.

Mutated sorghum varieties also have several environmental benefits. They are
drought tolerant and therefore use water efficiently. They are also resistant to major
diseases, so they require less fertilizer and pesticides. It is estimated that the use of
irrigation and pesticides can be significantly reduced in sorghum production by up to
20%. In addition, sorghum is highly efficient in its rate of photosynthesis. This
means it produces more biomass that can be recycled into the soil, which helps
maintain soil fertility and promotes more sustainable farming practices. Sorghum
stover (stem and leaves) can also be used for feeding ruminants, especially for those
new mutants with green leaves (Fig. 14.6).



14 Success of Mutation Breeding of Sorghum to Support Food Security in Indonesia 439

Fig. 14.6 Dwarf and early-maturing sorghum mutants with stay-green leaves at BATAN

14.5 National and International Collaboration

In carrying out mutation breeding research, BATAN has collaborated with many
counterparts, either national or international partnerships. National counterparts
include the Ministry of Agriculture, farming communities, private companies, and
some universities. Together with the Ministry of Agriculture, BATAN supported a
national food diversification program aimed at increasing food resilience through
sorghum mutation breeding research. Until now, Indonesia has been very dependent
on rice as a staple food. Rice is considered a high-input crop because it requires more
water (irrigation), fertilizers, and other inputs. In order to promote food security, the
Indonesian Government has launched a food diversity program, which means that
we should develop food sources other than rice. We found that sorghum is very
suitable for dryland in Indonesia, is a low-input crop, and can be used not only as
food but also as animal feed. BATAN has so far carried out mutation breeding of
sorghum and released some mutant varieties that were developed by some commer-
cial private companies to produce sorghum food products. Since the release of the
mutant varieties, sorghum has developed very well and its various food products
have become available in the local market. For example, when making a traditional
dish called Tumpeng, people usually use rice as the main ingredient, but now a
variation has been made using sorghum grains (Fig. 14.7).

The success of sorghum mutation breeding has also been recognized with the
Ministry of Agriculture’s Food and Agriculture Innovation Award in 2015, as well
as the 2016 Indonesian President’s 2016 Agrajan Satyalancana Pembangunanor
Award and Agricultural Development Award.
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Fig. 14.7 Indonesian traditional food “Tumpeng” made from sorghum grains

International counterparts include the Joint FAO/IAEA Program, the Forum for
Nuclear Cooperation in Asia (FNCA), the Japan Society for the Promotion of
Science (JSPS), and the Asia-Pacific Economic Cooperation (APEC). In collabora-
tion with the FAO/IAEA Joint Program, BATAN has been involved in many
technical cooperation (TC) projects, including National TC, Regional TC, and
Coordinated Research Program (CRP). These projects supported capacity building
for the country’s sorghum mutation breeding program. Senior researchers attended
scientific exchange meetings, while other junior researchers benefited from attending
regional training. As part of the regional project, Indonesia itself hosted some of
these scientific capacity-building activities, such as training on mutant screening for
abiotic stresses and molecular approaches for selecting desirable green traits in crops
under the RAS5077 project. Indonesia has also published scientific articles on
sorghum mutation breeding, such as in Atom Indonesia journal, Radioisotopes
journal, and the IAEA Plant Breeding and Genetics newsletter.

Thanks to its successful achievements, BATAN received the 2014 and 2021
Outstanding Achievement in Plant Mutation Breeding Awards from the Joint
FAO/IAEA Program (Fig. 14.8). Also in 2017, BATAN was appointed as an
IAEA Collaborating Center for Plant Mutation Breeding, whose activities include
collaborating mutation breeding research and organizing various types of IAEA
activities including professional meetings, scientific visits, and internships
(Fig. 14.9). Regarding mutation breeding, participants interested in joining the
training courses come from Asian and African countries such as Malaysia, Burkina
Faso, Malawi, Mozambique, Tanzania, and Togo (Fig. 14.10). The duration of
training can vary from 2 to 6 months depending on their wishes and budget
availability.
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Fig. 14.8 Outstanding achievement award from the Joint FAO/IAEA Program

Fig. 14.9 BATAN appointed as the IAEA Collaborating Center for Plant Mutation Breeding
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Fig. 14.10 IAEA training course on sorghum mutation breeding at BATAN, participants from
Malaysia, Malawi, and Togo

14.6 Conclusions

Sorghum is a potential food crop for Indonesia because it can support the national
food diversification program to maintain food security. However, sorghum is not of
Indonesian origin and the available genetic variation is limited. Attempts to increase
genetic variation were made through mutational breeding by treating seeds of the
Zhengzu variety (originating in China) with gamma radiation. Optimum doses of
gamma radiation for sorghum mutation breeding were found to be about
200–450 Gy. The mutant population derived from these irradiation doses yielded
the highest genetic variation in M2. In M5, 15 promising mutant lines were
evaluated together with parental and national control varieties in multilocus trials.
Agronomic data were collected, analyzed, and reported to the Variety Release Team
under the Ministry of Agriculture. Finally, three promising mutant lines ZH-30,
PATIR-1, and PATIR-4 were accepted for official release. The ZH-30 mutant line
was released in 2013 under the name Pahat, while the PATIR-1 and PATIR-4 mutant
lines were released in 2014 under the names Samurai-1 and Samurai-2. These mutant
varieties have been widely cultivated by stakeholders in Indonesia, estimated at
about 800,000 ha in 2018. Sorghum cultivation has a significant impact on
mitigating climate change, helping to maintain sustainable agricultural practices,
supporting the food diversification program, and enhancing food security in
Indonesia.
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Potential of Mutation Breeding in Genetic
Improvement of Pulse Crops 15
Souframanien Jegadeesan and Dhanasekar Punniyamoorthy

Abstract

Pulse crops are the primary source of dietary proteins for the predominantly
vegetarian population of the country and complement the carbohydrate-rich
cereals in ensuring nutritional security. Unlike conventional breeding, mutation
breeding through induced mutagenesis presents a powerful tool for creating
variability and offers scope for selection and genetic improvement of pulse
crops with narrow genetic base. Through mutation breeding, 331 pulse crop
varieties have been released worldwide, of which the highest of 122 have been
released from India (excluding legumes like soybean and groundnut). In India,
maximum number of mutant pulse varieties have been released in mung bean
(34) followed by black gram (18), cowpea (16), chickpea (12), pigeon pea (12),
moth bean (11), Lablab (6), lentils (4), horse gram (6), peas (2) and common bean
(1). Preponderance of gamma ray-induced mutant pulse crop varieties
exemplifies the potential of the physical mutagen in varietal development.
Apart from broadening the genetic base of pulse crops, induced mutagenesis is
increasingly being used as a tool for perusing functional genomics and, in
conjunction with new breeding techniques, offers scope for inducing site-specific
targeted mutations. In this chapter, we discuss the potential of mutation breeding
in genetic improvement of some important pulse crops.
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15.1 Introduction

Pulse crops are legume crops harvested exclusively for the dry seeds and exclude
those which are used primarily as vegetables (green beans, green peas) or for oil
extraction (soybeans and peanuts) or as forages (clovers, alfalfa). These fabaceous
crops are indispensable elements of Indian agriculture as they are the primary source
of dietary proteins for the predominantly vegetarian population of the country. They
also form the integral component of the subsistence farming and contribute to
sustained income of resource-poor farmers apart from ensuring nutritional security.
The important pulses cultivated in India include chickpea (Cicer arietinum), pigeon
pea (Cajanus cajan), mung bean (Vigna radiata), black gram (Vigna mungo), lentils
(Lens esculenta) and various beans. Some relatively hardy pulses capable of
withstanding low-moisture and high-temperature stresses and commonly referred
to as arid legumes include cowpea (Vigna unguiculata), moth bean (Vigna
aconitifolia), cluster bean (Cyamopsis tetragonoloba) and horse gram (Macrotyloma
uniflorum).

As the primary contributor of dietary proteins, pulses or legumes contribute
substantially to alleviating protein malnutrition. Rich in lysine and tryptophan
amino acids, legumes complement the sulphur-rich amino acids (cysteine and
methionine) of cereals in providing a wholesome protein, and therefore, a mixed
diet of pulses and cereals commands superior biological value. Pulses are also
important in soil amelioration owing to their innate nitrogen-fixing ability, and
their comparatively hardy nature enables them to perform relatively better even
under poor resources and variable climate. Among the food legumes, chickpea is
the major Indian legume contributing 43.3% to the country’s total legume produc-
tion followed by pigeon pea (15.3%), black gram (10.6%) and mung bean (8.6%). In
2018–2019, India imported 15.1 million tonnes of edible oils and 2.6 million tonnes
of legumes worth 10.5 billion USD (DACandFW 2019). Annual consumption of
these is expected to increase further with increased urbanization, higher disposable
incomes and burgeoning population, necessitating more imports. Despite their high
economic importance, national productivity levels compare poorly with the rest of
the world. Many of the issues attributed to lower productivity were narrow genetic
base, lack of tolerance to biotic and abiotic stresses, lack of quality seeds of
improved varieties and restriction of these crops on marginal areas with poor inputs.
The low productivity further aggravates the widening demand-supply gap entailing
import of pulses leading to great economic loss to the exchequer.

Induced mutagenesis is one of the important tools to induce genetic variability,
which is the basis for any crop improvement programme. Mutations are the ultimate
sources of genetic variation and provide the raw material upon which other factors of
evolution act. Mutagenesis is predominantly carried out not only in autogamous
diploids like legumes or allopolyploid crops and ornamentals, but also to some
extent in allogamous crops in which, however, more methodological difficulties
need to be conquered. Mutagenesis in plants can be achieved by using physical
(ionizing and non-ionizing radiations) or chemical agents. However, several practi-
cal problems with chemical mutagens have been identified, which include soaking of



seeds, penetration of the relevant target cells, safety of handling, and disposal among
many others (Micke et al. 1990). Among the radiation-based methods, gamma
irradiation is known to be the most effective in inducing a wide range of mutations
(Bado et al. 2015), due to their deeper penetration power (Mba et al. 2012) and less
destructive nature (Sikora et al. 2011). By induced mutations, 3365 mutant varieties
were registered in more than 240 different crop and plant species. Among these, the
largest number of varieties released is in China—817, followed by Japan—479 and
India—415 (updated by adding 74 pulse crop varieties). As per the Mutant Variety
Database of the IAEA, globally, 244 mutant pulse crop varieties have been released
in 17 species (IAEA-MVD 2021). From various authentic online resources, we have
now updated the total number to 331. By developing 122 pulse mutant varieties in
11 species, India (Table 15.1) stands first followed by Pakistan and the Russian
Federation (30 each), Bangladesh (29), the USA (26) and Poland (23). In this
chapter, we discuss the potential of mutation breeding in varietal development and
the impact of mutant varieties in some important pulse crops of relevance to India,
especially chickpea, pigeon pea, mung bean, black gram and cowpea.

15 Potential of Mutation Breeding in Genetic Improvement of Pulse Crops 447

15.2 Genetic Bottlenecks

The appalling genetic potential of pulses could be primarily ascribed to their inherent
narrow genetic base that constrains their genetic improvement in making superior
selections. The domestication events capture only a small fraction of the genetic
diversity (Ladizinsky 1985), and subsequently, the gene flow between the
domesticated cultivars and its wild ancestors is restricted by the breeding system
(Cooper et al. 2001). In pulse crops like chickpea, crop introduction followed by
natural selection has resulted in desi and kabuli ecotypes (Kumar et al. 2004). The
small population sizes emanating from either novel introductions or crop losses
could consequently lead to random genetic drift and eventually loss of genetic
diversity. The lack of diversity could also have stemmed from previous breeding
practices. For instance, in pulses, the lineage of released varieties showed predomi-
nance of a small number of parents or high degree of relatedness between parents. In
pigeon pea, 57 parental genotypes were used to develop 47 varieties through
hybridization, while in urdbean, a total of 70 varieties were released involving
only 26 parental genotypes. The genotypes ‘T 1’ and ‘T 190’ were involved in
34% of the pigeon pea varieties, while ‘T 9’ and ‘T 1’ appeared in 64% and 35% of
urdbean and mung bean varieties, respectively (Kumar et al. 2004). Such extensive
and repetitive use of superior genotypes with common ancestors delineated the
narrow genetic base of the released varieties, and therefore, broadening the genetic
base is vital for sustainable production in major pulse crops.
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15.3 Approaches for Broadening the Genetic Base

The major objective of any crop improvement programme involves development of
biotic and abiotic stress-tolerant high-yielding crop varieties, the success of which
critically depends on the extent of genetic variation available for selection. For
broadening the narrow genetic base of legumes, it is paramount to exploit new and
diverse sources of variation. Hybridization, recombination and mutation (spontane-
ous and induced) contribute to creating variability. More variable landraces, exotics
and wild relatives that are stockpiles of novel genes have been exploited through
wide hybridizations and pre-breeding efforts in some pulse crops (Di Vito et al.
1996). However, their utilization in crop improvement is largely limited owing to
reproductive isolation, genetic incompatibilities and linkage drags. Among all the
breeding methodologies adopted, mutation breeding has become a proven tool for
creating variation within a crop variety and offers the possibility of inducing novel
attributes that either cannot be found in nature or have been lost during evolution.

15.4 Mutation Breeding

Mutation breeding is the process of inducing mutations (mutagenesis) to generate
variability and utilizing this variability to detect variants/mutants with desirable traits
for breeding better crop varieties. More like the conventional breeding and unlike the
genetically modified organisms (GMOs), no regulatory restrictions are imposed on
mutation breeding (Parry et al. 2009). Mutation breeding is all about mutation
induction (exposing seeds or any plant propagules to chemical(s) or radiation
(s) primarily to induce variability for the trait of interest), mutation detection (mutant
screening from a large mutated population) and mutant confirmation (putative
screened-in mutants are evaluated for their true breeding nature under controlled
or replicated environments through progeny testing) for crop improvement.
Selecting a mutagen and its optimal dose for irradiating any genotype in any plant
species is an important step in mutation breeding programme. Radio-sensitivity
assays for physical mutagens are necessitated to ascertain the optimal dose for
inducing useful mutations with least possible unintended damage. In comparison
to cereals, the success saga of mutation breeding in grain legume improvement is
relatively limited, albeit the latter housing majority of autogamous crop species and
mutagenesis being predominantly suitable for autogamous diploids. There is a
tremendous scope to augment the application of induced mutations in genetic
improvement of pulses.

15.5 History of Mutation Breeding in Pulses

The application of mutation breeding in pulses commenced post-demonstration of
mutation induction by X-rays in barley by Stadler (1928). The first legume variety
through mutation breeding was released in groundnut (N.C. 4-X) in the USA way



back in 1959 (Gregory 1955) using X-rays. Since then, nearly 408 mutant varieties
of legume crops belonging to 24 different crop species have been released for
cultivation worldwide (Kharkwal et al. 2005). In India, a total of 122 pulse crop
varieties (excluding peanuts and soybean) as enlisted in Table 15.1 have been
developed through mutation breeding. Crop improvement using classical mutagene-
sis is now well standardized, and as a result, new methods of radiation treatment, as
well as chemical agents with mutagenic properties, are serving as invaluable tools
for augmentation of the genetic variation in pulse crops. The useful mutations of
spontaneous or induced origin are being exploited in crop improvement.

15 Potential of Mutation Breeding in Genetic Improvement of Pulse Crops 459

15.6 Spontaneous Mutations

Spontaneous mutations arise naturally from a variety of sources, including errors in
DNA replication, spontaneous lesions, transposable genetic elements or as a result of
background radiations, without any deliberate mutagen intervention. Such mutants
are treated akin to induced mutants in varietal development. The Lablab variety ‘Co-
9’, supposedly the first spontaneous mutant pulse variety, was later on used to derive
a series of mutant varieties [‘Co-11’, ‘Co-12’, ‘Co-13’, ‘Co(GB)14’] through
hybridization with other genotypes. In black gram, a spontaneous mutation resulted
in the direct release of mutant variety ‘Vamban-2’ in 1997. In pulses, only 2% (7) of
the mutant varieties have been developed by exploiting spontaneous mutants
(Tables 15.1 and 15.3; Figs. 15.1, 15.2 and 15.3).

15.7 Induced Mutations

Majority of the pulse mutant varieties developed across the world are through
induced mutagenesis. Both physical and chemical mutagens have been used apart
from a combination of both. The data of released mutant varieties shows that 54%
(180) of them have been developed through physical mutagens, 20% (65) through
chemical mutagens and 2% (8) through a combination of both (Table 15.2;
Figs. 15.1, 15.2 and 15.3). Among the physical mutagens, gamma rays have been
primarily used to release maximum varieties (141) followed by X-rays (29). Fast
neutrons have been used exclusively in India to release 8 mutant varieties in pulses.
Among the chemical mutagens, maximum varieties were developed through EMS
(32), followed by EI (7), DMS (4), NMU (3) and MMS (2) (Table 15.3).

15.7.1 Physical Mutagenesis

Physical mutagens, namely UV-rays, X-rays, gamma rays, beta particles, and fast
and thermal neutrons, have been primarily used for the induction of mutation in
various crops including pulses (Saima Mir et al. 2020). Physical mutagens are more
commonly preferred by breeders as compared to the chemical mutagens. The history
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Mutagen category

of mutant varieties in pulses showed that the initial phase of mutation breeding in
early 1970s was largely based on X-rays, which shifted to fast neutrons in 1980s and
were widely replaced with gamma rays thereafter. A rapid glance through Table 15.2
shows that the majority of mutant varieties were developed through gamma rays.
Fast neutrons have predominantly been used in crops like chickpea and pigeon pea
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Fig. 15.2 Use of different mutagens in the release of pulse crop varieties worldwide

Fig. 15.3 Use of different mutagens in the release of pulse crop varieties in India

Table 15.2 Contribution of different mutagen types to the release of mutant pulse crop varieties

Number of mutant pulse crop varieties

India Rest of world Worldwide

Chemical 12 53 65

Physical mutagen 62 118 180

Combination (physical + chemical) 5 3 8

Spontaneous mutation 6 1 7

Unknown 37 34 71

Total 122 209 331



for varietal improvement. Physical mutagens induce deletions and chromosomal
rearrangements unlike the chemical mutagens that largely induce point mutations.
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Table 15.3 Contribution of different mutagens to the release of mutant pulse crop varieties

Mutagen Rest of world India Worldwide

EMS 28 4 32

DMS 0 4 4

MMS 0 2 2

NMU 3 0 3

EI 6 1 7

MNH 1 0 1

dES 1 0 1

NEU 1 0 1

NEU + NMU 1 0 1

NEU + NMU + DES + DMS + EI 1 0 1

NMH 1 0 1

NMU + EI 1 0 1

NMU + EI + DMS 1 0 1

Datura extract 1 0 1

Unknown chemical mutagen 7 1 8

Unknown physical mutagen 1 0 1

Gamma rays 88 52 140

X-rays 27 2 29

Physical + chemical mutagen 3 5 8

Spontaneous mutation 1 6 7

Recurrent (gamma) 1 0 1

Recurrent (gamma + X-rays) 1 0 1

Fast neutrons 0 8 8

Not known 34 37 71

Total 209 122 331

New effective methods with higher mutation induction ability are highly desired
for the success of the mutation breeding. Apart from the conventional electromag-
netic radiations, like X-rays and γ-rays, electron beam is now looked upon as an
alternative source of energy to induce mutations. Electron beams in contrast to
gamma rays are generated using particle accelerators that can be switched on or
off (Park and Vestal 2002). Electron beams have very high absorbed dose rate (Zhu
et al. 2008) and low penetrating power in comparison to γ-rays. Also, pursuant to
their charge and mass, electron beams are limited by their kinetic energy and exhibit
higher linear energy transfer (Nishant et al. 2020). In pulses like black gram, electron
beams have been observed to induce higher mutation frequency and wider spectrum
of mutations than γ-rays (Souframanien et al. 2016). However, Eswaramoorthy et al.
(2021) reported gamma rays and electron beam to induce higher biological damage
than EMS in cowpea.
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The use of ion beams for mutagenesis has gained momentum presently to
generate novel mutants as they have been shown to present higher relative biological
effectiveness (RBE) and induce both single- and double-strand breaks in DNA. Ion
beams have been reported to produce higher mutation frequency and induce wider
spectrum of mutants. It is plausible that ion beams induce a limited amount of large
and irreparable DNA damage, resulting in the production of a null mutation that
shows a new mutant phenotype. They are also known to induce minimum number of
mutations compared to other mutagens (Tanaka et al. 2010). China and Japan are
pioneers in utilizing ion beams in producing a large number of mutant varieties
(Nakagawa 2009; Wu et al. 2005), especially in flowers and ornamentals.
Low-energy ion beams have also been used to produce improved crop varieties in
rice (Kitamura et al. 2006). Their utility in pulse improvement is yet to be exploited.
In cowpea, proton beam showed lower LD50 and RD50 in comparison to gamma
rays. Antioxidant enzymes were found to react more to proton beams, while gamma
rays had greater effect on chlorophyll content (Kang et al. 2020).

15.7.2 Chemical Mutagenesis

The discovery of the highly mutagenic nature of some chemicals like mustard gas
(Auerbach and Robson 1946) led to the unearthing of a number of chemical agents
that increased the frequency of artificially induced point mutations and were
categorized as base analogues, acridine dyes, nitrous acid, hydroxylamines, etc.
The most commonly used chemical mutagens include methyl methanesulphonate
(MMS), ethyl methanesulphonate (EMS), diethyl sulphate (DES), methyl
nitrosourea (MNH), ethyl nitrosourea (ENH) and ethyleneimine (EI), all of which
belong to a special class of alkylating agents. All these chemicals react with DNA by
alkylating the phosphate groups, and also the purine and pyrimidine bases, or react
with guanine or thymine by adding an ethyl group which causes the DNA replication
machinery to recognize the modified base as an adenine or cytosine, respectively,
causing GC-to-AT base pair transitions (Till et al. 2004, 2007). The dose of a
chemical mutagen mainly depends upon the concentration, duration of treatment
and temperature during treatment. The strong carcinogenic nature of these chemical
mutagens and the difficulties and precautions to be observed while handling and
disposal of these chemicals generally discourage their use by the breeders. A range
of modifying factors like pre-soaking, pH of solution, metallic ions, carrier agents,
post-washing, post-drying and storage of seeds greatly influence the efficacy of
mutagenesis. In varietal development of pulses, the chemical mutagens like MMS
and DMS have been widely used in black gram and cowpea, respectively. EMS has
been the choice in the varietal development of mung bean, pigeon pea and moth
bean, while EI has been successful in peas. Apart from this, a variety of other
chemical mutagens including sodium azide, hydrazine hydrate (Wani et al. 2018),
caffeine (Shahwar et al. 2020) and heavy metals like lead and cadmium nitrate
(Shahwar et al. 2019) have been used in pulses for induction of mutations.
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15.7.3 Space Mutagenesis

A new emerging field of mutagenesis known as space mutagenesis involves induc-
tion of mutation in space where a clean environment with strong cosmic radiation,
near-zero gravity and weak geomagnetic fields under vacuum provide conducive
atmosphere for inducing a novel spectrum of mutations (Liu et al. 2009). Induction
of mutation in seeds is carried out in space using returnable satellites, space shuttles
or high-altitude balloons and proves advantageous over gamma rays in producing
lower physiological damage. China is the pioneer country to have exploited space
mutagenesis since 1987 and have developed more than 66 varieties in various crop
species like rice, wheat, cotton, sesame, pepper, tomato and alfalfa (Liu et al. 2009).
In mung bean, China has released two lodging-resistant dwarf varieties, Zhonglyu
No. 8 and Zhonglyu No. 12, through space mutation (Wang and Cheng 2018a, b).
Long-pod mutant in mung bean (Qiu et al. 1998) and large-grain mutation in adzuki
bean (Shi et al. 2000) are some of the breakthrough mutations induced in pulses
through space mutagenesis.

15.8 Optimal Dose and Genotypic Sensitivity

The success of any mutation breeding programme is largely dependent on the
selection of appropriate dose for maximizing recovery of useful mutations apart
from other factors. The varying sensitivities of different crops or species and even
different genotypes within a species to mutagenic treatments (Olasupo et al. 2016)
necessitate the need to identify crop-wise or genotype-wise optimal dose. Treatment
with optimal doses of mutagen maximizes recovery of useful mutations with least
unsolicited damages with above-optimal dose leading to increased mortality while
below-optimal doses result in low mutation frequencies. The usual strategy to
choose doses based on LD50 values (50% lethality) is often argued to be disadvanta-
geous owing to the fact that the desirable mutations could be either lost or
disregarded due to plant mortality or poor agronomic performance (Oldach 2011).
Therefore, doses causing less than 50% lethality, e.g. LD20 or LD30, with 80–70%
survivability or less than 50% growth reduction (GR50) are understandably more
desirable in autogamous plants like legumes. Maluszynski et al. (2009) also stressed
the importance of low doses for mutation induction in high-quality genetic
backgrounds.

Radio-sensitivity assays for physical mutagens are carried out with a series of
doses to identify the LD50 or GR50 values prior to determination of optimal dose.
Based on the previous experiments, the doses for mutation breeding in different
pulse crops have been standardized for gamma rays at Bhabha Atomic Research
Centre, Mumbai, India. A dose range of 300–400 Gy is effective in case of mung
bean and urdbean, whereas in pigeon pea a dose range of 100–200 Gy is helpful. In
cowpea, 200–300 Gy has been found to be efficient, while in chickpea 300–400 Gy
has been effective in inducing useful mutations. In recent times, radio-sensitivity
assays of different crops for electron beam have been done and LD50 for different



crops has also been ascertained (mung bean: 500 Gy; urdbean: 400 Gy; chickpea:
300 Gy; and cowpea: 270 Gy) (Souframanien et al. 2020). Radio-sensitivity has also
been found to vary with seed testa texture, thickness and seed weight. In cowpea, the
LD50 for gamma rays with respect to seedling survival was low in accessions with
rough seed testa (149–357 Gy), while it was higher in accessions with smooth testa
(449–620 Gy). Low-dose (100 Gy) irradiation was observed to increase the plant
vigour in M1 seedlings, while progressive reductions were detected at higher doses
(Olasupo et al. 2016). In soybean, the optimal dose for proton beam irradiation was
reported to be between 250 and 300 Gy (Im et al. 2017). For inducing morphological
mutations, EMS doses in the range of 0.01–0.8% have been stated to be beneficial. In
cowpea, the LD50 value for EMS has been determined to be 50 mM (Yaseen et al.
2020).
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Various factors like native plant species, target tissue, water content in the target
tissue, temperature, oxygen level and dose rate influence the consequence of induced
mutations. Water content of seeds critically affects mutation frequency, and seeds
with less than 12–14% moisture usually yield higher mutation frequency. Similarly,
for chemical mutagenesis, pre-soaking of seeds in water for 8–12 h and post-
treatment drying are very critical. Likewise, the handling of different mutant
generations also plays a key role in mutation breeding. The mutagen-treated seeds,
referred to as the first generation (M1), do not express the often-recessive heterozy-
gous mutations. The predominance of lethality in this generation also affects the M2

population size and hence the mutant recovery. The attaining of homozygosity of the
mutant allele usually in M2 generation makes it very critical as most of the mutations
would be visually detectable for selection.

15.9 Mutagenic Effectiveness and Efficiency

The optimal dose of mutagen is dependent on the effectiveness as well as efficiency
of the mutagens. Effectiveness refers to the number of mutations per unit dose, while
efficiency pertains to the ratio of specific desirable mutations to undesirable effects
like height reduction, chromosomal breakages, sterility or lethality. The rate of
biological damages like the seedling injury and pollen sterility increases with
increasing mutagenic doses in comparison to mutation frequency, and hence, effi-
ciency of mutagens at lower doses or concentrations is presumably high (Konzak
et al. 1965). Various contrasting reports on the efficiency and effectiveness of
different mutagens could be attributed primarily to genotypic differences. Gamma
rays were found to be more efficient than EMS in inducing chlorophyll mutations in
black gram and soybean (Vanniarajan et al. 1996; Khan and Tyagi 2010;
Deepalakshmi and Kumar 2003). In mung bean, MNNG, EMS and HA were more
effective than gamma rays, while gamma rays were more efficient than chemical
mutagens (Grover and Virk 1984). In chickpea, HZ and SA were more effective than
EMS (Khan et al. 2005). Dhanavel et al. (2008) reported decrease in effectiveness
with increasing concentrations of EMS, DES and SA in cowpea. Kharkwal (1998a),
while studying the comparative effectiveness and efficiency of gamma rays, fast



neutrons, NMU and EMS in chickpea, established that NMU was the most potent
mutagen, EMS was the least efficient and gamma rays were the least effective.
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15.10 Mutant Screening

In mutation breeding, the larger the M2 population, the higher the probability of
success rate. M2 population has to be critically observed at different stages of growth
and development to isolate desirable mutants. Morphological mutants could be
identified visually by screening large population. For identification of disease-
resistant mutants, it becomes imperative to grow the M2 population in hotspots, or
alternatively, they could be screened under artificial epiphytotic conditions like
infector rows or spraying of inoculum. Often, certain complex mutation events
including quantitative traits segregate at higher generations like M3 or M4, and
therefore, screening should be suitably delayed to later generations. The agronomic
performance of these mutants frequently needs improvement if found otherwise by
repeated back-crossing or through suitable hybridization programmes (Kharkwal
et al. 1988; Rheenen et al. 2003; Shah et al. 2006).

15.11 High-Throughput Mutation Detection and Screening
Techniques

DNA marker techniques are increasingly being used in plant mutation breeding and
genetics for tracing the pedigree of induced mutants and tagging important
mutations. Markers tightly linked with mutant traits can be used for marker-assisted
selection (MAS), pyramiding and cloning of mutant genes. Several innovative
approaches have been introduced that discriminate the mutations in the mutagenized
population. Targeting Induced Local Lesions in Genomes (TILLING), a novel,
reverse genetics approach, combines advantages of point mutations provided by
chemical mutagenesis, with advantages of high-throughput PCR-based mutant
screening (McCallum et al. 2000) for identifying allelic variants. With the advent
of next-generation sequencing (NGS), several remarkable techniques like MutMap
(mapping-by-sequencing) and MutChromSeq (helps to assort the desired genes in
shortest time span) are helpful in identifying basic changes induced through muta-
genesis (Sánchez-Martín et al. 2016). The prior information on gene sequences
enables the assessment of gene function and identification of mutations through
RNAi, TILLING and ECOTILLING techniques (Till et al. 2007). Techniques
including SHOREmap (SHOrtREad map), next-generation mapping (NGM),
MutMap, MutMap+, Mut-Map-Gap and QTL-Seq have been demonstrated success-
fully for mapping of causal mutation sites wherein prior information of gene
sequences is lacking (Schneeberger et al. 2009; Austin et al. 2011; Abe et al.
2012; Fekih et al. 2013; Takagi et al. 2013a, b). Song et al. (2017) mapped genes
controlling cotyledon colour using the yellow and green cotyledon colour mutants in
soybean by employing QTL-Seq approach.
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15.12 Types of Mutations

15.12.1 Chlorophyll Mutations

Chlorophyll mutations are primarily used to evaluate the genetic effects of various
mutagens. They are the telltale signs of irradiation that can be visibly and readily
observed in M2 generation. Chlorophyll mutation frequency in M2 has been reported
to be the most dependable index for evaluating the genetic effects of mutagens
(Kharkwal 1998b; Waghmare and Mehra 2001). Gustafsson (1940) grouped chloro-
phyll mutations into albina, xantha, viridis, chlorina, striata, tigrina and maculata
classes. In pulse crops, a wide range of mutations like chlorina, virescens, viridis,
flavoviridis, albo-viridis, chlorina-terminalis, chlorina-virescens, albovirescens,
chlorotica, albina, xantha, coppery and variegated have been reported (Goyal and
Khan 2010; Bhosale and Hallale 2011). Chemical mutagens have been found to
induce chlorophyll mutations at higher frequencies in comparison to physical
mutagens in chickpea (Kharkwal 1998b) and grass pea (Waghmare and Mehra
2001). In black gram, albinos were found to be the least frequent, while chlorina
and xantha were recorded maximum at higher doses (Hemavathy and Ravidnran
2005). In cowpea, a dose-dependent increase in the spectrum and frequency of
chlorophyll mutations was observed irrespective of whether mutagens were applied
singly or in combination. Singly, EMS was found to be more efficient than gamma
rays in inducing chlorophyll mutations, while the combination of EMS and gamma
rays was the most efficient of all (Bind et al. 2016).

15.12.2 Mutations Affecting Morphological and Other Quantitative
Traits

Mutations affecting the morphology of the plants are visually observable and have
been widely reported across the pulse crops. They encompass a wide range of
mutations affecting the size, shape, texture, colour, number, stature and arrangement
of various plant parts such as leaves, pods, seeds, flowers, stems, branches and
peduncles. Many of these mutations affecting quantitative traits are polygenic and
could be the pleiotropic manifestations of mutated genes or chromosomal
aberrations. Morphological mutations affecting yield-attributing traits are of primary
concern to the breeders as they ultimately contribute to yield enhancement. Wide
array of morphological mutants affecting various plant parts in different pulse crops
like chickpea, mung bean, black gram, cowpea, soybean, moth bean, lentils and
grass pea have been isolated following irradiation at 100–500 Gy gamma rays and by
using different chemical mutagens. Contrasting plant statures like dwarf mutants and
tall mutants have also been reported in these pulse crops (for back references, refer to
Rafiq Wani et al. 2014; Kumar et al. 2019). Certain morphological mutants like
flower colour gain attention as they could serve as genetic markers in different
breeding programmes (Datta and Sengupta 2002; Atta et al. 2003). Bushy mutants
with increased yield and high photosynthetic efficiency were identified in cowpea



(Gnanamurthy and Dhanavel 2014) and mung bean (Naik et al. 2002). Leaf
mutations pertaining to colour, leaflet size and number, and shape and length of
leaflets and rachis have been reported in a number of pulse crops including black
gram (Bhosale and Hallale 2011), lentil and faba bean (Shahwar et al. 2019), though
most of them were sterile or poor yielders. Mutations affecting pods and seeds have
been reported in various pulse crops like lobed and hairy-pod mutants in black gram
(Bhosale and Hallale 2011) and long-pod and large-seeded mutants in mung bean
(Arulbalachandran and Mullainathan 2009), chickpea (Shah et al. 2011), lentil
(Amin et al. 2015) and faba bean (Khursheed et al. 2019). Mutations affecting
testa colour have been reported widely in these pulse crops. Gaafar et al. (2016)
isolated a black-coat-colour mutant from a white-seeded parent in cowpea, which
segregated for colour, eye pattern and seed texture. Nodulation mutants like Nod-
(no nodules), nod+/- (few or no nodules), fix- (ineffective nodulation), nod++
(supernodulation or hypernodulation), nts (nitrate-tolerant symbiosis), nitrate-
tolerant nodulation, ethylene resistant (insensitivity) and Mycorrhiza resistant
(myc), and nitrate reductase deficient (nar) have been identified in various legume
crops (reviewed in Suresh and Kumar 2020) including a dwarf cowpea with higher
nitrogen-fixing ability (Anjana and Thimmaiah 2002).
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Role of mutation breeding in increasing the genetic variability for quantitative
traits in various crop plants has been proved beyond doubt (reviewed in Goyal and
Khan 2010). Number of branches and pods, yield, pod length, plant height, etc. have
been improved due to the effect of mutagens in various pulses. Negative effects have
also been reported in black gram, wherein plant height, pods per plant and yield were
negatively affected by gamma ray treatment (Manapure et al. 1998). In pulse crops,
mutants for high yield, high protein content, early maturity, root nodulation, erect
plant type, determinate growth and compact growth habit have been extensively
identified (Rafiq Wani et al. 2014). In cowpea, a large-seed-size mutant (>30%) was
isolated upon exposure to low-dose gamma irradiation (50 Gy) (Gaafar et al. 2016),
and high-yielding mutant lines were identified following sodium azide and gamma
ray treatment (Raina et al. 2020). Mutants with significant increase in pod lengths
have been induced using gamma rays and chemical mutagens like EMS, HZ and SA
in black gram, mung bean, cowpea, chickpea and cluster bean (Wani et al. 2011,
2018; Barshile 2006; Sharma and Singh 1992; Singh and Agarwal 1986), while a
large-seeded mutant with vigorous growth and more leaves and pods was induced by
gamma rays and EMS in black gram (Singh et al. 2000). Mutagenic agents with
higher efficiency induce more multiple mutations (more than one mutation in a
single plant (Sharma 1969)), and such mutations may accumulate several desirable
characters within one plant. Also, the frequency of morphological mutations has
been found to increase with increasing doses of the mutagen (Thakur and Sethi
1995). Multiple mutations have been reported earlier by Kharkwal (1999) in chick-
pea, Appa Rao et al. (1975) in black gram, Odeigah et al. (1998) in cowpea and Auti
and Apparao (2009) in mung bean. Therefore, both physical and chemical mutagens
could be effectively used to induce mutations for morphological and quantitative
traits in pulse crops.
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15.13 Mutants in Cross-Breeding

The agronomically poor morphological mutants could be exploited in hybridization
programmes to introgress some of the useful traits into elite, high-yielding genetic
backgrounds towards varietal development. Similarly, micro-mutants, with hitherto
invisible mutations, are also useful in developing new crop varieties. Gaul (1964)
emphasized that micro-mutations are useful in plant breeding as they occur more
frequently than macro-mutations and often do not adversely affect the viability in
comparison to macro-mutations. Morphological mutants play a pivotal role in
restructuring the crop ideotype and contribute immensely towards varietal develop-
ment. Usually, the mutants by itself may not be appropriate for release as varieties,
but have the potential to be more productive, when used in cross-breeding (Pawar
et al. 2000). Moreover, negative traits of the pleiotropic spectrum could be
eliminated to some extent from the positive ones, by transferring it into a specific
genotypic background (Sidorova 1981). For example, a black gram variety,
No. 55, was irradiated with gamma rays (150–750 Gy) and fast neutrons
(20–60 Gy) to obtain mutants having variation for numerous morphological traits.
The large-seed mutants, ‘UM 196’ (dark-green leaf mutant) and ‘UM 201’, were
used in hybridization with the elite cultivar ‘T-9’ for developing high-yielding black
gram varieties ‘TAU-1’, ‘TAU-2’ and ‘TPU-4’ (Pawar and Manjaya 1996). So far,
122 pulse crop varieties have been developed through mutation breeding and
released for cultivation in India. Fifty of these varieties are the derivatives of mutants
developed through cross-breeding with a mutant.

15.14 Mutation Breeding for Yield and Varietal Development
in Pulses

Micro-mutations are quite useful in improving quantitatively inherited traits (such as
yield) as they do not interfere much with genotypic and phenotypic architecture of
the crop while enhancing the genetic variability. The significance of micro-
mutations in evolution (Baur 1924) was recognized well before the importance of
physical and chemical mutagens in inducing mutations for polygenic characters was
elucidated (Gregory 1955). In pulses, numerous efforts have been made to study the
mutagenic effect of various mutagens in inducing mutants with high yield potential
and other desirable traits. Both physical and chemical mutagens, alone or in
combinations, have been used in pulses for generating variability in yield-attributing
quantitative traits. Gupta and Swaminathan (1967) suggested identification of
promising mutants in M2 based on mean and variance. The efficiency of early-
generation (M2) selection in mutation breeding experiments has been reported in
crops like lentil (Solanki and Sharma 2002) and green gram (Tickoo and Chandra
1999). The coefficients of variation for all polygenic traits were of higher magnitude
in M3 generation. In rice bean, the lower doses (300 Gy in gamma rays and 0.50% in
EMS) were found to be the most effective in generating variability and three traits,
viz., pods per cluster, seeds per pod and pod length that showed high heritability



coupled with high genetic advance. This indicated that breeding for these traits could
be achieved by phenotypic selection (Patial et al. 2017). The role of mutation
breeding in yield improvement towards varietal development in some of the impor-
tant pulse crops is discussed. Realizing the significance of legumes in improving
nutrition and livelihood of poor farmers, there is a need to breed new crop cultivars
with a broad genetic base, capable of withstanding frequent climatic fluctuations, as
well as with resistance/tolerance to biotic and abiotic stresses.
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15.14.1 Chickpea

Among the pulses, chickpea (Cicer arietinum L.) is one of the most widely grown
legume crops ranking first in area and production in India and contributes 65% of the
global production. Mutation breeding has significantly contributed to the genetic
improvement of chickpea, and 34 varieties have been developed worldwide using
mutation breeding, of which 12 are of Indian origin (Table 15.1). The foremost
variety ‘Plovdiv-8’was released in Bulgaria in 1979 followed by the early- and high-
yielding variety ‘M699 (Hyprosola)’ in 1981 by Bangladesh. Gamma ray is the most
commonly used mutagen with dose ranging from 100 to 450 Gy to be most
successful in varietal development (Table 15.1). In addition, fast neutrons and
EMS have been employed for developing mutant varieties. India, Bangladesh and
Pakistan are the prime contributors, while Bulgaria, Egypt and Turkey have released
one variety each. Besides high yield performance under late-sown conditions,
chickpea mutant variety ‘Pusa—547’ has attractive bold seeds, thin testa and good
cooking quality (Kharkwal et al. 2005). The green testa variety ‘PKV Harita’
developed by Dr. PDKV, Akola, has been developed through hybridization with a
green-seeded mutant ‘121-1’. Majority of the mutant varieties are direct mutants
(Table 15.1). Kabuli chickpeas are more sensitive to mutagens than the desi types
(Sharma and Kharkwal 1982). Gamma rays and EMS were more effective in
mutation induction in large-seeded and small-seeded types, respectively (Pathania
and Sood 2006). Several workers have so far reported encouraging results on the
induction of useful quantitative variability in chickpea (Kozgar et al. 2012; Khan
et al. 2004; Canci et al. 2004; Cagirgan and Toker 2004). The additive gene effects
and high estimates of heritability in yield and yield components in mutant
populations are useful and would enable breeders to exercise selection based on
phenotypic performance (Navnath and Subhash 2015; Amri-Tiliouine et al. 2018).

15.14.2 Pigeon Pea

Pigeon pea is the second most important pulse crop of India, and nearly 70% of
global area under pigeon pea cultivation is in India. All of the 12 pigeon pea mutant
varieties have been developed from India (Table 15.1). The first variety ‘Co-3’ was
developed by TNAU in the year 1977 through EMS treatment. Thereafter, in 1983,
‘TT 6’ (Trombay Vishakha 1), a large-seeded variety developed from ‘Type-21’



using fast neutrons as mutagen, was released from BARC, Mumbai. In 1984, inter-
mutant cross involving two fast-neutron-induced mutants resulted in the release of
an extra-early-maturing (115–120 days) variety ‘TAT-10’. Later on, by involving
‘TT-6’ in hybridization with ‘ICPL84008’, three highly successful varieties ‘TT-
401’, ‘TJT-501’ and ‘PKV-TARA’ were released in 2005, 2007 and 2013, respec-
tively. ‘TT-6’ was also involved in a four-way cross resulting in ‘CO(RG)-7’ variety
in 2004. The ‘CO-5’ which is an early, photo-insensitive variety was released in the
year 1984 and was later used to derive a male sterile line involved in the develop-
ment of ‘COPH-2’ hybrid in 1997. The gamma ray-induced mutant variety ‘Co-6’
was hybridized to derive ‘Co-9’ variety in 2019. Excepting ‘CO-3’, all the mutant
varieties have been evolved directly or indirectly through physical mutagens.
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15.14.3 Mung Bean

Induced mutations have played a determinative role in the genetic improvement of
mung bean. A variety of reports suggest that mutation has a great potential in genetic
improvement of mung bean including yield. The mutagens like gamma rays, elec-
tron beam, EMS and epichlorohydrin have been reported to induce mutations
affecting yield-attributing traits (Singh et al. 2001; Khan and Goyal 2009; Dhole
and Reddy 2018a). At 0.1% EMS concentration in green gram, there is an enhance-
ment in crop phenology and yield (Arulbalachandran and Mullainathan 2009). In
mung bean, nearly about 65 varieties have been developed through mutation breed-
ing, of which more than half (34 varieties) have been released from India
(Table 15.1). Nearly 50% of the varieties have been developed through hybridization
involving a mutant. Five varieties have been developed subsequent to the irradiation
of F1 hybrid seeds. One-fourth (8 varieties) of the varieties released in India have
been developed by BARC, Mumbai. The other major contributors include Pakistan,
Bangladesh, Thailand and Indonesia. Gamma rays have been exclusively used in the
dose range of 100–600 Gy for successful development of mung bean mutant
varieties.

15.14.4 Urdbean

In black gram, the survey yielded a number of reports wherein mutation has been
observed to affect a wide range of traits. Mutations affecting plant architecture such
as dwarf and tall plant types, leaf size and shape, increased branch number, branch
position, stem girth, early and late flowering, increased pod number, pod and seed
colour, and increased primary and lateral root length have been induced through
EMS and gamma rays (Dhasarathan et al. 2017; Souframanien et al. 2016; Usharani
and Kumar 2015; Makeen et al. 2013; Kumar et al. 2009; Sinha and Bharati 1990).
Significant levels of variability were induced for yield and other yield-attributing
traits following gamma rays and EMS treatments (Arulbalachandran and
Mullainathan 2009; Vanniarajan et al. 1996; Hepziba and Subramanian 1994;



Kundu and Singh 1982). Nearly about 19 varieties have been released through
mutation breeding in black gram, and all the varieties except one have been released
from India. Five of the 18 mutant varieties in India have been developed by BARC,
Mumbai. Gamma rays and MMS have been successfully exploited in the varietal
development. The BARC-bred variety ‘TAU-1’ way back in 1985 has wreaked
revolution in black gram cultivation in India. During its peak cultivation, more than
90% of the black gram area in Maharashtra state was occupied by this variety. Most
of the varieties possess resistance against yellow mosaic virus and powdery mildew
diseases. The variety ‘TU-40’ released in 2013 by BARC, Mumbai, is suitable for
rice fallow niches and has the potential to bring additional area under black gram
cultivation.
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15.14.5 Cowpea

Cowpea is one of the important arid legumes widely cultivated in the arid and semi-
arid regions of the world, especially in the Asian and African continents. Being
relatively hardy, it assumes importance in the present context of climate change.
Ethyl methanesulphonate (EMS) and gamma rays have been frequently used to
create variations among different agro-morphological traits of cowpea (Girija et al.
2013; Singh et al. 2013; Girija and Dhanavel 2009). Lower and intermediate doses of
EMS (0.25% and 0.30%) and gamma rays (200 and 300 Gy) were effective for
inducing variability and isolating promising mutants (Nair and Mehta 2014). Selec-
tion for quantitative traits in the M3 generation proved promising (Raina et al. 2020).
Nair and Mehta (2014) reported high GCV coupled with high PCV in many of the
mutant traits in both M2 and M3 generations. India has contributed 16 mutant
varieties, while 6 varieties have been developed from other parts of the world. The
initial varieties from India in early 1980s were primarily induced through the
chemical mutagen, DMS. Thereinafter, almost all the varieties are the resultants of
gamma irradiation. IARI, New Delhi; TNAU, Coimbatore; and BARC, Mumbai, are
the major contributors from India. The variety ‘TRC77-4’ (‘Kalleshwari’) is suitable
for rice fallows, while BARC’s other variety ‘TC-901’ released in 2018 has the
distinction of being the country’s first summer-suitable federal cowpea variety
(Dhanasekar and Reddy 2018). Costa Rica and African countries like Kenya,
Zimbabwe and Zambia are the other global contributors for mutant varieties in this
crop. Gamma rays in a dose range of 100–600 Gy were found successful in varietal
development.

15.15 Mutation Breeding for Pest and Disease Resistance
in Pulses

Mutation breeding is one of the best alternatives when gene(s) for resistance to a
particular disease or stress cannot be found in the available gene pool. Unlike the
transgenics, mutation breeding causes in situ alteration in the existing genome and



creates allelic variability and opportunities for selection. In chickpea, mutations for
resistance against Ascochyta blight (Omar and Singh 1995), the most widespread
and dreaded disease and pod borer (Shaikh 1983), the most destructive pest, have
been induced. The Indian Agricultural Research Institute (IARI), New Delhi, and the
Nuclear Institute for Agriculture and Biology (NIAB), Faisalabad, Pakistan, have
released many disease-resistant mutant varieties of chickpea. The first Ascochyta
blight-resistant chickpea mutant cultivar ‘CM-72’ was released in Pakistan in 1983.
Subsequently, new mutant cultivars ‘CM-88’ and ‘CM-98’ were developed with
multiple resistance against Ascochyta blight and Fusarium wilt using gamma rays
(Haq et al. 1999). Currently, these disease-resistant mutant cultivars are widely
cultivated in over 350,000 ha that constitute more than 30% of chickpea area in
Pakistan (Kumar et al. 2019). The IARI-bred chickpea variety ‘BGM-547’ released
in 2005 has moderate resistance against wilt and root rot complex.
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In mung bean, a series of mutant cultivars with resistance to yellow mosaic virus
(YMV) and early maturity like ‘MUM 2’, ‘BM 4’, ‘LGG 407’, ‘LGG 450’, ‘CO 4’,
‘Dhauli’ (TT9E), ‘Pant Mung-1’ and ‘TAP-7’ (Ahloowalia et al. 2014) have been
released in India. As seen in Table 15.1, most of the mutant cultivars released post-
2000 are resistant to MYMV. The most popular mutant varieties ‘TMB-37’ and
‘SML 668’ are endowed with synchronous maturity and resistance to YMV. The
mutant varieties from IIPR, Kanpur, like ‘IPM99-125’, ‘IPM02-03’ and ‘IPM 02-14’
have good resistance against MYMV. The latest mutant variety ‘IPM512-1’ released
in 2020 has multiple resistance against MYMV, Cercospora leaf spot and anthrac-
nose diseases. In Pakistan, more than ten mutant cultivars of mung bean with
induced resistance against YMV and Cercospora leaf spot diseases have been
released. The first powdery mildew (PM)-resistant mutant mung bean variety
(‘TARM-2’) in the whole of Asia was developed from Bhabha Atomic Research
Centre (BARC), Mumbai, through induced mutagenesis (Pandey et al. 2005), and
subsequently, a series of PM-resistant mung bean varieties were evolved by utilizing
PM-resistant mutant (Reddy et al. 2008).

In black gram, the YMV-resistant mutant cultivars ‘Vamban 2’ and ‘Sarla
B-14-4’ were derived from ‘T 9’ which is susceptible to YMV. Besides resistance
to YMV, both mutants are drought tolerant, early maturing (70 days) and high
yielding (Dixit et al. 2000). At BARC, Mumbai, a number of YMV-resistant mutants
have been isolated and successfully used in hybridization leading to development of
YMV-resistant varieties (Pawar et al. 2000). The dark-green leaf mutant ‘UM 196’
(mutant of CV. ‘No. 55’) was crossed with ‘T9’ to develop yellow mosaic disease-
resistant variety ‘TU94-2’ (Souframanien and Reddy 2018). The highly resistant
mutant lines to MYMV, viz. ‘ACM-014-021’, ‘ACM-015-025’, ‘ACM-014-006’,
‘ACM-015-022’, ‘ACM-015-023’, ‘ACM-014-019’, ‘ACM-014-007’, ‘ACM-015-
017’, ‘ACM-014-003’ and ‘VBN (Bg) 4’, were found to possess reasonably higher
total phenol, phytic acid content and lower total sugar content than the susceptible
mutant lines (Vanniarajan et al. 2021).

In cowpea, BARC developed a gamma ray-induced mutant variety ‘TC-901’ in
2018 with resistance against cowpea mosaic and root rot diseases. Mutants with
resistance to cowpea aphid-borne mosaic virus and leaf crinkle diseases have also



been identified in cowpea (Dhanasekar and Reddy 2015a) and are currently being
utilized in the crossing programme towards varietal development. Munyinda and
Kanenga (2018) also released a cowpea variety ‘Lukusuzi’ with tolerance to
Ascochyta and Cercospora and with medium tolerance to cowpea aphid-borne
mosaic virus in Zambia.
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The progress in breeding for resistance to insect pests in pulse crops has been
limited mainly due to non-availability of sources with high level of resistance and
lack of effective screening techniques (Gaur and Chaturvedi 2004). BARC has
received accolades for doing pioneering research towards development of black
gram genotypes resistant to the serious storage pest, namely bruchids
(Callosobruchus maculatus) (Souframanien and Gopalakrishna 2007). Trombay
wild urdbean (Vigna mungo var. silvestris) collected from the Trombay hills was
identified to possess resistance to bruchids and has been registered (INGR10133) as
potential genetic donor for bruchid resistance. By involving these genotypes in the
mutation breeding programme at BARC, a number of mutant derivatives have been
developed and are being tested for bruchid resistance under the All India Coordi-
nated Research Programme (AICRP) of the ICAR (Gopalaswamy et al. 2016).
Munyinda and Kanenga (2018) identified cowpea mutant following 150 Gy
gamma irradiation with tolerance to aphids and bruchids, which was later released
as a mutant variety ‘Lunkhwakwa’ in Zambia.

15.16 Mutation Breeding for Abiotic Stress Tolerance

Abiotic stresses are highly variable, and resistance breeding for abiotic stress
tolerance has not been highly successful like that of biotic stresses. Nevertheless,
mutation breeding has contributed to the development of mutants with tolerance
against abiotic stresses in pulses. Mutants with tolerance against acidity and water
stress have been identified in lentil (Lal and Tomer 2009). In cowpea, gamma ray
(150 Gy)-induced mutant lines of ‘Moussa Local’ (‘Moussa M51-4P10’ and
‘Moussa M43-20P14’) exhibited better stress tolerance and produced higher yield
under water-stress conditions (Gnankambary et al. 2020). Mutant variety
‘Lunkhwakwa’ with tolerance against aluminium toxicity has also been developed
in cowpea (Munyinda and Kanenga 2018). The mutant cowpea varieties
‘Lunkhwakwa’ and ‘Lukusuzi’ were also found to be drought tolerant. A new
mutant cowpea variety ‘CBC-5’ was released in 2017 that has proved promising
to farmers in drought-prone areas of Zimbabwe (Dixit and Slavchev 2018). Shah
et al. (2010) identified an early-type mutant in ‘Pb2000’ having high palmitic acid,
stearic acid, oleic acid and linoleic acid, which supported their role in tolerance
against frost in chickpea. Salt-tolerant and slow-transpiring mutants have also been
identified in different cultivars of chickpea (Joshi Saha et al. 2018). In mung bean,
mutants with early and synchronous maturity, long roots and drought tolerance were
identified (Dhole and Reddy 2018a).
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15.17 Mutation Breeding for Improved Nutrition in Pulses

For a simultaneous increase of mineral elements along with yield and its attributing
characters, induced mutagenesis could play a determinative role. Mutants with
altered seed mineral profiles have been identified in pea (Wang et al. 2003). High-
yielding pulse mutants coupled with high protein contents have been reported by
various workers (Naik et al. 2002; Kharkwal 1998c; Misra et al. 1973). Gottschalk
(1986) suggested that it is possible to analyse the seed proteins of mutants, quantita-
tively and qualitatively, which had been selected with regard to other useful traits but
not with regard to improved seed proteins. Protein profiling in the isolated mutants
was reported by Auti and Apparao (2009) in black gram and Barshile et al. (2009) in
chickpea. Mutation treatments involving gamma rays increased the softness of seeds,
which in turn improved the cooking quality in chickpea (Graham et al. 2002).
Surface-active proteins (globulins) and a polysaccharide (arabinogalactan) deter-
mine the soft, spongy texture in idli batter made out of black gram seeds, and
Vanniarajan et al. (2021) have identified six mutant lines that have implications in
developing superior black gram varieties with better batter quality (Vanniarajan et al.
2021).

Mutation breeding has also contributed substantially to reducing the anti-
nutritional factors in pulse crops. Phytic acid (PA) is known to conjugate phosphorus
and other essential elements like iron and make it unavailable to organisms that feed
on seeds rich in PA. Mutations affecting PA content have been identified, and low
PA mutants have been isolated in mung bean (Dhole and Reddy 2018b), chickpea
(Misra et al. 2017), black gram and cowpea (Dhanasekar and Reddy 2017). These
mutants are being exploited in varietal development programme so as to reduce the
PA content to reasonable levels without affecting the physiological balance. Mutants
with low flatulence causing raffinose family oligosaccharides (RFOs) have been
identified in black gram (Souframanien et al. 2014) and cowpea (Dhanasekar and
Reddy 2015b) that could be potential donors for developing varieties with low
RFOs. Low RFOs containing black gram mutant ‘TU43-1’ also exhibited the lowest
verbascose and stachyose contents. Mutant (‘TU1-820-1-5’) with high verbascose,
but low stachyose and raffinose, was also recorded (Souframanien et al. 2014). A
cowpea mutant ‘TC501’ possessing very low total RFOs (4.27 mmol/100 g) has
been identified. Mutants with high RFOs in cowpea have been found to possess long
roots and could play a prospective role in better performance potential under water-
stress conditions (Dhanasekar and Reddy 2017). Low tannin-containing mutants
have also been identified in cowpea (Dhanasekar and Reddy 2012) that could be
used to develop pro-nutritious varieties.

Genetic biofortification for improved Fe and Zn with moderate PA can be a better
breeding target in chickpea. Genotypes with consistently high iron and/or Zn content
with low/moderate PA were identified (Joshi Saha and Reddy 2014; Misra et al.
2017). In addition, two large-seed-size mutants (M2:3 seeds) were found to contain
significantly higher Fe content (15.6 and 12 mg/100 g, respectively) than the control
(range 8.1–10.2 mg/100 g). Advanced progenies (M3:4 seeds) of these two mutants



also showed significantly higher Fe content (11.09 and 10.9 mg/100 g, respectively)
than the control (7.08 mg/100 g) (Misra et al. 2018).
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15.18 Impact of Mutant Pulse Crop Varieties in India

The mutant pulse crop varieties with their superior yield attributes are widely
adopted by the farmers across the country. Using these varieties, many of the farmers
have harvested record yields resulting in increased on-farm income. The mutant
variety ‘TAU-1’ (developed in collaboration with Dr. PDKV, Akola) in black gram
released way back in 1985 is still very popular among the Maharashtra farmers. This
variety is extensively grown throughout Maharashtra and occupies more than 50%
of the area under black gram. The variety ‘TJT-501’ (developed in collaboration
with JNKVV, Jabalpur) occupies almost 40–50% of the area under pigeon pea in
Madhya Pradesh and is one of the topmost varieties receiving on an average 12% of
national breeder seed indent (Chauhan et al. 2016). In mung bean, the variety
TMB-37 is widely preferred by farmers throughout the country for its earliness
and suitability for summer cultivation though it was originally released for North
East Plain Zone. This variety has been readopted and re-released in the state of
Punjab. Likewise, the pigeon pea variety ‘TT-401’ initially released for central zone
has been found promising in southern states like Tamil Nadu, Andhra Pradesh and
Karnataka, where it has given record yield of 2500 kg/ha. The mung bean varieties
‘TM96-2’ (in collaboration with ANGRAU, Lam, AP) and ‘TM 2000-2’
(in collaboration with IGKVV, Raipur) with resistance against powdery mildew
and Corynespora leaf spot diseases occupy large areas under rice fallows in Andhra
Pradesh and Chhattisgarh, respectively. The recent black gram variety ‘TU-40’ is
gaining popularity in the southern states. The farmers of Maharashtra cultivating
‘PVK-TARA’ pigeon pea are reaping high yields especially under drip irrigation.
The recent summer-suitable cowpea variety ‘TC901’ is expected to bring additional
areas under cultivation. Thus, the mutant varieties of pulse crops have contributed
substantially to increasing the productivity and ensuring nutritional security of the
country.

15.19 New Breeding Techniques (Targeted Mutagenesis)

New breeding techniques or NBTs are described as precision breeding and involve
techniques for incorporating site-specific targeted mutations in the genome with
greater accuracy and less off-targeted mutations (Holme et al. 2019). These include
techniques like zinc finger nuclease (ZFN) technology, oligonucleotide-directed
mutagenesis (ODM), cisgenesis and intragenesis, grafting on GM rootstock,
RNA-dependent DNA methylation, agro-infiltration ‘sensu stricto’ and reverse
breeding. The site-directed nuclease (SDN) is often employed to create a site-
specific mutation in the plant genome. In addition, TALEN and CRISPR/Cas-
based SDN have been introduced, and the latter is now extensively being used



(Holme et al. 2019). The conjoint use of classical mutation breeding and NBT
mutations can be employed implicitly in the modification of plant attributes. The
main advantage of NBT over the classical mutation technique is its precision and
specificity that could be utilized to find robust mutation sites without the unwanted
genetic changes. The conjoint use of NBT for creating site-specific mutations and the
traditional mutation techniques for retrieval of the desired mutations could resul-
tantly lead to the development of mutant varieties with desired mutations
(Jankowicz-Cieslak et al. 2017).
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15.20 Conclusion and Future Prospects

The narrow genetic base of pulses impedes the development of new varieties capable
of breaking the yield plateau through conventional breeding. Induced mutagenesis
with its breeding strategies offers a viable and potential tool for creating variability
and offers scope for genetic improvement of pulse crops for both quantitative and
qualitative traits within a relatively shorter time than traditional breeding. Induced
mutagenesis is a powerful tool for creating allelic variants for traits of interest and
empowers breeders to potentially develop resistance against biotic and abiotic
stresses for which the existing gene pools are of no aid. The impact of pulse crop
varieties bred through mutation breeding globally demonstrates the utility of induced
mutagenesis as a flexible and practicable approach for genetic improvement of any
crop including legumes provided that appropriate objectives and selection/screening
methods are followed accordingly. Induced mutagenesis, though primarily was used
to broaden the genetic base of pulse crops, is now becoming widespread as a tool for
deciphering functional genomics. Mutants are effectively being used for studying
gene expressions and gene regulations and assigning gene functions. High-
throughput phenotyping coupled with next-generation sequencing methods has
accelerated mutant identification process both through forward and reverse genetic
approaches. The accuracy and analyses of large structural variations resulting from
induced mutagenesis will be further improved by long-read sequencing technologies
(e.g. PacBio sequencing and Oxford Nanopore sequencing). Additionally, conjunc-
tion of mutational and high-throughput DNA sequencing through new breeding
techniques will maximize precision breeding for inducing site-specific targeted
mutations in the genome with greater accuracy and lesser unintended mutations.
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Abstract

Induced mutagenesis finds a significant place in crop enhancement
methodologies for bringing genetic variability in desired genetic backgrounds.
Mutation breeding along with recombination breeding has developed >3300
mutant varieties in various crop species globally. In groundnut, radiation and
chemical mutagenesis have been extensively employed for genetic improvement
of vegetative, reproductive, agronomical, biochemical and physiological traits.
Consequently, these mutant traits were instrumental in delivering 112 suitable
productive cultivars in this allotetraploid leguminous crop. Induced mutants and
their derived varieties acted not only as basic genetic pool for evolving desirable
varieties but also for understanding various functions at biochemical and molec-
ular levels. Numerous farmers, traders and exporters have benefitted by
cultivating groundnut mutant varieties in many countries. Recent advances in
genomics have facilitated to utilize molecular tools like gene editing, TILLING
and mutagenomics for developing desired and improved traits in groundnut,
addressing famers’ concerns, consumer preference and industrial needs.
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16.1 Introduction

Groundnut (Arachis hypogaea L.) is an important edible oilseed, food and feed crop
cultivated globally on 27.52 million ha with a production of 45.52 million metric
tonnes (MMT), with a productivity of 1654 kg/ha during 2016–2020 period
(FAOSTAT 2020). Groundnut is the 2nd most important grain legume crop, 4th
most important oilseed crop and 13th most important food crop and is currently
cultivated in over 80 countries. Among the groundnut-growing countries, China has
the highest production (16.70 MMT) followed by India (7.50 MMT), Nigeria
(3.15 MMT) and the USA (2.68 MMT). It covers around 19.23% of the cultivated
area with 27.33% contribution to the total oilseed production in India (ICAR-IASRI
2019). It is distinct from the rest of the legume species by having above-ground
flower and below-ground fruit. Fruit development involves aerial elongation, below-
ground pod expansion, seed filling and finally seed drying.

Groundnut is mainly consumed for cooking oil, protein, minerals and vitamins in
many nations and contributes considerably to food security in turn alleviating
poverty. Around 50% of the total global groundnut produce is utilized for oil
purpose; 35% is for food or confectionary purpose, and the remaining 15% is for
seed and animal feed (Birthal et al. 2010). Groundnut oil is primarily used for
cooking and manufacture of soap and margarine. Seeds are consumed as raw or
roasted nuts, in making confectioneries or butter. Tender pods are also eaten as
vegetable. Protein-rich de-fatted cake is a nutritious livestock feed. Microbe-
processed groundnut shells and cakes are used to manufacture commercially essen-
tial enzymes.

Groundnuts have recently been considered as a functional food. Several studies
revealed that its consumption has distinct advantages on human health. Diets
enriched with groundnut and its butter reduced the risk of heart disease, cancer,
total cholesterol, bad cholesterol and triglycerides without affecting beneficial cho-
lesterol due to the presence of monounsaturated fatty acid, resveratrol, beta-
sitosterol, vitamin E, folic acid and fibre (Francisco and Resurreccion 2008). It
contains nearly half of the minerals and vitamins necessary for normal body growth
and maintenance. Additionally, groundnut skins or its extracts are identified as an
antioxidant, antimicrobial agent, functional food and animal feed component
(Toomer 2020). Due to its satiety value, it prolongs hunger and is helpful in dieting
for body weight maintenance. Children gained body weight and height with ground-
nut protein fortifications.

Genetic variability for a wide array of characters is of utmost necessity for plant
breeding success. In nature, mutations, though their frequency is very low, are the
main source of variability. Breeder with the help of ionizing radiations and some
mutagenic chemicals enhances the mutation frequency. Mutation breeding involves
induction of genetic variability and employing induced variability either directly or
in cross-breeding. With the specific objectives and targeting, improvement of one or
two traits in a well-adapted variety is fundamental to success in mutation breeding at
many institutes including ours. Sustained efforts in mutation breeding for many



decades resulted in commercial release of >3300 crop varieties in different species
worldwide (IAEA 2021).
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Cultivated groundnut (A. hypogaea L.) exhibits narrow genetic base, regardless
of having considerable agronomical, morphological and physiological variability
because of its restricted gene flow due to ploidy barrier, self-pollination and mono-
phyletic origin (Holbrook and Stalker 2003). Due to paucity of genetic variability,
groundnut is vulnerable to many biotic and abiotic stresses. Breeding for better pod
yield continues to be the primary objective in any of groundnut improvement
activities. Induced mutagenesis is one of the convenient and desirable approach
for broadening genetic variability to overcome the limitations associated with a
narrow genetic basis and could bring specific improvement without significantly
affecting other traits in groundnut (Patil and Mouli 1979). Extent of induced
variability is dependent on mutagen type, studied character and genetic background
(Murty et al. 2004; Nadaf et al. 2009; Badigannavar et al. 2020). Induced mutants
not only serve as parental material in crop breeding but are also genetic resources for
functional genomics. In groundnut, effective application of induced mutagenesis
along with cross-breeding has led to the generation of a wide spectrum of mutants for
plant type, early maturity, pod type and size, seed size and composition, testa colour
and tolerance to both biotic and abiotic stresses in groundnut (Patil and Mouli 1979;
Mouli et al. 1989a; Kale et al. 2000a; Mondal et al. 2007; Gowda et al. 2010; Kavera
et al. 2013; Yu et al. 2019; Badigannavar et al. 2020; Brown et al. 2021). This review
envisages experiences and recent developments in mutation breeding in groundnut.

16.2 Mutagens

In groundnut mutation breeding experiments, the objectives are to induce mutants
with better pod yield, ideal plant type, desirable pod traits, high shelling percentage,
large seed, moderate seed dormancy, early maturity, high oil content, improved seed
nutritional traits and tolerance to diseases, salinity, moisture stress, heat, etc. Many
of the physical and chemical mutagens were effectively employed to induce desir-
able mutants, in turn leading to mutant varieties (Table 16.1). In early years, mainly
X-rays and later gamma rays were used for induced mutagenesis. Additionally, fast
neutrons, electron beam and heavy-ion beam have been used for mutation induction
in groundnut. Electron beam irradiation was standardized using linear accelerator
(10 MeV) for low-dose (50–1000 Gy) application for groundnut in India (Mondal
et al. 2017). Based on the electron beam treatment of seeds of five groundnut
genotypes, GR50 (50% growth reduction) values ranged from 108 Gy in TG
51 (most radio-sensitive) to 270 Gy in TAG 24 (most radio-tolerant). For gamma
rays, corresponding values were 295 Gy and 385 Gy, respectively. Another ionizing
radiation with a high linear energy transfer (LET), fast-neutron irradiation, can bring
secondary ionization as well as gene mutations in plant cell, resulting in stable
mutant traits (Wang et al. 2015). Heavy-ion beams, due to their greater LET and
relative biological effect (RBE) as compared to gamma rays or X-rays, induce
greater mutation rate, in turn generating a wide range of mutation types. X-rays



yield low-LET radiation (0.2 and 5 keV/μm) resulting in few ionizations. Hence,
most probably, low-LET radiation will mainly cause easily repairable single-strand
DNA breaks. On the contrary, heavy ions and fast neutrons having higher LET
induce clusters of double-strand breaks in the DNA, which are difficult to repair
(Shikazono et al. 2005; Cabanos et al. 2012). The effective dose for gamma rays
ranges from 200 to 350 Gy, which is close to GR50 depending on the genotype and
radio-sensitivity factors (Badigannavar and Murty 2007; Nadaf et al. 2009).
Decreased germination and increased seedling mortality, pollen sterility, and mor-
phological and cytological anomalies were reported with the increasing doses of

490 A. M. Badigannavar and S. Mondal

Table 16.1 Different mutagens used for induced mutagenesis in groundnut

Mutagen Dose/concentration References

Physical mutagens

X-rays 10–35 kR Gregory (1955), Bora et al. (1961), Patil and
Bora (1961), Patil (1968), Menon et al.
(1970), Patil and Mouli (1977)

Gamma rays 100–600 Gy Mouli and Patil (1976), Reddy et al. (1977),
Mouli and Kale (1982b), Pathirana et al.
(1998), Branch (2002), Liu et al. (2004),
Badigannavar and Murty (2007), Mondal
et al. (2007), Nadaf et al. (2009), Hassan and
Anes (2015), Badigannavar et al. (2020), Fu
et al. (2021)

Electron beam 150–250 Gy Mondal et al. (2017)

Fast neutron 10–18 Gy Wang et al. (2015)

Neutron beam 2.5 × 1012–5 × 1013 n/
cm2 s

Shivraj et al. (1962), Shivraj and Ramana
Rao (1963)

Heavy-ion beam
(C, N)

100 Gy Cabanos et al. (2012)

Laser Liu et al. (2004), Lin et al. (2005)

Chemical mutagens

Ethyl
methanesulphonate
(EMS)

0.01–0.5% Ashri and Levy (1976), Prasad et al. (1984),
Sivaram et al. (1989), Gowda et al. (1996),
Mathur et al. (2000), Nadaf et al. (2009),
Wang et al. (2011b), Chen et al. (2020)

Diethyl sulphate
(DES)

0.01–0.2% Ashri and Goldin (1965), Ashri and Levy
(1976), Mathur et al. (2000)

EMS + DES 0.01–0.1% + 0.01–0.1% Mathur et al. (2000)

Ethidium bromide 500 ppm Levy and Ashri (1978)

Acriflavine 1.15 mM Ashri et al. (1977)

Sodium azide 3 mM; 0.41% for 2 h Prasad et al. (1985), Mathur et al. (1998),
Mondal et al. (2007), Wang et al. (2002,
2011a), Nkuna et al. (2021)

Nitroso methyl urea 0.02% Prasad et al. (1984)

Pingyangmycin 4 mg/L Sui et al. (2015)



gamma rays or concentrations of ethyl methanesulphonate (EMS) (Gowda et al.
1996; Badigannavar and Murty 2007; Mondal et al. 2007). Mutagenic effectiveness
was higher in gamma rays than the EMS, while with an increased rate of dose/
concentration, mutagenic efficiency was decreased for lethality and pollen sterility
and increased for injury (Manjunath et al. 2020). With an increase in doses of fast
neutrons, there was decrease in the frequency of somatic embryo formation and
plantlet regeneration (Wang et al. 2015). Mathur et al. (1998) standardized the LD50

dose of 0.41% for a 2-h treatment for sodium azide in groundnut. Subsequently,
Mondal et al. (2007) found that the combination of sodium azide and gamma rays
was ideal for developing groundnut mutants with greater genetic variability.
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Seeds (M0) of groundnut cultivars, mutants, selections, advanced lines or hybrids
are usually treated with various mutagens (Murty et al. 2004). Subsequently, treated
seeds (M1) are sown in the field. Usually, desirable mutants are selected from M2

generation onwards, and their breeding behaviour is confirmed in the next
generations. Since then, usual breeding methods like pedigree method, bulk method
or single-seed descent for agronomic evaluation have been followed. The induced
mutants are exploited in recombination breeding by crossing mutant with mutant,
mutant derivative, breeding line or cultivar and mutant derivative with cultivar
(Fig. 16.1).

16.3 Cytogenetic Aberrations

Groundnut is an allotetraploid (2n = 4x = 40, AABB) legume crop belonging to the
Fabaceae family. Radiations are known to induce chromosomal aberrations in the
M1 generation. The meiotic aberrations due to X-ray irradiation of groundnut
cv. Spanish Improved were irregular development of spindles and their activity,
abnormal association of chromosomes and their separation at anaphase, occurrence
of bridges and fragments, failure of cytokinesis, formation of polyads and anomalies
in the development of pollen grains (Bora et al. 1961). Further, many reciprocal
translocations leading to the formation of chain and ring multivalents, inversions
resulting in fragments and bridges at anaphase I and II and persistent anaphase I
bridges at telophase II were reported (Patil and Bora 1961). In M4 progenies, Patil
(1968) observed trisomics, tetrasomics, cytomixis, long chromosomes with dis-
turbed coiling mechanism and 15–18 chromosomes in pollen mother cells. Ashri
et al. (1977) induced three trisomic mutations by treating developing embryos with
acriflavine. X-ray irradiation of inter-specific (A. hypogaea × A. monticola) hybrid
showed occurrence of monosomics (Menon et al. 1970). Asynaptic chromosomes
with very low frequency of bivalents at diakinesis were observed in the X-ray-
induced dwarf mutant (Patil and Mouli 1977). An altered chromosomal organization
in meiotic prophase and early metaphase stages, a spherical dot instead of normal
round centromere in meiotic metaphase and the displaced spindle fibres in most
stages of meiosis were observed (Hassan and Anes 2015). Many chromosomal
aberration types like earlier separated mitosis metaphase, polypolarity division,
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Fig. 16.1 Evolution of groundnut mutant and mutant-derived varieties developed at Bhabha
Atomic Research Centre, Mumbai, India (red square), and their usage as parents for mutant variety
development by state agricultural universities (blue square), which are released and notified across
the country



sticky, non-equal division and nucleus protrusion into cytoplasm were also found
due to laser irradiation (Lin et al. 2005).
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Recently, sequential genomic in situ hybridization (GISH) and fluorescence in
situ hybridization (FISH) were employed to study chromosomal variations in Chi-
nese variety, Silihong, and in 70 gamma ray-induced M1 plants with two multiplex
probe cocktails, total genomic DNAs of A. ipaensis and A. duranensis, and 45S and
5S rDNAs as the probes (Fu et al. 2021). In 14 M1 plants, 8 monosomic
chromosomes, 1 deletion and 17 translocations were identified. In one of the M1

plants, one reciprocal translocation between chromosomes 1A and 3B was also
observed. In these chromosomal changes, nine translocations were observed
between non-homologous chromosomes and eight translocations between
homoeologous chromosomes. Higher number of translocations were seen in
chromosomes 1, 3 and 5. Such chromosomal variations in groundnut could be
employed for gene mapping, radiation hybrid mapping and translocation or deletion
mapping.

16.4 Mutations for Seed Size

In groundnut, large seeds attract greater consumer and market preference for confec-
tionery and value addition purpose, which may get better price in domestic and
international markets. Groundnut growers often face problems with the large-seed
varieties like late maturity, low shelling outturn, less proportion of sound mature
kernels, longer seed dormancy and lower yields. Induced mutagenesis was success-
fully employed for the development of desirable high-yielding large-seed varieties
with earliness and optimum seed dormancy, making them fit for diverse cropping
patterns. In late 1950s, X-ray treatment of cv. Spanish Improved induced a large-
seed mutant, which was later released as TG 1 based on its superior yield perfor-
mance (Patil 1975) (Fig. 16.1). Inter-mutant cross between TG 1 and dark-leaf
mutant resulted in extreme fastigiata, high-yielding variety, TG 17 (Patil 1977).
Subsequently, by including TG 1 and TG 17 in crosses, TG 22 with medium-large
seeds and TKG 19A and Somnath with large-seed varieties were developed and
released (Mouli et al. 1989b, 1990). Further, a large-seed sister line of TKG 19A, TG
19, was recombined with TAG-24 to evolve three high-yielding large-seed varieties,
TG 39, TLG 45 and RARST-1 (TG 47) with 115–120 days to maturity, 72–75%
shelling outturn, 70–80 g HKW (hundred kernel weight) and higher proportion of
large seeds (Kale et al. 2008, 2010; Badigannavar et al. 2012). Towards diversifica-
tion of large-seed genetic base, gamma ray mutagenesis of TAG 24 (Badigannavar
and Murty 2007), TG 38 (Badigannavar et al. 2020) and TG 66 (Mondal et al. 2007)
and electron beam mutagenesis of TG 26 (Mondal et al. 2017) were carried out
periodically and several high-yielding large-seed (HKW: 70–80 g) mutants (TG 77,
TG 78, TG 79, TG 89, TG 90) with 110–115 days to maturity were isolated, which
are performing better in national and state evaluation trials. Similarly in Sri Lanka,
Pathirana et al. (1998) isolated three high-yielding gamma ray-induced mutants with
large seeds. Branch (2002) selected four mutants having larger pod and seed and



greater percentage of extra-large kernels than parent through gamma ray mutagene-
sis. Field performance of one mutant showed 23% higher pod yield than parent.
Further, sodium azide treatment of cv. L7-1 induced mutants with a greater change in
pod and seed size and weight (Wang et al. 2002). Joshua and Bhatia (1983)
attributed increased seed size in groundnut to the increased cotyledonary cell volume
by retaining similar cell number within the unit area.
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16.5 Mutations for Early Maturity

Early-maturing groundnut genotypes facilitate in escaping end-season drought and
end-season rains and fit into different cropping systems like paddy fallows, residual
moisture situation and post-potato crop. Early maturity also makes farmers to harvest
early and bring the produce early to the market, which in turn fetch better price.
Breeding for earliness in groundnut is complicated due to its indeterminate nature
and subterranean cumulative process of pod maturation. By exercising selection
pressure for better pod yield, higher shelling outturn and greater HKW from early
harvest, early-maturing (95 days) mutant derivatives TGE-1 and TGE-2 were
evolved by recombining mutants (Patil et al. 1982; Mouli and Kale 1982a)
(Fig. 16.1). The maturity was further brought down to 90 days with desirable traits
using induced mutagenesis (Mouli and Kale 1989). Early maturity and high yielding
ability were brought together in TAG-24 (Patil et al. 1995). Further, earliness from
Chico was combined with better pod yield of TG 26, leading to the development of a
new variety, TG 51, having 90 days to maturity, greater pod yield and better shelling
(Kale et al. 2009). Gamma ray mutagenesis of TG 51 along with polyethylene glycol
(PEG)-based screening for moisture-stress tolerance has identified drought-tolerant,
early-maturing mutant, TG 84, which has shown better performance for seed yield in
national evaluation trials.

16.6 Mutations for Subspecific Traits

In Arachis genera, 81 species including the cultivated groundnut, A. hypogaea, have
been reported (Valls et al. 2013). A. hypogaea is categorized into subspecies,
fastigiata and hypogaea, which are further classified based on morphological
features into botanical varieties. Accordingly, ssp. fastigiata is classified into var.
aequatoriana, var. fastigiata (Valencia), var. peruviana and var. vulgaris (Spanish),
while ssp. hypogaea into var. hirsute (Peruvian runner) and var. hypogaea (Virginia
runner). Consistent generation of mutations and recombination in groundnut resulted
in interchanges for intra-specific and inter-specific characters among genotypes
shown in Tables 16.2 and 16.3.



–
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Table 16.2 Studies on mutations between groundnut botanical varieties

From To

Variety Spanish
bunch (var.
vulgaris)

Valencia
(var.
fastigiata)

Virginia bunch
(var.
hypogaea)

Virginia runner
(var.
hypogaea)

Spanish bunch
(var. vulgaris)

– 7 1, 7, 8 2, 3, 6, 7

Valencia (var.
fastigiata)

7 – 2, 7 7

Virginia bunch
(var.
hypogaea)

4, 5, 7 – 7

Virginia runner
(var.
hypogaea)

3, 7 7 7 –

References: 1. Patil (1966); 2. Reddy et al. (1977); 3. Levy and Ashri (1978); 4. Mouli and Kale
(1982a); 5. Mouli et al. (1986); 6. Hussein et al. (1991); 7. Gowda et al. (1996); 8. Mondal et al.
(2007)

Table 16.3 Mutant or mutant derivatives showing mutations at subspecies levels in groundnut

Traits Mutant or mutant derivatives References

fastigiata genotypes with
hypogaea traits

BARCG 1, BARCG 2, TG
7, TG 8, TG 9, TG 10, TG
12, TG 13, TG 13A, TG 16, TG
17, TG 18A, TKG 19A, TG
22, TG 23, TAG 24, TG 25, TG
26, TG 27, TG 28, TG 28A, TG
40, TPG 41, TG 42, TG 44, TG
45, TG 46, TG 47, TG 48, TG
49, TG 77, TG 78, TG 79, TG
89, TG 90

Mouli and Kale (1982b), Mouli
and Kale (1989), Mouli et al.
(1989a, 1990), Kale et al.
(2000b), Badigannavar and
Murty (2007), Mondal et al.
(2007, 2017), Badigannavar
et al. (2020)

hypogaea genotypes with
fastigiata traits

TG 1A, TG 18, TG 39, TG 43 Kale et al. (2000b)

Genotypes having
hypogaea spreading habit
and sequential flowering

TGS-1 (Somnath), TGS-2 and
TGS-3

Mouli et al. (1989b)

Genotypes with one or
more modified characters
absent in fastigiata and
hypogaea

TGE-1, sl, sl-imp mutants, TG
18A-84, TG 21

Mouli and Kale (1982a), Patil
and Mouli (1984)

16.7 Mutations for Trait Association

Many of the groundnut traits are associated and inherited together in succeeding
generations. Such associations are disintegrated due to induced mutagenesis
resulting in favourable recombinants. The usual negative correlation between seed
size and oil content or shelling outturn or maturity was disassociated through



induced mutants or inter-mutant crosses, leading to genotypes with large seeds
having high oil content, early maturity and increased shelling outturn (Patil 1973;
Mondal et al. 2017). High water-use efficiency and high harvest index, otherwise
negatively correlated, were recorded in inter-mutant derivatives, TAG-24 and
Somnath, in multi-location trials (Murty et al. 2004).
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16.8 Mutations for Biotic and Abiotic Stress Tolerance

In groundnut, biotic and abiotic stresses severely affect the seed productivity and
quality. The induced mutants and their derivatives tolerant to diseases, pests,
drought, acid soil, heat and cold have been reported in groundnut (Table 16.4).
Taxonomically important groundnut genotype, Dharwad Early Runner (DER) upon
successive EMS treatments, resulted in induced mutants (mutants 1-45, 1-110, 28-2)

Table 16.4 Mutant or mutant derivatives of groundnut showing tolerance to biotic and abiotic
stresses

Trait Tolerant mutant or mutant derivatives References

Late leaf Dh 232, GPBD 5, 1-45, 1-110, Mutant Mathur et al. (2000), Motagi et al.
spot 28-2, PBS 30107, PBS 30108 (1996, 2022)

Early leaf
spot

ICGV 76, GG 13 Basu (2002)

Rust Dh 232, GG 13, GPBD 5, PBS 30108,
PBS 30138

Mathur et al. (2000), Basu (2002),
Motagi et al. (2022)

Collar rot TG 37A NRCG (2000)

Peanut bud
necrosis
disease

TAG 24, TG 37A, R 9251 Patil et al. (1995), Giriraj and Itnal
(1999), NRCG (2000)

Peanut stem
necrosis
disease

TKG 19A NRCG (2000)

Spodoptera
litura

Mutant 28-1, 28-2, 45, 110-1 Rajendra Prasad et al. (1998)

Thrips Mutant 28-1, 28-2, 45, 110, 172 Rajendra Prasad et al. (1998)

Bruchid
beetle

TSP 60, PBS 30001 Mathur et al. (2000)

Phosphorus
efficiency

PBS 30016, PBS 30026 Mathur et al. (2000)

Acid soils ICGV 76, TKG 19A Annual report (2001)

Salinity Binachinabadam-5, Binachinabadam-6 Azad et al. (2014)

Drought Dh 256, GG 35, PBS 30008, PBS
30022, PBS 30023, PBS 30109, Tafra-
1, TG 37A, TG 39, TPT 25

Mathur et al. (2000), Kale et al.
(2004a, 2010), Abdalla et al. (2018),
Motagi et al. (2022)

Heat PBS 30109, PBS 30138, TG 18 Mathur et al. (2000), Anonymous
(2002)

Cold TAG 24 Dave and Mitra (2000)



with late leaf spot (LLS) resistance (Motagi et al. 1996). Further, some of these
mutants showed resistance to Spodoptera litura (mutants 28-1, 28-2, 45, 110-1) and
to thrips (mutants 28-1, 28-2, 45, 110, 172) (Rajendra Prasad et al. 1998). EMS
mutagenesis of mutant VL1 having rust resistance and LLS susceptibility produced
morphologically similar mutants with LLS resistance and rust susceptibility (Gowda
et al. 2010). Origin of resistant mutant was later related to the insertion of
A. hypogaea miniature inverted-repeat transposable element (AhMITE1) at FST1-
linked site. Subsequent spontaneous mutation in these mutants produced variants
which were LLS and rust susceptible. Origin of such variants was linked to the
excision of AhMITE1 from FST1-linked site, demonstrating its main role in high-
frequency origin of LLS-resistant mutants in groundnut. Towards developing
aflatoxigenic resistant fungal mutants in groundnut, Azzam et al. (2007) isolated
mutants with significant decrease in occurrence of Aspergillus flavus and
A. parasiticus and aflatoxin in comparison to parent, Giza 5. These mutants com-
pared to Giza 5 had the lowest content of aflatoxin B1 and/or B2 under soil
infestation with aflatoxin-producing fungi and were found free from aflatoxin
contamination under field conditions.
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Salinity, being an important abiotic stress, impacts various growth stages of
groundnut including final yield. It is ideal to develop salinity-tolerant groundnut
genotypes to minimize yield losses due to salinity problem. So far in groundnut,
tangible results have not been achieved due to lack of simple and suitable screening
method for salinity tolerance in large populations. Towards this aspect, a simple
screening protocol for larger segregating or mutant populations for radicle growth
was developed (Badigannavar et al. 2007). Considerable genetic variability for
germination under 400 mMNaCl stress was noted in established gamma ray mutants
of TAG 24. In six of the TAG 24 mutants, greater radicle growth was noted by
screening at 125 and 150 mM NaCl. Further, three mutants at 125 mM and one
mutant at 150 mM NaCl had better tolerance due to longer radicle length and lesser
radicle reduction. Further, TPG 41, a large-seed variety, was irradiated with gamma
rays to induce genetic variability for radicle growth under salinity (Badigannavar
et al. 2007). By screening large number of seeds at 100 mMNaCl in the M3 followed
by screening plant-wise in the M4 and M5, 91 true breeding mutants with salinity
tolerance for radicle growth were obtained. Ahmed and Mohamed (2009) identified
three salinity-tolerant mutants obtained through gamma ray and sodium azide
treatment when they were evaluated with soil and irrigation water salinity (ECe)
having 13.15 dS/m and 6.5 dS/m, respectively, in M5 and M6 generations. Mutants
produced higher seed and pod yield per plant and more number of pods and seeds per
plant than their parents. Azad et al. (2014) studied groundnut mutants in the
Bangladesh coastal belt under saline field conditions. It was found that the high-
yielding mutants under rainfed condition mostly took a lesser period to close the
stomata in spite of their higher stomatal and lower cuticular transpiration rates. Of
these, two mutants having comparatively better yield than ‘Dacca-1’ were
commercialized as salt-tolerant varieties by names ‘Binachinabadam-5’ and
‘Binachinabadam-6’.
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In vitro mutagenesis of Huayu 20 seeds with pingyangmycin and screening on a
medium having hydroxyproline was carried out to obtain drought-tolerant mutants
(Sui et al. 2015). The seedlings of M3 individuals were screened for drought stress.
The activities of superoxide dismutase and peroxidase were substantively raised in
eight progenies of hydroxyproline-tolerant, regenerated plants than parent. Addi-
tionally, under drought stress, few M3 progenies gave more pods compared to
parent. Abdalla et al. (2018) evaluated groundnut mutants for end-season drought
tolerance in Sudan. By using the rainout shelter, 25 days’ terminal drought was
imposed after 60 days from planting. These terminal drought-survived mutants were
further evaluated for yield performance under rainfed situation. The mutant
Barberton-B-30-3 gave a mean pod yield of 1024 kg/ha as compared to 926 kg in
check variety over 12 seasons. Further, the stability and GGE biplot analysis also
showed that Barberton-B-30-3 was more stable by producing better yield in both low
and high rainfall seasons and was officially released as ‘Tafra-1’ in 2018.

16.9 Mutations for Physiological Traits

Though the physiological traits are genetically quantitative in nature, few studies
have shown mutations for such traits in groundnut. Chlorophyll synthesis was
studied in wild-type and virescent mutant leaves by continuous illumination of
dark-grown seedlings (Benedict and Ketring 1972). Chlorophyll synthesis in the
virescent leaves showed a 72-h lag period compared to the wild-type leaves before
the onset of rapid chlorophyll accumulation. The development of chloroplast grana,
protein synthesis and activity of many enzymes of the malate dehydrogenase,
phosphoenolpyruvate carboxylase and reductive pentose phosphate cycle decreased
in the virescent leaves during the lag phase of chlorophyll accumulation. Later,
Alberte et al. (1976) compared the photosynthetic activity and chloroplast lamellar
system of wild-type and virescent leaves. The leaves in mutant have shown 42%
reduction in chlorophyll, a reduction in the number of photosystem I reaction centre,
a higher chlorophyll a/b ratio and a change in proportions of the two chlorophyll-
protein complexes of the chloroplast. In addition, the mutant had 1.5 times larger
photosynthetic unit size than the wild type. Groundnut mutants, TG 1 and TG
16, showed higher photosynthetic rate than their parent Spanish Improved. Among
the two, TG 1 was found more efficient. The translocation of photosynthates to
nodules was also greater in TG 1. Comparatively higher nitrogen fixation and dark
CO2 fixation capacity in nodules were reported in the same mutants (Lodha et al.
1983, 1985).

16.10 Mutations for Seed Biochemical Traits

Induced mutagenesis has played a vital role in altering seed nutritional traits like oil
content, fatty acid, protein, minerals and vitamins. Seed oil content was increased by
2% from 49.5% in the mutants of groundnut cv. JL-24 (Mouli et al. 1987). Inter-



mutant crosses resulted in high oil (55%) genotypes with a 5% increase (Patil 1973).
On the contrary, a mutation also brought down oil content from 46% to 38% (Mouli
and Kale 1991). Doo et al. (2008) observed 43.2–53.5% oil among gamma ray
mutants compared to 47.8% in parent Shinnamkwang. Similarly, oil content was
enhanced by 4.3–6.1% in seven gamma ray mutants of TAG 24 along with better
seed and oil yield (Badigannavar and Mondal 2009). With an in vitro mutagenesis of
Huayu 20 seeds with pingyangmycin, mutant seeds had >57% oil as compared to
53.7% in parent (Sui et al. 2015). Subsequently, three mutants with oil contents
57.7%, 61.1% and 59.3% were released as new groundnut varieties, Yuhua 4, Yuhua
9 and Yuhua 14, respectively (Wang et al. 2020).
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Groundnut seeds with higher oleic acid have shown greater shelf life, and their
consumption has several advantages to human health (Kris-Etherton et al. 2001;
Moreira et al. 2014). Mutations affecting modified oleic and linoleic acid (O/L)
ratios were obtained in induced TG mutant and mutant derivatives (3.16–3.32) as
compared to parent, Spanish Improved (1.02) (Sharma et al. 1981, 1985). Mondal
and Badigannavar (2010) isolated gamma ray mutant TGM 71 from large-seed
variety, TPG 41, with higher oleic acid (68.7%) and lower linoleic acid (13.6%),
in turn enhancing O/L ratio to 5.0 as compared to its parent (61.9%, 19.3%, 3.2,
respectively). Another mutant, TGM 192M obtained from gamma rays and sodium
azide treatment, showed better oleic acid (70.7%) and lesser linoleic acid (12.8%)
than its parent, TFDRG 5 (55.3%; 26.0%), which in turn increased the O/L ratio to
5.5 from 2.0 (Mondal et al. 2011). Further, this high oleate mutant was improved for
pod yield by hybridizing it with the varieties, TPG 41 and TG 51, and directed
selection resulted in eight high-yielding advanced selections with 70–75% oleic acid
(Mondal et al. 2018; Badigannavar et al. 2020). In addition to gamma rays, EMS
mutagenesis also generated a narrow-leaf high-oleate mutant (68.6%) from TMV
2 (38.5%) (Prasad et al. 1984; Mondal and Badigannavar 2013). An inter-specific
disease-resistant variety, GPBD-4, with both EMS and gamma ray mutagenesis
resulted in several mutants with >70% oleic acid as compared to 50.7% in parent
(Kavera et al. 2013). Recently, a normal oleic cv., Fuhua 12, was successively
treated with EMS in two rounds, and mutants having 76.9–83.9% oleic acid were
isolated in contrast to 35.9% in their parent (Yu et al. 2019).

Induced mutations have contributed to protein enhancement in groundnut.
Induced mutants, TG 1 (27.68%) and TG 16 (31.64%), were reported to have higher
protein compared to parent, Spanish Improved (13.59%) (Sharma et al. 1981, 1985).
These mutants also had higher contents of histidine, lysine, phenylalanine, proline
and tryptophan and lower contents of methionine, serine and threonine. The limiting
amino acids were tryptophan in Spanish Improved; threonine in TG 8, TG 9 and TG
17; and valine in TG 18. Further, the essential amino acid content per seed excepting
methionine, valine and threonine was higher in all the mutants. Doo et al. (2008)
found 23.3–31.7% protein in gamma ray mutants compared to 26.8% in parent
Shinnamkwang. An EMS-derived mutant having 28.6% protein was isolated as
compared to 17.7% in its parent (Wang et al. 2013). A high-seed-protein mutant
TGM 206 (31%) with selective increase in conarachin fraction was identified from
gamma ray mutagenesis of TG 66 (26%) (Mondal and Badigannavar 2016). In an



in vitro mutagenesis of Huayu 20 with pingyangmycin followed by screening on a
medium with hydroxyproline, mutant seeds contained higher protein (>30%) than
parent (26.6%) (Sui et al. 2015). Some of the TG varieties showed enhanced sucrose
content. Large-seed mutant derivative like TKG-19A contained higher sucrose,
lower raffinose and stachyose and desirable nutritional traits for ‘table purpose’
(Gadgil and Mitra 1982, 1983). Sucrose content among gamma ray mutants ranged
from 2.6% to 6.2% compared to 4.5% in parent Shinnamkwang (Doo et al. 2008).
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Heavy-ion (C or N) beam irradiation was employed to develop 17 knockout
hypoallergenic groundnut mutants from the Japanese Nakateyutaka variety
(Cabanos et al. 2012). Of these, eight mutants lacked either one of the two isoforms
of Ara h 2 or other nine mutants lacked one of the isoforms of Ara h 3. Wan et al.
(2016) noted lower level of anthocyanin, lignin and proanthocyanidin and higher
level of melanin in mutants having seed coat crack as compared to wild type. In
white-seed-coat mutant, lower anthocyanins and higher isoflavones and flavones
were recorded as compared to its parent (Wan et al. 2020).

16.11 Mutation Breeding for Climate Resilience in Groundnut

Climate change due to addition of greenhouse gases to the atmosphere brings more
frequent high/low temperatures, droughts, floods, cyclones, hailstorms and persis-
tent sea-level rise, which are expected to pose a severe threat to agriculture, biodi-
versity and human society (Karavolias et al. 2021). Climate change along with
abiotic stresses would also increase disease and pest incidence by exposing crops
to enhanced biotic pressure. To cope with these disasters and to tackle various biotic
and abiotic stresses, it is crucial to breed crop varieties with climate resilience.
Mutation breeding has the potential to evolve climate-resilient genotypes in various
crops including groundnut, in turn moderating the effects of climate change on
agriculture.

Groundnut crop encounters frequent early, mid-season and terminal drought
stress especially in rainfed-based cultivation, which is the major area in African
and Asian countries. Groundnut mutant derivatives like TAG 24, TG 37A and TG
51 with semi-dwarf type, early vigour, better harvest index and assimilate
partitioning were reported to have enhanced moisture stress tolerance, and their
earliness assists them to escape end-season droughts (Murty et al. 2004;
Badigannavar et al. 2020). Recently, Abdalla et al. (2018) developed gamma
ray-induced end-of-season drought-tolerant groundnut mutants in Sudan. Another
mutant-derived variety, Dh 256, having mid-season drought tolerance has recorded
better pod yield and higher relative water content compared to check, G 2-52, under
water-stress condition (Motagi et al. 2022).

On the other hand, groundnut crop has been experiencing excessive rains at the
pod-filling/maturity stage in recent times due to shift in rainfall pattern. Such
excessive humid conditions are highly congenial for groundnut to get greater
prevalence of rust and leaf spot diseases affecting seed yield and quality



considerably. Towards this aspect, several late leaf spot-resistant groundnut mutants
were isolated through EMS mutagenesis (Motagi et al. 1996; Gowda et al. 2010).
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In recent times, larger groundnut area in India suffered from in situ seed germi-
nation due to end-season rains spoiling almost ready-to-harvest produce. Varieties
with optimum period of fresh seed dormancy would rescue the rain-induced seed
germination and spoilage. Hussein et al. (1991) induced gamma ray mutants from
non-dormant parent, Early Bunch, with 6–7 weeks of seed dormancy. Trombay
groundnut mutants or their derivatives like TG 1, TKG 19A, TG 22, TG 26 and TPG
41 with their 3–5 weeks’ fresh seed dormancy are ideal to curtail the yield losses due
to in situ seed germination (Murty et al. 2004; Badigannavar et al. 2020).

16.12 Mutant Varieties

In groundnut, mutation breeding has played a significant role in enhancing produc-
tivity, which has been the main objective in majority of the country’s breeding
programmes. Selection was practised consistently for yield components like pod
number, seed size, shell thickness and branch number in different mutant
generations. Generally, most productive and widely adapted popular cultivar was
subjected for induced mutagenesis to derive mutant varieties. Usually, mutants have
been detected in the M2 on a single-plant basis (Donini et al. 1984). In many
breeding experiments including at Trombay, mutants selected for academic interest
sometimes even with inferior agronomic traits had also served as good parents for
evolving agronomically superior breeding lines (Patil and Mouli 1979). Based on
available literature, around 112 groundnut varieties involving 46 direct mutants and
66 mutant derivatives have been released globally, and Bangladesh, China, India and
the USA are leading countries (Table 16.5).

Radiation experiment in groundnut was initiated way back in 1949 in the USA
(Gregory 1955). A high-yielding, disease-resistant mutant was developed by
irradiating cv. Virginia Bunch with X-rays and subsequent selection. Comparable
with the best varieties grown, the mutant was released as NC 4x in 1959, the first
groundnut mutant variety in the USA (Gregory 1960). GA-T2636M is another
induced mutant with a high O/L ratio derived from gamma irradiation of ‘Georgia
Runner’ (Branch 2000). By involving GA-T2636M in crosses, two varieties,
Georgia Hi-O/L and Georgia-02C, and a breeding line, GA 942004, were developed.
Further, through GA 942004 in back crosses with Georgia Green, Georgia-09B was
developed. Subsequently, by incorporating high oleate trait from Georgia-02C,
Georgia-09B and Georgia Hi-O/L, another seven high-yielding varieties (Georgia-
08V, Georgia-10T, Georgia-12Y, Georgia-13M, Georgia-14N, Georgia-17SP,
Georgia-18RU) were developed in the USA (Table 16.5) (Brown et al. 2021).
Besides, high O/L cultivar C458 (Flavor Runner 458) was selected from
EMS-treated Florunner. In Argentina, an X-ray-induced mutant, Colorado Irradiado,
having high yield and oil content became a successful cultivar in the late 1970s
(Livore et al. 2018).
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Table 16.5 Groundnut mutant or mutant-derived varieties developed in different countries

Country/trait Direct mutant varieties Mutant-derived varieties

Argentina
(2)a

High yield Colorado Irradiado

Large seed Virginia No. 3

Bangladesh
(9)

High yield Binachinabadam-1,
Binachinabadam-2,
Binachinabadam-4, BINA
Chinabadam-10

Large seed Binachinabadam-3

Salinity
tolerance

Binachinabadam-5,
Binachinabadam-6,
Binachinabadam-7,
Binachinabadam-9

China (40)

High yield Fu 21, Huayu 16, Lainong
10, Xianghuasheng 4, Yuhua
5, Yuhua 7

8130, 78961, Huayu 22, Huayu 32, Lu
8130, Luhua 13, P 12, Yangxuan
1, Yangxuan 58, Yueyou 22, Yueyou
33, Yueyou 551, Yueyou 551-6,
Yueyou 551-38, Yueyou 551-116,
Zhonghua 16

Large seed Huayu 40 Huayu 9610, Yueyou 169, Yueyou
187, Yueyou 187-93

Early
maturity

Ganhua 1, Luhua 6 Luhua 15, Xianghua 1

Low
temperature
resistance

Changhua 4

Large seed Luhua 7

Resistance to
Aspergillus
flavus

Fu 22

Rust
resistance

Shanyou 27, Yueyou 223

Drought
tolerance

Luhua 11

High oil Yuhua 4, Yuhua 9, Yuhua 14

India (41)

High yield CO 2, G 2-52, TG 3, TG 38, TAG 73 BSG 0912, Co (Gn)-5, Dh 40, Dh
86, Dharani, JCG 88, GG 21, GG
34, GG 41, PDKVG 335, RG 559-3,
TG 51, TCGS 894

Large seed BG 1, BG 2, TG 1 RARS-T-1 (TG 47), Somnath, TLG
45, VRI 2

Drought
tolerance

Dh 256, GG 35, TG 37A, TPT 25
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Table 16.5 (continued)

Country/trait Direct mutant varieties Mutant-derived varieties

Seed
dormancy

R 9251, TKG 19A, TG 22, TG 26

High harvest
index

JL 501, TG 17, TAG 24

Late leaf spot
and rust
resistance

GPBD 5, Dh 232

High oleic
acid

Dh 245 TG 39, TPG 41

Malaysia (2)

Early leaf
spot
resistance

KARISMA Serene

High vitamin
A and invert
sugar

KARISMA Sweet

Myanmar (1)

Early
maturity

Sin Padetha 1

Pakistan (1)

High yield,
red testa

Golden

Sri Lanka (1)

High yield,
early maturity

ANK-G1 (Tissa)

Sudan (1)

Drought
tolerance

Tafra-1

USA (12)

High yield NC 4x

High oleic
acid

C 458 Georgia Hi-O/L, Georgia-02C,
Georgia-08V, Georgia-09B, Georgia-
10T, Georgia-12Y, Georgia-13M,
Georgia-14N, Georgia-17SP, Georgia-
18RU

Viet Nam (2)

High yield B 5000, DT 332

Total (112) 46 66
a Total number of mutant or mutant-derived varieties of the country

In India, groundnut improvement through radiation-based mutation breeding was
initiated during 1957–1958 at the Bhabha Atomic Research Centre, Trombay,
Mumbai, which evolved a robust mutant gene pool having distinct mutants and
mutant derivatives for developing varieties in subsequent years (Patil and Mouli
1979). In total, 41 varieties were developed by mutation breeding and have been



released for farmer cultivation in India since 1973 (Table 16.5). Of these, nine are
direct induced mutants and rest are all mutant derivatives. TG 1 (Trombay groundnut
1) was the first induced large-seed mutant variety developed in 1973 by X-ray
irradiation of Spanish Improved with alterations from var. vulgaris to var. hypogaea
(Patil 1966) (Fig. 16.1). TG 3, being another direct mutant variety, also showed
superior yield performance with greater number of tertiary branches (Patil 1966).
Interaction of two mutant genomes resulted in increase in oil content in TG 9 (Patil
1973), reduced number of branches (extreme fastigiata type) and increased pod yield
in TG 17 (Patil 1977). TG 1 along with TG 17 resulted in large-seed variety, TKG
19A. Two early-maturing selections, TGE 1 and TGE 2, were evolved as a result of
genomic blend of three mutants and mutant genome in the background of Gujarat
dwarf mutant, respectively. Under the different genomic backgrounds, suitable
mutant derivatives, Somnath (TGS 1) and TG 22, were developed to become
subsequently promising cultivars. Genomic blend of four mutants of Spanish
Improved under the M 13 background developed TAG 24 (Patil et al. 1995), TG
39 (Kale et al. 2010), TLG 45 (Kale et al. 2008) and RARST-1 (TG 47)
(Badigannavar et al. 2012) (Fig. 16.2). Similarly, one mutant of JL 24 and four
mutants of Spanish Improved along with M 13 resulted in yet another successful
cv. TG 26 (Kale et al. 1997). The genomic constitution of TG 26 was expanded with
natural mutant Gujarat dwarf, Girnar 1, and early genetic stock Chico, respectively,
to evolve three varieties TG 37A, TG 38 and TG 51 (Kale et al. 2004a, 2007, 2009)
(Fig. 16.2). Likewise, TPG 41 was developed from one mutant of JL 24 and four
mutants of Spanish Improved under Robut 33-1 and M 13 backgrounds (Kale et al.
2004b). Recently, a gamma ray mutant of TG 38, TAG 73, has been released. The
entire genetic base for TG germplasm was constituted by seven parents, viz., Chico,
Girnar, Gujarat dwarf, JL 24, M 13, Robut 33-1 and Spanish Improved (Fig. 16.1),
with induced mutants of Spanish Improved being the main contributors to TG
evolution (Badigannavar et al. 2002). TG varieties were also one or the other parent
in the development and release of another 14 varieties in various states (Fig. 16.1)
(Badigannavar et al. 2020). EMS mutagenesis of GPBD 4 also contributed to the
development of a promising variety G 2-52 (Nadaf et al. 2009) and Dh 245 (Nadaf
et al. 2017) and its derivatives, GPBD 5 and Dh 232 (Motagi et al. 2022).
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Fig. 16.2 Some groundnut mutant or mutant-derived varieties in India: TAG 24, TG 37A, TG
39, TLG 45 and TG 51 (left to right)
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In China, mutation breeding was initiated in the early 1960s and applied success-
fully to develop improved groundnut varieties. As a result of intensive mutation
research in many institutes, around 40 mutant or mutant-derived varieties have been
released, which include 16 direct mutant varieties (Table 16.5). In the 1960s,
groundnut mutant Fushi was developed by irradiating cv. Shitouqi with beta rays
from 32P. By using Fushi in cross-breeding, a first variety Yueyou 22 was developed
in 1968 followed by Yueyou 33 in 1971. Later, Yueyou 22 contributed as parent in
developing another six varieties (Fu 21, Yuexuan 58, Yueyou 551, Yueyou 551-6,
Yueyou 551-38, Yueyou 551-116) between 1972 and 1986. Most of the groundnut
varieties planted in Guangdong and South China provinces have a pedigree of
mutant Fushi. The popular, widely grown cv. Huayu 22 in northern China was
developed by gamma rays and hybridization (Wu et al. 2006). Mutation breeding has
also been successfully adopted for groundnut improvement in Uganda (Busolo-
Bulafu 1991) and in Egypt (Ahmed and Mohamed 2009).

16.13 Significance and Coverage of Groundnut Mutant
and Mutant-Derived Varieties

In China, numerous groundnut mutant varieties have been cultivated on larger area
bringing remarkable economic, social and ecological benefit and sustaining crop
production of the country (Liu et al. 2004). The cumulative area of Chinese mutant
cultivars covers about 20% of the total area under groundnut (Qiu et al. 1997). Series
of ‘Yueyou’ varieties have reached the accumulated growing areas of more than
4 million ha. Cultivation of Yueyou 22 reached an area of 130,000 ha. Fu 21, a
gamma ray mutant of Yueyou 22, and Yueyou 33, a selection from Yueyou
22, covered an area of 11,000 ha and 20,000 ha, respectively. Yueyou 551 evolved
by crossing Yueyou 22 with Yueyou 431 was grown extensively on 222,000 ha in
Guangdong province. By involving Yueyou 551 in cross-breeding, five more
varieties, Yangxuan 1, Yuexuan 58, Yueyou 551-6, Yueyou 551-38 and Yueyou
551-116, were developed, and of these, Yueyou 551-116 became the most promi-
nent variety with 130,000 ha area coverage. Fushi-derived varieties had been grown
on 3 million ha in South China, and groundnut production was enhanced to the tune
of 500,000 tonnes with 500 million Yuan to the farmers (Jiang and Zhou 1987,
1988). In Argentina, an X-ray-induced mutant variety, Colorado Irradiado, occupied
around 80% of the groundnut area (262,000 ha) in the 1970s (Livore et al. 2018).

In India, mutation breeding has contributed notably for the development of large-
seed varieties with early maturity (TG 39, TPG 41, TLG 45, TG 47), which are
suitable for table purpose and export under bold types. Seeds of the varieties like TG
37A, TG 38 and TG 51 are preferred for the export under Java type. Semi-dwarf
habit, high harvest index and better partitioning in TAG 24, TG 26 and TG 47 permit
pegs to enter the soil early to have better and uniformly developed pods. The
compact plants of TAG 24, TG 26, TG 38 and TG 47 facilitate farmers for high-
density planting for attaining greater productivity. Fresh seed dormancy in TKG
19A, TG 22, TG 26 and TPG 41 prevents in situ seed germination of matured crop



due to end-season rains. Hence, this character is very beneficial under current
changing climatic conditions, wherein prolonged end-season rains are often experi-
enced. Early maturity in TAG 24, TG 26 and TG 51 is helpful to escape end-season
drought and to have groundnut crop in paddy fallows, residual moisture situation and
post-potato crop. Hence, farmers are able to earn greater income due to better price in
the market. Drought tolerance in TAG 24, TG 37A and TG 39 makes them suitable
for cultivation in water-limited areas. High oleic acid (60%) in TG 39 and TPG
41 imparts better oil shelf life and health benefits. TAG 24 is used as the national
check variety and TG 37A and TG 51 as zonal check varieties in national evaluation
trials.
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Fig. 16.3 Field view of groundnut variety, TG 39 (left) along with farmer (right)

Widespread coverage of these TG varieties in major groundnut-growing Indian
states has benefitted thousands of farmers, traders and exporters. Farmers have been
experiencing the better yielding ability of TG varieties by harvesting the record
yields (>7000 kg/ha) apart from superior yields (3000–4000 kg/ha) obtained in
many parts of the country. Two progressive farmers from Maharashtra state
harvested record yields of 9280 kg/ha dry pods and 10,175 kg by cultivating TAG
24 and 9487 and 10,542 kg by growing TG 26 under suitable agro-ecology such as
balanced nutrition, uninterrupted but controlled irrigation in summer environment
and disease-free conditions (Kale et al. 2002). Another progressive farmer from
Andhra Pradesh obtained a record yield of 7800 kg pods/ha by cultivating TG
51 under irrigated conditions (DGR 2010). Of late, large-scale field demonstrations
of TG 37A in Maharashtra during 2019 and 2020 showed superiority of 37% in pod
yields and 71% in net returns over local variety, SB XI, to the farmers. Similarly, TG
37A also recorded 28% and 24% greater pod yield and net returns, respectively, in
Tamil Nadu. Recently, TG 39 has earned price advantage to the Gujarat farmers by
securing the highest market price (Fig. 16.3). Annual breeder seed demand for
mutant and mutant-derived varieties from the various states in India ranged from
10% to 30% of the total demand for all the varieties put together with an average of
18% (>145 tonnes) in the last two decades.
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16.14 TILLING in Groundnut

Targeting Induced Local Lesions in Genomes (TILLING) is a potent reverse genetic
tool to detect mutants in high-throughput and gene sequence-assisted manner. The
technique is equally applicable for all traits if the gene sequence is known. The
universality of TILLING made it popular in many crop species for detecting mutants
for agronomic, biochemical and stress-related traits. It involves PCR-based amplifi-
cation of the target genes, followed by heteroduplex formations and cleavage by
CEL1 nuclease or other endonucleases to identify single-nucleotide or small inser-
tion/deletion mutations. The technique has been applied in maize (Till et al. 2004),
rice (Till et al. 2007), soybean (Cooper et al. 2008) as well as groundnut (Knoll et al.
2011; Guo et al. 2015). It was a challenge to develop allergen-free groundnut for
human consumption. Knoll et al. (2011) addressed this problem by mutation induc-
tion and screening the mutant population through TILLING approach. Before the
genome sequence availability, Ara h2.01 and Ara h2.02 were cloned from cDNA
library by employing nested PCR. LICOR-gel-based screening of 3420 M2 plants
from EMS-mutagenized population of Tifrunner and nine SNPs in Ara h 2.01, five in
Ara h 2.02 and four in Ara h 1.01 were identified. In Ara h 1.01, a ‘C-to-T transition’
at 593 nucleotide position was silent, but the other three SNPs were predicted to
induce amino acid changes: R333W, P405L and E437K. The non-synonymous
mutation R333W at position 333 situated within epitope 12 of Ara h 1.01 (Shin
et al. 1998). Only one mutation (a premature stop codon) was confirmed in Ara
h 1.02 that resulted in a truncated protein (Knoll et al. 2011). TILLINGwas also used
to identify a frameshift mutation in AhFAD2B (Knoll et al. 2011). The overall
mutation frequency for EMS was found to be 1 SNP/967 kb in the above six
genes in groundnut.

Subsequently, the researchers investigated mutations for stress-related genes by
using a subset of 768 M2 plants from the above mutant population of Tifrunner
through TILLING by sequencing (Guo et al. 2015). Phospholipase D (AhPLD) and
lipoxygenase 7 (AhLOX 7) genes were upregulated in pod in response to drought and
infection to Aspergillus spp., respectively. Using the above mutant population, four
missense mutations in AhLOX7 and three missense mutations in AhPLD were
detected. Further, one missense and two silent mutations for Ara h 1.01, three silent
and five missense mutations in Ara h 1.02, one silent mutation in Ara h 2.02 and one
missense mutation in AhFAD2B were also identified by following TILLING by
sequencing in this subset mutant population (Guo et al. 2015). It was revealed that
the SNP detection frequency for single-copy genes was 1 SNP/344 kb and
1 SNP/3028 kb for multiple-copy genes in groundnut. Recently, Karaman et al.
(2021) analysed EMS-induced mutant population by TILLING. The mutation in
ahFAD2B resulted in change from serine to threonine and from glycine to aspartic
acid in ahFAD2A. The estimated overall mutation rate was 1 mutation in every
2139 kb. The mutation frequencies were also 1/317 kb for ahFAD2A in 0.4% EMS
and 1/466 kb for ahFAD2B in 1.2% EMS treatments. Taking its genome size of
2800 Mbp (2800 × 1000 kbp), at least 2800 plants must be screened to get a mutation
in any gene through EMS mutagenesis.
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16.15 Molecular Characterizations of Mutants Through Target
Gene-Based Approach

In groundnut, genes for oil accumulation in seed were studied by examining
transcriptome of developing seeds of a normal oil cultivar, Huayu 22 (49.5%), and
its high-oil-EMS mutant, O1 (60.9%), at 40 days and 47 days after flowering (DAF)
using GeneFishing technology (Tang et al. 2013). After cloning and sequencing of
distinguishable differentially expressed bands, 27 unigenes from 40 DAF and
13 from 47 DAF were identified. Homology search revealed that 20 unigenes
(17 from 40 DAF, 3 from 47 DAF) were highly homologous to known gene
sequences for oil biosynthesis, energy metabolism, signal transduction and stress
response. Of them, three differentially expressed genes encoding thioredoxin,
oleosin and transaldolase were further confirmed by real-time quantitative PCR.

By using induced mutagenesis with gamma rays and sodium azide in groundnut,
a high-oleic-acid (70%) mutant was isolated and later characterized through target
gene sequencing approach (Mondal et al. 2011). Sequencing of mutated ahFAD2A
gene detected two non-synonymous mutations in the coding region. Multiple
sequence alignments of the AhFAD2B gene from Huayu 22 (wild type) and high-
oleate mutant revealed a C281T transition in the coding region causing an I94T
(isoleucine to threonine at 94th amino acid position) substitution in the oleoyl-PC
desaturase (Wang et al. 2011a). A Virginia-type high-oleate (>60%) mutant (E2-4-
83-12) was isolated from an EMS treatment of LF2 (44.2% oleic acid). Cloning and
sequencing of AhFAD2B from LF2 and E2-4-83-12 identified a novel mutation,
C313T, in the coding region causing an H105Y non-synonymous substitution in the
first histidine box of the FAD2B protein (Fang et al. 2012). Two stable high-oleic-
acid (>70%) mutant lines, viz. GM6-1 and GM4-3, isolated from GPBD 4 were
utilized for characterization of AhFAD2B gene (Nadaf et al. 2017). Cloning and
sequencing of FAD2B gene from GPBD 4, GM6-1 and GM4-3 revealed two novel
mutations (A1085G and G1111A) in GM 6-1 and single transition (G1111A) in GM
4-3. A CAPS (bF19/R1, MobII enzyme) marker and two SNP markers (bF19/GM6-
1-GM4-3 and bF19/GM6-1) that could differentiate the two mutants were also
developed (Nadaf et al. 2017). Sequence comparison of the high-oleate EMS mutant
and parent Fuhua 12 revealed a G448A substitution in AhFAD2A and an A insertion
(441_442insA) in AhFAD2B genes, which together contributed to high oleate in
mutant (Yu et al. 2019). Zhuang et al. (2019) developed mutants Min6-A from EMS
treatment of Minhua 6 and Min8-A from gamma ray irradiation of Minhua 8 with
~80% oleic acid. Sequencing identified mutations in AhFAD2A (dysfunction muta-
tion on AH09G33970 at 114,779,221 bp of Chr09) and AhFAD2B (frameshift on
AH19G43590 at 154464257 bp of Chr19), which conferred high oleate trait.
Recently, Nkuna et al. (2021) identified a high-oleic Virginia-type groundnut mutant
from sodium azide mutagenesis. Sequencing of the mutated and wild-type FAD2A/
FAD2B genes detected two mutations, viz. the G448A mutation in FAD2A resulting
in an amino acid change of D150N and G558A in FAD2B, causing a stop codon and
premature termination of protein synthesis.
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16.16 Mutagenomics for Characterization of Mutants

Mutagenomics research in groundnut was initiated by Yu et al. (2015) through the
usage of GeneFishing technology. Using this technique, 40 differential transcripts
were identified between high-protein mutant and its parent. Of them, three unique
genes with nutrient reservoir activity, protein disulphide oxidoreductase activity and
ATPase/transporter activity, respectively, were related to high-protein phenotype in
the mutant.

Next-generation sequencing is a well-established, versatile genomics platform
with many applications in plant biology research. This technique along with mutants
and mutant-derived population is now being used in many mapping techniques like
MutMap (Abe et al. 2012), MutMap-Gap (Takagi et al. 2013a) and QTL-seq (Takagi
et al. 2013b) to know the nature of mutations and to identify mutant gene. Testa
colour in groundnut is an important quality attribute that determines consumer
preference. Using RNA sequencing approach, Wan et al. (2016) studied the differ-
ential transcript behaviour of a brown testa mutant with crack seed coat (pscb) and
wild-type seed coat harvested at 20, 40 and 60 DAF. By analysing gene expression
patterns and sequences of 62 differentially expressed genes (DEGs) between mutant
and wild type, three candidate genes, namely, c36498_g1 (CCoAOMT1; Caffeoyl-
CoA O-methyltransferase 1), c40902_g2 (kinesin) and c33560_g1 (MYB3), were
suggested to be responsible for seed coat cracking and brown colour phenotype.
Later, the same group of scientists worked towards identification of DEGs on a small
pod width mutant (pw) compared to its parent by using RNA-sequencing of devel-
oping pod samples at 20, 40 and 60 DAF. A genome-wide comparative analysis of
expression profiles revealed 260 DEGs across all three stages, and two candidate
genes, c26901_g1 (CAD; cinnamyl alcohol dehydrogenase) and c37339_g1 (ACS;
1-aminocyclopropane-1-carboxylate synthase), responsible for pod width were
identified (Wan et al. 2017). Recently, an integrative analysis of transcriptomes,
metabolomes and histocytology of white-seed-coat (wsc) mutant revealed that the
mutant gene influenced the flavonoid biosynthesis in testa as well as suberin
formation, glycolysis, TCA cycle and amino acid metabolism. Further, common
DEGs’ analysis in the above three pod development stages detected three testa-
specific expressed candidate genes Araip.M7RY3, Aradu.R8PMF and Araip.
MHR6K that were likely responsible for the white testa in the mutant (Wan et al.
2020).

The same transcriptomic approach was used to characterize a susceptible late leaf
spot EMS mutant M14 of a resistant cultivar Yuanza 9102 (Han et al. 2017).
RNA-seq analysis in the leaf tissues of M14 and Yuanza 9102 under pathogen
challenge showed 2219 DEGs including 1317 up-regulated genes and 902 down-
regulated genes. DEG analysis revealed up-regulation of inducible pathogenesis-
related genes and down-regulation of genes related to photosynthesis in susceptible
M14 mutant. The study suggested that the up-regulation of WRKY transcription
factor along with depression of chloroplast genes and plant hormone-related genes
for plant growth happened in response to fungal infection in susceptible mutant that



resulted in reduction of photosynthesis and phytohormones and led to symptom
formation.
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In another high-throughput transcriptome study on gamma ray-induced semi-
dwarf mutant 2 (sdm2), DEGs were found to be involved in cell wall synthesis and
metabolic pathways and hormone biosynthesis and signalling pathways (Guo et al.
2020). The expression of several genes in BR biosynthesis and signalling was found
to be considerably down-regulated in leaf and stem of sdm2 as compared to parent.
Further genes in cell wall synthesis and metabolic pathways, which are related to cell
elongation, were downregulated in the stem of sdm2 mutant. In the study of muta-
epigenomics, Bhat et al. (2020) identified differentially methylated sites in the
genome of an EMS mutant TMV2-NLM and its parent, TMV 2. This narrow leaf
mutant differed in 240 methylation sites in A genome and 401 methylation sites in B
genome. Of the 641 differentially methylated sites, only 45 were found in 37 genes
among which 8 had differential expression between mutant and parent. This study
first demonstrated the role of EMS mutagenesis in DNA methylation in groundnut.

16.17 Gene Editing for Site-Directed Mutagenesis

Recently, gene editing studies based on zinc finger nucleases (ZFN), single-stranded
oligonucleotides, transcription activator-like effector nucleases (TALENs) and clus-
tered regularly interspaced short palindromic repeats (CRISPR/Cas9) have been
reported in several polyploid crops (Kaur et al. 2018; Arndell et al. 2019). The
site-directed approach also allows selection of desirable plants by delivery of
biodegradable Cas9/sgRNA ribonucleoprotein complexes (no foreign DNA) into
plant cells, where they are acted transiently but allow for efficient gene editing (Woo
et al. 2015). Such a system has been demonstrated in Camelina sativa, an emerging
oil seed plant, wherein oleic acid was increased from 16% to>50% with a concomi-
tant decrease in linoleic acid and linolenic acid (Jiang et al. 2017). These innovative
systems creating precise mutations will be useful in enhancing oleate content even in
groundnut.

Much before the availability of complete genome sequence of tetraploid ground-
nut, scientists have explored the possibility to further improve the oil quality by
changing the oleic/linoleic (O/L) ratio in seed oil. Huang et al. (2008) generated
RNAi lines against FAD2 gene in groundnut and isolated transgenic plants with
higher O/L ratio than the wild type. After the detection of sequence variation in
natural and induced high-oleic mutants, researchers started to manipulate these
quality characters through site-directed mutagenesis approach. Wen et al. (2018)
attempted TALEN-mediated gene editing in both FAD2A and FAD2B genes of
cv. YueYou no. 7. Oleic acid level in transgenic seeds was increased up to
90.45% with the concomitant reduction of linoleic acid to 7.42%. This is the first
successful report on the use of TALEN in targeted mutagenesis of groundnut.
However, TALEN technique has its inherent constraints of target-specific TALE
protein construction in vector and low mutation frequency of T1 plants. Most of the
site-directed approach depends on transformation efficiency, which is still low in



groundnut compared to other crops. However, the genome editing efficiency in
groundnut can be enhanced by other potential sequence-specific nucleases, including
ZFNs, CRISPR/Cas9 and CRISPR/Cpf1 systems (Lowder et al. 2016). CRISPR/
Cas9-mediated site-directed gene editing was used to mutate FAD2 gene by both
protoplast and hairy root transformation methods in groundnut (Yuan et al. 2019).
They had identified the hotspot site (called as sgRNA6 site) within FAD2 that
showed higher frequency of ‘G448A’ and ‘G451T’ transition in AhFAD2A and
AhFAD2B, respectively. In addition, ‘441_442 insertion A’ in FAD2B similar to
natural mutation in F435 was also identified in this study. The mutation ‘G451T’ in
AhFAD2B was novel and generated a premature stop codon. Such site-specific
mutagenesis using CRISPR-Cas9 is equally important to know the function of
uncharacterized gene in groundnut. On this direction, Shu et al. (2020) used this
technology in groundnut and found that AhNFR5 gene played a major role in nodule
formation. Application of site-directed mutagenesis technique in studying the role of
genes or creating valuable traits in groundnut has enough scope in post-genomic era
due to the availability of information on gene families, copy number and sequence
divergence within homologues. Such information will help to design more specific
sgRNA construct, which will selectively mutate the homologue in polyploid crop
like groundnut.
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16.18 Conclusions and Prospects

One of the impediments in the exploitation of plant genetic resources was transfer-
ring specific genes into ‘ideal desirable genetic backgrounds’ (FAO 1998). Convinc-
ingly, a judicious blend of mutation and recombination breeding efforts in groundnut
was successful in bringing mutant genes into ideal genetic backgrounds. Conse-
quently, many distinct groundnut varieties were evolved with improved agronomic
and nutritional traits along with stress tolerance as exemplified by groundnut breed-
ing efforts undertaken in many countries. Besides these, mutation breeding was also
helpful to rectify some of the undesirable features associated with desirable
characters. Many of these mutant varieties have been extensively cultivated by the
farming community and have occupied considerable groundnut area in several
countries. Post-genomic era has come up with ample information on gene families,
copy number and sequence divergence within homologues in cultivated groundnut
genome. Such information will help to design more specific sgRNA construct, which
will selectively mutate the homologue in this polyploid crop for better nutritional
value, abiotic and biotic resistance and allergen- and aflatoxin-free food in
groundnut.
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Abstract

The region of Latin America and the Caribbean is characterized by the great
diversity of crops and environmental conditions where the crops coexist under the
effects of different abiotic and biotic stresses, which impact unfavorably the food
and nutrition security. This vulnerability increases by the effect of climate change
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due to increase in minimal and maximal temperatures, changes in rainfall pattern
that increased the intensity of drought, and rise of sea level affecting coastal areas
by intrusion of salty water. To alleviate these constraints, several programs of
genetic improvement have been developed with the support of the International
Atomic Energy Agency (IAEA) directed to obtain new high-yielding varieties
under different stressful conditions. From these projects, several mutants have
been obtained which are used directly in the production areas because of their
good productive potential or as parental in breeding programs. These advances
have been achieved in crops such as rice (Oryza sativa L.), tomato (Solanum
lycopersicum L.), common bean (Phaseolus vulgaris L.), soybean (Glycine max
Merrill), quinoa (C. quinoaWilld), and Hibiscus sabdariffa L. Rice is the crop in
which the largest number of mutants have been obtained, and more Latin
American countries are involved in rice improvement. In this chapter, we have
presented an overview of the progress in mutation breeding in the Latin American
and the Caribbean region with successful examples.
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17.1 Introduction

Latin America is the center of origin of several economically important species, but
the food production is affected by a number of biotic and abiotic stresses and the
climatic alterations associated with global warming, which in the past years have
increased the vulnerability of the agricultural sector. The main impacts of climate
change on agriculture are related with the increase of differences between minimum
and maximum temperature, increased rates of evaporation, change as in rainfall
patterns (in amount, spatial and temporal distributions), increased intensity and
frequency of extreme events (floods and droughts), and intrusion of salty water.
These factors cause the reduction in agricultural yields and limit the production of
foods being necessary for the development of breeding programs to obtain varieties
tolerant to these different stresses. In this regard, mutation induction techniques have
demonstrated their efficiency because new, novel genetic variation can be generated
in the available germplasm, and they can shorten the breeding and improvement
cycles.

In the 1960s, some Latin American countries began to apply the induction of
mutations in their breeding programs, and thanks to IAEA regional projects,
18 countries of the region have used these techniques for genetic improvement of
several crops. Some of these countries have been able to register mutants that are
directly employed in the production of food and as parental material in programs of
plant breeding.
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17.1.1 Argentina

In Argentina, the Institute of Genetics “Ewald A. Favret” has a long tradition in
applying mutation induction techniques in crop plants, using physical and chemical
mutagens, and mutator genes, to increase the naturally occurring mutation rates.
These works made available some mutants that have been useful for basic research
and plant breeding (Prina et al. 2011; Landau et al. 2021). The peanut variety
Colorado Irradiado, released in 1972, was the first achievement regarding the
improvement in productivity and food quality by applying mutation induction and
was isolated after X-ray treatments (200 Gy) applied on seeds of Colorado de
Cordoba cv. The mutant variety showed higher yield and oil content (Kharkwal
and Shu 2009).

As a result of the cooperation between the INTA Rice Breeding Program and
IGEAF, imidazolinone (IMI)-tolerant mutants were isolated after mutagenic
treatments. The IMI-tolerant varieties were tolerant to the infestation by weedy
rice, the most important weed constraint for cultivated rice (Livore et al. 2018).
Treatments were applied by soaking seed samples from three rice cultivars (IRGA
417, El Paso, and Don Juan), and selection was carried in M2 plants by treating with
a mix of two imidazolinones (imazapyr and imazamox). Five different alleles of the
AHAS gene, encoding the acetohydroxyacid synthase enzyme, were isolated, and
two of them were patented (Livore et al. 2010, 2011). The first imidazolinone-
tolerant variety in Argentina, PUITA INTA CL, was released in 2005. It carried the
mutant AHAS allele ala122thr. Afterwards, other three varieties (GURI INTA CL in
2011, ÑU POTY INTA CL in 2014, and MEMBY PORA INTA CL in 2017) with
improved yield and better quality were released.

These IMI-tolerant varieties covered 70% of the irrigated area in Latin America
and in Brazil, the main rice producer of the region, as they reached over 800,000 ha
per year. Moreover, varieties carrying the ala122thr allele have also been released in
Italy, Greece, Romania, and Portugal. In conclusion, rice varieties carrying the
mutant allele 122 greatly contributed to improving productivity and quality, and,
besides, they played an important role in recovering rice fields severely invaded by
weedy rice. It is obviously a partial victory in the continuous fight against weeds,
which requires a sustainable weed management.

Other achievements were obtained in citrus by a joint work between IGEAF and
EEA INTA Bella Vista. One was the lemon mutant cv Eureka 22 INTA, in which
fruit yield and quality were improved. The mutant was obtained from X-ray
treatments (10 Gy) applied on Frost Eureka cv. A second mutant, obtained by
X-ray treatment (20 Gy) on cv. Valencia Late, was orange mutant cv Valencia
2 INTA, in which fruit set and quality were improved. Both mutants were released
in 1987 (Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture
1999).
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17.1.2 Brazil

The application of the plant-induced mutation in Brazil occurred systematically and
continuously since 1964, using rice as a model plant (Ando 1968). Several studies
were carried out on the potential effects of the induced mutation in different plant
species with chemical and physical induced mutation applied in seeds (rice, maize,
beans, tobacco, wheat, and soybeans), in vegetatively propagated plants (black
pepper, citrus, apple, and ornamental plants) and in vitro (banana, tobacco, pineap-
ple, black pepper, and some ornamental species).

In Brazil, the Agricultural Research and Rural Extension Company of Santa
Catarina (Epagri) with the support of the Center of Nuclear Energy in Agriculture
(CENA/USP) has applied the “induced mutation in rice breeding” program to
increase genetic variability. The work has enabled the development of rice lines
and cultivars with promising characteristics: productivity, cycle, resistance to iron
toxicity, quality, resistance to diseases, architecture, tolerance to cold, and resistance
to herbicides (Yokoiama et al. 1996; Bacha et al. 2001; Ishiy et al. 2005; Raimondi
et al. 2011; Schiocchet et al. 2014; Andrade et al. 2018). The potential to apply the
induced mutation to plant breeding in Brazil was demonstrated in a productivity test
with rice mutants from different countries, conducted in Sao Paulo (Ando et al.
1971).

17.1.3 Costa Rica

At the beginning of 1980s, Dr. Willy Navarro began a mutation breeding program in
rice with the objective to increase the genetic variability and to obtain new varieties
that had resistance to diseases, grain quality, and high yield, and the Camago
8 variety was planted in 30% of the rice area under cultivation (Ahloowalia et al.
2004). This variety showed tolerance to Pyricularia oryzae, good grain quality, and
high yielding. In 2016, the National University of Costa Rica started a mutation
breeding program in rice to obtain drought-tolerant rice varietiese.

17.1.4 Chile

In Chile, mutation breeding programs were developed in wheat and barley by using
60Co gamma rays, and it was possible to obtain the wheat variety Caroline in 1981
and the barley variety Leo-INIA/CCU in 1990. The wheat variety Caroline was
developed by irradiation of seeds with 100 Gy of 60Co. The main attributes of this
variety were high yield, high protein content, resistance to diseases, and good
quality. The barley mutant Leo-INIA/CCU was developed by hybridization with
mutant variety Riso Mutant 1508. The main improved attributes of this spring barley
mutant variety were early maturity, plant height (80–90 cm), high yield (6 t/ha),
HLW (69 kg), and high malting quality.
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17.1.5 Cuba

The application of nuclear techniques began in Cuba in the 1970s. The first studies
were on the evaluation of different types of mutagenic agents and the study of the
types and the frequency of the radio mutants in several crops (Cornide and Kotvics
1974; Castillo 1981; Pérez Talavera and Labrada 1988). In Cuba, the induction of
mutations has been used in breeding programs of rice (Oryza sativa L.), tomato
(Solanum lycopersicum L.), sugarcane (Saccharum spp.), banana (Musa sp.), bean
(Phaseolus vulgaris L.), soybean (Glycine max Merrill), and flower of Jamaica
(Hibiscus sabdariffa L.) among others. These breeding programs have led to the
development of eight varieties of rice that showed improved different attributes such
as tolerance to salinity, drought, resistance to Steneotarsonemus spinki Smiley, as
well as high yield and good grain quality; four drought-tolerant tomato varieties;
three varieties of soybean characterized for their high productive potential, one of
those which is tolerant to nematodes; three varieties of flower of Jamaica of high
productive potential; three varieties of sugarcane tolerant to the virus of mosaic
(VMCA); and a variety of banana of low bearing (Table 17.1).

17.1.6 Mexico

The mutation induction program using ionizing radiation began in 1974, at the
National Institute of Nuclear Research (ININ), and several varieties have been
released in different crops (wheat, barley, soybean, and rice). Overall, in a period
of 47 years, ten mutant varieties have been registered in Mexico. The ININ and the
School of Postgraduates developed the first mutant varieties. The wheat varieties
Centaur and Sandbank Bonus have, among its main attributes, resistance to lodging
and high yield. In the Field Experimental Northwest of the National Institute of
Forest and Agricultural Investigations, the registered mutant varieties included
soybean varieties Nainari (previously well known as Héctor) and Esperanza having
high yield and resistance to the white fly (Bemisia argentifolii Bellows & Perring); in
the High Agricultural School of the State of Guerrero (CSAEGRO), a soybean
variety SALCER was registered in 2009, and in 2020 the varieties Valente and
Albino. The first one is used for animal and human consumption and the last two for
human consumption in dry tropical climates. The National Institute of Forest and
Agricultural Investigations (INIFAP) developed rice varieties Morelos A 2010 and
Morelos A 2010 for high yield, and regarding ornamental species, the INIFAP has
registered the ornamental species the Christmas Eve variety Juanita having compact
growth for cultivation in gravel.

17.1.7 Peru

Genetic improvement work using the mutation induction technique in Peru began in
1978 in the Cereals and Native Grains Program of the National Agrarian University



Crops Scientific name

under the direction of Professor Marino Romero Loli. In 1995, the first mutant
variety of barley (Hordeum vulgare) called UNA-La Molina 95 was released in
1995, developed by irradiation of seeds with gamma rays (300 Gy). The main
improved attributes of the mutant variety are early maturity and naked kernels.
Genetic improvement work with the induction of mutations was continued to obtain
a second variety of barley called Centenario released in 2006. This variety was
developed by irradiating seeds with gamma rays (300 Gy), and its main attributes are
earliness, higher yield, and quality characters such as better protein content and
greater weight of 1000 grains. Mutation induction work has also been carried out on
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Table 17.1 Mutants released in Cuba

Name of Registration Main
varieties year characteristics

Rice Oryza sativa L. IACuba 21 1995 Grain quality

IACuba 22 1995 Grain quality

IACuba 23 1995 Grain quality

IACuba 27 2001 Grain quality

IACuba 28 2001 Grain quality

INCA LP-7 1998 Salt tolerance

INCA LP-10 1998 High yield

GINES 2007 Drought
tolerance

Guillemar LP
19

2014 Drought
tolerance

Jose LP20 2015 Drought
tolerance

Tomato Solanum
lycopersicum L.

Maybel 2007 Drought
tolerance

Magine 2007 Drought
tolerance

Domi 2015 Drought
tolerance

Giron 50 2021 Drought
tolerance

Sugarcane Saccharum
officinarum L.

CCe 10582 1990 High yield

CCe 283 1993 High yield

CCe 483 1993 High yield

CCe 183 1993 High yield

Flower of
Jamaica

Hibiscus sabdariffa
L.

Dogo 2013 High yield

Ana Delia 2013 High yield

Benito 2013 High yield

Soybean Glycine max Merrill INCASoy 35 2004 High yield

INCASoy 36 2008 High yield

CUVIN 22 2021 Black grain
color

Source: IAEA (2015). IAEA Mutant Database. Vienna: International Atomic Energy Agency



native Peruvian crops such as kiwicha (Amaranthus caudatus) and quinoa
(Chenopodium quinoa), obtaining a variety of Amaranthus caudatus called
Centenario, released in 2006 and which was developed by irradiation of seeds
with gamma rays (400 Gy); its improved characteristics were higher yield, earliness,
and weight of 1000 grains. There are advanced mutant lines in Chenopodium quinoa
in which the yield, growth habit, life cycle, and quality characteristics such as protein
content have been improved (Gomez Pando 2014).
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17.2 Mutation Breeding in Latin America Facing Climatic
Change

The increase in minimum and maximum temperature and the changes in rainfall
patterns as well as salinity are the main environmental factors that affect the food
production in Latin America. Among the abiotic factors, drought is one of the most
devastating, and it has been estimated that more than 50% of the world’s arable land
will be affected by drought in the year 2050, and some breeding programs have been
initiated with the support of the International Atomic Energy Agency (IAEA).

17.2.1 Mutation Breeding in Rice for Salinity and Drought Tolerance

Rice (Oryza sativa L.) is one of the most important crops produced worldwide and is
the staple food for more than half of the world’s population (Yang and Zhang 2006).
With respect to yield, rice is the second most produced crop after maize (Zea mays
L.) and is the second highest crop after wheat with respect to the harvested area. Rice
provides more calories than other cereals (Acevedo et al. 2006), and the low rice
yields are associated with different types of abiotic and biotic stresses.

Plant mutation breeding has been very successful in rice and has produced around
850 mutant rice cultivars (FAO/IAEA Mutant Variety Database 2019), and some
countries of Latin America are working in mutation breeding in rice to obtain rice
varieties tolerant to different abiotic stresses (salinity, drought, and high tempera-
ture). The International Atomic Energy Agency (IAEA) has supported these
investigations through different projects; one of them was the project ARCAL
RLA5068 entitled “Improvement of the yield and commercial potential of crops of
economic importance for the region of Latin America and the Caribbean,” which
was recently concluded.

In the National Institute of Agricultural Sciences (INCA) of Cuba, a program of
genetic improvement was developed by means of biotechnical and nuclear
techniques to obtain new rice varieties with good performance under saline and
drought conditions from the Cuban rice varieties Amistad-82 and J-104. The breed-
ing program was developed using a work protocol that included the employment of
biotechnical and nuclear techniques for the induction of genetic variability and the
selection in vitro (Fig. 17.1), and it was possible to obtain three mutant varieties
(Table 17.1; INCA LP-7, INCA LP-10, and Gines LP-18). The varieties INCA LP-7



and INCA LP-10 were obtained from in vitro culture of Amistad 82 (González
1993). The INCA variety LP-7 is characterized for its tolerance to salinity and
resistance to the white Acarus (Steneotarsonemus spinki Smiley), while the variety
INCA LP-10 is characterized for its tolerance to salinity and high yield. The
Guillemar LP-19 and José LP-20 varieties were also developed from crossing with
the mutants INCA LP-7 and INCA LP-10, respectively (Cristo et al. 2014, 2015).
The variety Gines LP-18 was obtained from the proton beam irradiation of seeds of
var. J-104 in the nuclear reactor of DUVNA, and later using in vitro culture protocol,
INCA variety LP-7 was developed. This is the first variety of rice obtained using
proton beam irradiation (González et al. 2009a, b). The Gines variety stands out for
its high productive potential in conditions of low water supplies and the excellent
quality of its grain, being highly demanded by the farmers. There is also a group of
advanced drought-tolerant lines (Gonzalez and Martínez 2016).
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  Irradia�on with protons

Seeds A 82 variety

Callus forma�on

Plant  regenera�ón
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Screening
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field M3 M5

  New variety

Fig. 17.1 Mutation breeding protocol used in rice for drought and salinity tolerance
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17.2.1.1 Molecular Evaluation of Cuban Rice Mutants
To evaluate the genomic diversity among the mutants and the wild type of variety,
amplified fragment length polymorphism (AFLP) technique was used. The four
primer combinations tested (E-ACG/M-CAG, E-AGC/M-CAG, E-AGC/M-CAC,
E-ACG/M-CTC) produced good polymorphism results. Analyses of the genetic
distance between AFLP patterns showed a dendrogram, which depicts the clustering
of rice mutants into two groups of individuals as well as shows a clear distinction
between mutants and the respective donor variety (Figs. 17.2 and 17.3). Polymor-
phic AFLP fragments were extracted from polyacrylamide gel and sequenced.
Nucleotide sequences were compared with the GenBank nonredundant databases
by using the BLAST sequence alignment program. Some AFLP fragment sequences
from the mutants were homologues to glutathione S-transferase (gst1), auxin-
induced protein (pGNT1), and genomic DNA chromosomes 1, 2, 3, 6, and 10.

A-82

LP-7

LP-9

LP12

LP-13

LP-16

LP-17

LP-8

LP-10

0.03 0.15 0.27 0.39 0.51

Coefficient

Fig. 17.2 UPGMA cluster analysis of Dice similarity coefficients calculated on the basis of
36 AFLP comparisons among A-82 and eight rice mutants

J104

8554
8555

8551

8553
8552

0.17 0.27 0.36 0.46 0.56

Coefficient

Fig. 17.3 UPGMA cluster analysis of Dice similarity coefficients calculated on the basis of
36 AFLP comparisons among J-104 and five mutant rice genotypes



The enzyme glutathione S-transferase is associated with different abiotic stress
responses in plants, because a reduced form of glutathione is considered to protect
the cell from oxidative damage, based on its redox buffering action and abundance in
the cell. It is very interesting to see the association of GST in the tolerant mutant
genotypes compared with the susceptible donor variety, suggesting the possible role
of this enzyme in salt tolerance.
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The National University of Costa Rica has also established a genetic improve-
ment program in rice aimed at obtaining drought-tolerant varieties and developed a
protocol for the selection of drought-tolerant genotypes in the greenhouse and field
conditions. Seeds M2 of CR5272 irradiated with 300 Gy were placed on PEG 8000
medium with the osmotic potential of -0.5 MPa in a germination chamber for
14 days and 7 days in a growth room with a photoperiod of 16 h of light. After
this period, all selected seedlings were put in a hydroponic system for 50 days for
their recovery. The second selection was made in the pre-flowering stage under
drought-stress condition (-0.5 MPa) for a period of 27 days, and it was possible to
obtain some mutant lines that showed better performance than the parent under
drought condition. The studies have demonstrated that mutation induction with
ionizing radiation is a valuable tool to obtain drought- and salinity-tolerant rice
mutants.

17.2.2 Selection of Heat-Tolerant Mutant of Quinoa (Chenopodium
quinoa Willd) in Peru

Quinoa (Chenopodium quinoa Willd) is a plant species recognized for its high
nutritional value and tolerance to drought and salinity and is a valuable alternative
to solve future problems for marginal areas and populations with malnutrition
problems. Its importance has extended its cultivation to new areas, considering its
low tolerance to high temperatures in the coastal region of the Peruvian coast and in
other areas of the world where quinoa has been introduced (Mendoza 2013; Bazile
et al. 2016). There are various studies that show differences in heat tolerance
between varieties of quinoa (Bonifacio 1995). High temperatures cause flower
abortion and pollen death in quinoa crops (Jacobsen et al. 2003). Aguilar (1968),
cited by Peterson andMurphy (2015), reported that the variety of quinoa subjected to
a constant temperature of 32 °C reduced its height, biomass, grain filling, and
development time compared to optimal temperatures. Therefore, it has become
necessary to develop varieties of quinoa, for the coastal zone, with high productivity
and quality for environments with high temperatures. The commercial variety
Amarilla Marangani from which the mutant lines were derived by gamma irradiation
had a yield of 2771 kg/ha, and it was observed that more than seven mutants
exceeded this yield in optimal environments. In summer conditions, only four
mutant lines had a higher yield than the Amarilla Marangani parent material.
Different stress indices like yield reduction (YR), tolerance (TOL), and stress
susceptibility index (SSI) were considered to assess the mutant lines and the parental
variety. Mutants M4AM250-70, M4AM250-72, M4AM250-78, M4AM250-85,



M3AM150-302, and M3AM250-580B showed the lowest values for these indices,
suggesting higher tolerance to heat stress under the experimental conditions. The
highest values for the average productivity index (PM) and geometric mean produc-
tivity (PMG) corresponded to the mutant lines M3AM150-1005, M4AM250-70,
M4AM150-22, M3AM150-179, and M4AM250-62. Similarly, the highest values of
the stress tolerance index (STI) corresponded to the mutant lines M4AM250-78,
M4AM250-85, M4AM250-72, M4AM250-70, M3AM250-580B, M3AM150-302,
M3AM150-1005, M4AM150-31, and M4AM250-62. Among the mutant lines that
showed better performance under optimal and heat-stress conditions were
M4AM250-70, M3AM150-302, and M3AM150-1005. On the other hand, mutants
M4AM250-85 and M4AM250-78 had acceptable yields considering the yield of
quinoa at the national level, equal to 1330 kg/ha (Table 17.2).

17 Mutation Breeding for Sustainable Food Production in Latin America and. . . 531

17.2.2.1 Mutation Breeding for Drought Tolerance in Soybean (Glycine
max Merrill) and Stevia sp. in Paraguay

Paraguay has begun to use nuclear techniques to generate variability in crops of
economic interest, through a program of genetic improvement of crops of the
Multidisciplinary Center for Technological Research (CEMIT) of the National
University of Asunción. To generate variability and select some drought-tolerant
mutant in soybean and Stevia sp., gamma ray-irradiated seed of soybean and nodal
segments of Stevia sp. with X-rays were used. It has been observed that mutants
showed phenotypic variability, especially differences in color, shape, and appear-
ance of leaves and plant height, drought tolerance, and development cycle in Stevia
sp. as well as some mutants in the soybean for drought tolerance (Table 17.3).

17.2.2.2 Mutation Breeding for Drought Tolerance in Sweet Potato
(Ipomoea batatas L.)

In 2017, internodes of sweet potato varieties CIP 440004 and ICTA Dorado were
irradiated with gamma rays 60Co. In the seventh-generation M1V7, a mutant was
field evaluated in the Vegetable Program for its increased performance. To deter-
mine the effect of irradiation on tolerance to water stress in sweet potato varieties, an
experiment was carried out in the ICTA Biotechnology Laboratory, using different
concentrations of PEG (6, 12, 18, and 24 g/L) in sweet potato seedlings of the
varieties CIP code 440004 and ICTA Dorado irradiated with 12.5 Gy. The selection
with 12 g/L PEG showed a superior response of tolerance to water stress in plants of
CIP code 440004 followed by irradiated plants selected with 18 and 24 g/L PEG. A
protocol was thus established for the induction of mutation and for the irradiation
and in vitro selection of sweet potato mutants of the varieties CIP 440004 and ICTA
Dorado that showed tolerance to drought under in vitro conditions.

17.2.2.3 Mutation Breeding for Drought Tolerance in tomato (Solanum
lycopersicum L.)

Tomato (Solanum lycopersicum L.) is the vegetable of high global importance due to
its high demand for superior nutritional qualities and gustatory and varied consump-
tion forms. Fruits contain high content of lycopene, carotene, vitamins, and
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Crops Mutagenic agent Number of advanced lines

secondary metabolites of great importance to prevent health problems. Tomato
mutation breeding program was initiated by seed irradiation of Cuban varieties
Amalia and INCA 9-1 using 300 and 500 Gy of gamma rays. The selection was
carried out during five cycles in conditions of low water availability and fertilizers,
and several variations were observed. It was possible to select some mutant lines of
good performance under low water and fertilizer supply. Participatory selection was
used in the mutant advanced lines to guarantee the fast introduction of the varieties in
the production areas (Fig. 17.4). The mutants Maybel, Magine, Domi, and Giron
50 were registered that showed high productive potential in conditions of low water
and fertilizers as well as good quality for their application in the fruit processing
industry (González et al. 2009b, 2010). All these results show the importance of
induced mutation to obtain new varieties tolerant to biotic and abiotic stresses that
contribute to sustainable production of food and reduce the impact of climate change
on the agriculture sector of the region.
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Table 17.3 Drought-tolerant lines of soybean and Stevia sp. selected in Paraguay

Characteristic
obtained

Glycine max Gamma ray (60Co) Drought tolerance 10

Stevia rebaudiana X-ray Drought tolerance 5

Fig. 17.4 Participatory selection of tomato mutants

17.3 Conclusion

In Latin America, several countries have successfully employed the mutation breed-
ing programs with the aim of obtaining varieties tolerant to different types of abiotic
and biotic stresses in different crops such as rice, wheat, barley, soybean, tomato,
quinoa, potato, sugarcane, and Hibiscus sabdariffa among others; however, rice has
been the most worked crop. Varieties tolerant to salinity and high and low
temperatures have been obtained, as well as varieties with good agronomic behavior



in conditions of low water supplies that will contribute to sustainable food produc-
tion in the face of climate change. The number of countries that have incorporated
mutation induction into breeding programs has been increasing to strengthen the
work of the Latin American Network of Nuclear Techniques Applied to Agriculture
(ATENA) and to continue working on obtaining varieties with environmental stress
tolerance, nutritional quality, and good response to the use of biofertilizers to reduce
the environmental impact of chemical fertilizers. The mutant varieties have been
directly employed in the production of food and as parental material in crop
improvement, highlighting the success of mutation breeding in the Latin American
and the Caribbean region.
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Mutation Breeding Studies in the Indian
Non-basmati Aromatic Rice: Success
and Outlook

18
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Abstract

Induced mutation is one of the techniques widely used in crop breeding for
improvements in desirable traits. Creating variability through mutations is the
most significant procedure to be carried out to improve crops. Rice is an important
edible cereal and is the staple food for over half of the world’s population.
Induced mutations have been extensively used in rice breeding programs to
generate superior rice varieties. Rice has several genotypes of indigenous
landraces having specific multiple characteristics, and aroma is a sought-after
quality, always pursued in rice breeding. Aromatic rice varieties are always
broadly preferred since they fetch higher revenues to the farmers. This chapter
summarizes the work on induced mutations using chemical and physical
mutagens in two non-basmati aromatic landraces of rice from India. The
stabilities of the identified mutants selected were confirmed and comprehensibly
scrutinized in the subsequent four generations in the extensive field trials. Dwarf-
ism, early flowering, non-lodging, and more tillers were the main features of the
mutants in both the landraces. Rice landraces, due to their adaptableness to
different agroclimatic conditions and exclusive features, are limited to only
certain rice-growing areas. Hence, the generated mutants reported in this study
would be tested under various agroclimatic zones for demonstrating the utility of
these mutants on a wider scale for their integration in rice breeding programs.
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18.1 Introduction

Increasing global population, combined with climate changes and striking natural
disasters more regularly, is threatening global food security with extraordinary
challenges and pressure. It is necessary to produce more food as the world popula-
tion is expected to extend to 9.7 billion by 2050 (Tripathi et al. 2019). Against this
framework, insecurity of global food production poses a hindrance in the pathway of
achieving a goal of Zero Hunger, indicated by a latest FAO report (FAO, IFAD,
UNICEF, WFP, and WHO 2020). To avoid global food security, it is necessary to
design proper crop ideotypes to enhance crop production, which can withstand
adverse environmental stress factors, water scarcity, and diseases. In this reference,
mutation is a major source of genetic variation and may be used for gene functional
analysis. Induced mutations have a long history in both applied and basic aspects of
plant research. During the past 50 years, several plant varieties have been developed
and released worldwide, either directly from induced mutants or as a result of
crossing such mutants with other breeding lines. In the era of plant breeding,
conventional breeding approaches including selection based on phenotypes have
transformed into mutation approaches to enhance the genetic gain. Additionally,
mutation breeding and genetic improvement have been integrated with the updated
perceptions of plant tissue culture, DNA markers, genetic engineering, and marker-
assisted breeding as expected by more precise background and foreground selection,
limitation of breeding cycle, and exploitation and sighting of diverse genetic
resources.

Generally, chemical or physical mutations mainly using gamma rays have been
employed to generate plant mutations mainly for the plant improvement and for
upgrading efficiencies of their desirable properties. Mutation induction, together
with mutation detection and mutant stability, is a key element of mutation breeding
and has been an important tool for plant breeders for more than 70 years to increase
the genetic diversity of plants and derive new mutant lines with value-added
characteristics (Oladosu et al. 2016; FAO/IAEA-MVD 2021). The main advantage
of mutation breeding is the isolation of one or more desirable, stable mutations in an
elite variety without changing the remaining genotype. Furthermore, induced
mutations have contributed to the discovery and identification of gene functions in
the next genomics era (Sahu et al. 2020). The other listed benefits of mutations are
that mutant varieties have proven to be environmentally acceptable, unregulated, and
nonhazardous, since there is no difference between artificially induced mutants and
naturally spontaneous mutants (Mba 2013). Based on these advantages, mutation
breeding has made a significant contribution to the yield, quality, and disease and
pest resistance and is free from environmental changes. Mutation breeding programs
combined with biotechnologies and advanced omics (genomics, proteomics,

https://www.iaea.org/topics/mutation-detection
https://www.iaea.org/topics/mutation-breeding


transcriptomics, phenomics, metabolomics, etc.) have opened up novel and innova-
tive opportunities for crop improvements. Knowledge from the mutant databases
confirms mutagenesis as a significant factor in crop improvement. In view of the
advances of induced mutations, in case of rice, it is always a challenge to increase the
genetic variability, which could pave the way for advances in the explanation of a
genetic, physiological, and biochemical basis of rice traits and generating variability
through mutations, which is the utmost tool to increase desirable properties in rice
(Wei et al. 2013; Li et al. 2019). Additionally, rice is a versatile plant material for
manipulations using in vitro mutagenesis, and in vitro culture not only provides
relatively uniform and large populations of cells and tissues in a disease-free situa-
tion for the mutagenic treatment but also in a short time makes it possible to screen
desirable mutant lines (Jain and Maluszynski 2004; Breseghello 2013; Andrew-
Peter-Leon et al. 2021).

18 Mutation Breeding Studies in the Indian Non-basmati Aromatic Rice:. . . 541

Rice (Oryza sativa L.) is a staple cereal grain, and one-half of the world popula-
tion, mainly Asian countries, is dependent upon rice as a key staple food. Rice is the
world’s second most important cereal crop, and with a production volume of over
755 million metric tons in 2019, China is the world’s leading rice producer followed
by India and Bangladesh (USDA FAS 2021). Global consumption of rice has seen a
slight increase over the last several years. In the 2020/2021 crop year, about 504.3
million metric tons of rice was consumed worldwide. Rice (Oryza sativa L.) has two
major groups, known by the subspecies names indica (Oryza sativa ssp. indica) and
japonica (Oryza sativa ssp. japonica). The indica subspecies is the most widely
cultivated form of rice produced universally. The whole-genome sequence studies
demonstrated differences of the two subspecies of cultivated rice, and subspecies-
specific genes have also been identified in these subspecies (Song et al. 2018). Rice
breeding has made an enormous progress and is often referred to as one of the
considerable success stories in agriculture. Work on the rice improvement is a
continuous research quest, and the rice breeding advances will develop and deploy
innovative breeding strategies (Viana et al. 2019). The key research rice breeding
areas are breeding for biotic and abiotic adaptive and strong tolerant lines,
standardizing rice genotypes for efficient cropping systems, farming practices, and
consumer preferences including grain quality, aroma, and nutrition. Simultaneously,
other objectives include exactitude phenotyping, germplasm analysis, mutation and
molecular breeding, and integrating plant genetic engineering, gene editing, and
omics studies in rice breeding programs.

The natural adaptation of rice to different habitats and extensive genotypic and
phenotypic diversity and multiplicity has resulted in about 120,000 different
accessions. These accessions include traditional rice landraces preserved by local
farmers and commercially bred cultivars. The National Bureau of Plant Genetic
Resources (NBPGR) in New Delhi has more than 114,724 rice accessions.
Landraces derived from the domesticated plant germplasm survive both the abiotic
and biotic stress environments. Each landrace has its own specific taste, grain
qualities, suitability for milling, cooking, nutritional compositions and other post-
harvest procedures, early maturity, adaptability to different soil types, surviving
potentialities under biotic and abiotic stresses, and fragrant aromas (Gaur et al.

https://www.britannica.com/topic/cereal


2016). India is home to many such landraces (Ashraf and Lokanadan 2017), but very
few varieties are now being cultivated. Data indicate that about 2000 local landraces
are available, and they form about 60% of all rice cultivated in India. Recently, there
has been a great interest in inducing genetic variability for agronomic traits so as to
bring them into mainstream cultivation (Sao et al. 2021).
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18.1.1 Mutation Breeding Research in Rice

Mutation breeding research in rice began several decades back, and currently as per
the IAEA Mutant Database, 861 mutant varieties have been registered as mutant
varieties released in more than 30 countries, with China and Japan accounting for
37% and 29%, respectively (Fig. 18.1; https://mvd.iaea.org). Other countries to
follow in order are India, Indonesia, the USA, Viet Nam, Guyana, Bangladesh,
Mali, Pakistan, the Philippines, and Thailand. Among the total mutants, 25 have
been aromatic rice types, 271 for disease resistance, 156 dwarf types, and 20 for
drought tolerance.

Among the desirable properties of rice, aroma in rice is the most sought-after
character fetching always a higher market value. Popularity of aromatic rice is
because of globalization, health consciousness, and culinary changes and ever-
increasing market demand (Bisht et al. 2018). Rice aroma quality is also exceedingly
governed by the farming process along with environmental conditions like tempera-
ture, soil type, abiotic stress, water, CO2, light, salinity, and shading (Mo et al. 2015;
Prodhan and Qingyao 2020).

Aromatic rice is a subgroup of rice, which is extensively popular because of the
excellent aroma, flavor, specific taste, and superior grain quality. Aromatic rice has

Fig. 18.1 Rice mutant varieties released globally (https://mvd.iaea.org)

https://mvd.iaea.org
https://mvd.iaea.org


substantial genetic diversity of germplasm in the Indian subcontinent. Characteristi-
cally, these rice varieties are low yielding, have long maturity period, and suffer from
various disadvantages such as lodging during maturity, susceptibility to pest and
diseases, and stresses. The improvement of aromatic rice has been slower than other
nonaromatic rice because of the complex nature of the trait and associated grain
value parameters, difficulties related with cross-compatibility with high-yielding
nonaromatic rice, and high reliance of expression of quality traits on the environ-
mental factors (Fig. 18.2; Chakravarti et al. 2012; Prodhan and Qingyao 2020).
There have been some studies on the induction of mutations for different traits in
aromatic rice cultivars (Roy et al. 2018).
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Fig. 18.2 Targeted desirable traits for the improvement of aromatic rice

Rice aroma is a phenotypical expression of spontaneous recessive mutations of
the Badh2 gene and 2-acetyl-1-pyrroline (2AP), which is the principal compound
imparting the pleasant aroma to scented rice varieties (Mathure et al. 2011; Wakte
et al. 2017). Additional studies demonstrated the presence of alk-2-enals, alka (E)-
2,4-dienals, 2-pentylfuran, 2-acetyl-1-pyrroline, and 2-phenylethanol in total aroma
profiling of rice. The aroma is caused by the evaporation of 2-acetyl-1-pyrroline. A
major gene, betaine aldehyde dehydrogenase (BADH2), was identified within the fgr
(fragrance) locus on rice chromosome 8. The presence of dominant BADH2 allele
inhibits the synthesis of 2-acetyl-1-pyrroline (2-AP), a potent flavor component in
rice fragrance. The recessive alleles of BADH2, resulting from mutations in coding
regions, induce 2-AP formation in aromatic rice. Among different badh2 alleles, an
8 bp deletion in exon 7 is the most frequent and found in all aromatic cultivars,
except a few. Although 2-AP is the major aroma compound in aromatic rice, there
are several other volatiles in rice whose interaction determines the aroma and flavor
of rice grains. Against this background, work on mutation breeding in two
non-basmati aromatic local landraces of rice, Ajara Ghansal and Kala Jirga, has
been carried out in our laboratory. Both these rice landraces have peculiar
characteristics of aromatic grains with superfine grain quality and have a great
commercial potential value because of nutritional quality, high iron content, and



special aroma flavors besides being preferred for consumption especially by old-age
patients and lactating mothers for their speedy recovery. In spite of this, these
important cultivars are not used for cultivation because of low yield, long maturity
period, tallness, and lodging nature. Keeping in view this backdrop, mutation
breeding work was undertaken in these two landraces for improvement in agronomic
traits. A general workflow for the mutagenesis program for the aromatic rice
varieties proposed in our studies is given in Fig. 18.3.
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Fig. 18.3 Workflow for induced mutations in aromatic rice landraces

18.2 Mutation Studies in Ajara Ghansal (Non-basmati Aromatic
Landrace)

Ajara Ghansal is one of the popular non-basmati aromatic rice landraces and is
cultivated only in the Ajara tehsil of Kolhapur district (Desai et al. 2021b). Because
of the availability of lateritic soil, high rainfall, and dry and cool climate required for
its growth and development of the aroma, it is cultivated at Ajara locality. It is one of
the oldest landraces of Kolhapur district and has been cultivated for more than
100 years in Ajara area. Ajara Ghansal rice is famous for its aroma and nutrition
properties; due to this, it fetches good returns in the market. In spite of this, farmers
are not using this important rice landrace for cultivation because of its low yield,
long maturity period, tallness, and lodging nature (Bolake 2013).

Mutagenic treatments of gamma rays (150, 200, and 250 Gy) and ethyl
methanesulfonate (EMS; 0.08%, 1.0%, and 1.2%) and sodium azide (SA; 0.002%,
0.004%, and 0.006%) resulted in the reduction in M1 germination (%) with an
increase in the concentration of EMS, whereas in the case of SA and gamma ray
treatments, least germination (%) was observed at lower concentration/dose (Desai
et al. 2021b). Among all the treatments of EMS, SA, and gamma rays, maximum



pollen sterility was observed in 150 Gy and minimum in 200 Gy gamma ray
treatment (Figs. 18.4a and 18.5). Maximum rate of plant survival was reported in
EMS 1.0% while the minimum in 200 Gy gamma ray treatment. Chromosomal
bridge, sticky metaphase, disturbed metaphase, and scattering of the chromosomes
were observed (Fig. 18.4b, c). Highest chromosomal abnormality rate was observed
in 1.2% EMS, while the lowest was observed in 150 Gy treatment. Maximum
chlorophyll-deficient sectors such as albino, xantha, chlorina, and viridis were
observed in M1 generation in EMS treatment (Fig. 18.4d–I) compared with SA
and gamma ray treatments. Among the treatments, pollen sterility was found to be
more than 10% as compared to control (Fig. 18.5).
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Fig. 18.4 Effects of mutagens on various biological parameters of Ajara Ghansal. (a) Pollen
sterility, (b and c) chromosomal abnormalities, (d and e) sectorial mutants, (f and g) albino, (h)
xantha, and (i) chlorina

18.2.1 Performance of Mutants

In the M2 generation, different kinds of mutants such as albino, xantha, chlorina, and
viridis were observed. The frequency of chlorophyll mutants varied with variation in
concentration/dose of a particular treatment. All the mutagenic treatments with EMS,
SA, and gamma rays yielded a total of 201 chlorophyll mutants, out of which albino
mutants were maximum followed by viridis, xantha, and chlorine (Fig. 18.6).



Chlorophyll mutants were reported to be maximum in EMS treatment followed by
sodium azide and gamma rays. The mutation frequencies were estimated, and total
mutation frequency of chlorophyll mutants (0.839%) was observed. Highest muta-
tion frequency rate was observed in EMS 1.2%, while the lowest mutation frequency
rate was observed in SA 0.002%. In case of mutagenic effectiveness, maximum
mutagenic effectiveness was observed in SA treatment, while minimum in gamma
ray dose (Fig. 18.6). Mutagenic effectiveness declined with an increase in dose/
concentration of gamma ray, EMS, and SA treatments. The highest mutagenic
efficiency was observed in EMS treatment, whereas minimum efficiency was
observed in SA treatment. On the basis of mutagenic efficiency, EMS 0.8%, SA
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Fig. 18.5 Effects of different mutagens on biological parameters in the M1 generation of Ajara
Ghansal

Fig. 18.6 Frequency of chlorophyll mutants, mutagenic effectiveness, and mutagenic efficiency
from M2 generation of Ajara Ghansal



0.006%, and 200 Gy gamma ray treatments were found to be most efficient among
all the mutagenic treatments (Fig. 18.6). In this study, the maximum mutation rate in
terms of effectiveness was recorded in SA treatment, while the minimum was
reported in gamma ray treatment. With regard to mutation rate in terms of efficiency,
highest efficiency was recorded under EMS treatment while minimum was reported
in SA treatment. Overall EMS treatment reported the highest values of mutation rate
when calculated in terms of efficiency (Fig. 18.7) (Desai et al. 2021b).
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Fig. 18.7 Mutation rate of EMS, SA, and gamma ray treatments in Ajara Ghansal fromM1 and M2

generation in terms of effectiveness and efficiency

In Ajara Ghansal, a total of 56 putative mutants were isolated in M2 generation,
which included mutants for dwarfness (16), high tiller number (16), early maturity
(15), and lodging resistance (9) (Desai et al. 2021a). In EMS treatment, highest
number of mutants (29) were identified followed by gamma ray (16) and SA
(11) treatments. EMS (1.0%) treatment was found to be the most effective to induce
the highest frequency (0.038%) of dwarf mutants (8) followed by four lodging-
resistant mutants with a frequency of 0.019% and two each of early maturing and
mutant with higher tiller number at a frequency of 0.009% among all the mutagenic
treatments. Overall, EMS (1.0%) was found to be the most effective treatment to
induce desirable mutants followed by SA (0.006%) and gamma rays (150 Gy).

In Ajara Ghansal, a total of 16 dwarf mutants were isolated in M2 generation with
plant height ranging from 40 to 95.2 cm. Out of the 16 dwarf mutants, 5 mutants
proved to be the most promising, i.e., 4 mutants from EMS and 1 in gamma rays,
while the rest of the dwarf mutants had less tiller number and very low grain yield
per plant. In M2 generation, dwarf mutants (5) showed considerable reduction in
plant height as compared to the control (Fig. 18.8b). In M3 generation, all the dwarf
mutants expressed true-to-type behavior with significant reduction in plant height
(range: 62.8–84.0 cm). All the dwarf mutants flowered significantly late but matured
significantly earlier (13–21 days) as compared to control (167 days) (Desai et al.
2021a).
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Fig. 18.8 Different morphological mutants of Ajara Ghansal. (a) Field view, (b–e) putative
mutants selected from M2 generation (b dwarf, c early maturity, d lodging resistant, and e high
yielding), (f–i) true breeding lines of selected mutants from M4 generation (f dwarf, g early
maturity, h lodging resistant, and i high yielding)

Late maturity period is the main hurdle in the large-scale cultivation of Ajara
Ghansal; out of 15 early-maturing mutants identified in Ajara Ghansal, only
2 mutants were found promising and reported 25 days’ early maturity than control
(Fig. 18.8c). Both the mutants expressed true-to-type behavior in M3 generation with
22–24 days earlier than control (Desai et al. 2021a).

Tallness and lodging are the common phenomena observed in Ajara Ghansal.
Nine lodging-resistant mutants were isolated in M2 generation, out of which two
mutants (derived from EMS 1.0% and 150 Gy gamma ray treatments) were
promising with resistance to lodging as compared to control (complete lodging)
(Fig. 18.8d). In M3 generation, mutant derived from EMS 1.0% treatment was found
to be the most promising and showed significantly higher yield along with higher
number of effective tiller per plant and reduction in 1000-seed weight as compared to
control (Desai et al. 2021a).

Ajara Ghansal landrace generally is a very less yielder compared with other
popular cultivars. In our study, a total of 16 high-tiller-number mutants were noticed



in M2 generation, which showed a range of 58–70 tillers per plant as compared to
19 tillers per plant in the control (Fig. 18.8e). Nine high-tillering mutants showed
significant increase in high tiller number, effective tillers, yield per plant, and 1000-
seed weight. In M3 generation, nine high-tillering mutants showed true breeding
with significantly high tiller number and effective tillers and reported 1.8- to
threefold enhancement in yield per plant compared with control (Desai et al. 2021a).
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18.2.2 Stability and Performance of Selected Mutants

18.2.2.1 Dwarf Mutants
Selection of the dwarf mutant plants with a higher number of tiller per plant and good
performance in its successive generation has been the main objective of plant
breeding programs. In M4 generation, we have confirmed true-to-type behavior of
the dwarf mutant plants obtained from EMS 0.8% and 1.0% and 200 Gy of gamma
ray treatments with plant height ranging from 62 to 115 cm compared with control
(149 cm). These dwarf mutants showed 24–39 tillers per plant and 22–37 effective
tillers per plant compared with control. In the case of yield per plant, dwarf mutants
obtained from EMS 0.8% treatment reported 1.5-fold enhancement in the yield and
50% reduction in plant height, while the mutant obtained from 200 Gy gamma ray
treatment recorded similar yield with control and 20% reduction in height with
20 days’ early maturity (Table 18.1; Fig. 18.8f).

18.2.2.2 Early-Maturity Mutants
Long maturity period is the main problem in the cultivation, so selection of early-
maturing mutants with confirmation of its true-to-type behavior has been one of the
objectives of the mutation breeding program. From M3 generation, two early-
maturing mutants were selected from EMS 1.0% and 1.2% treatment and were
shown to have true-to-type behavior in M4 generation. An early-maturing mutant
was found to mature 16–18 days earlier than control and have 1–1.4-fold higher
yield than control. The early-maturing plants showed reduction in plant height by
11–16 cm (Table 18.1; Fig. 18.8g).

18.2.2.3 Lodging-Resistant Mutants
Ajara Ghansal landrace is a tall cultivar (149 cm), and hence, lodging is a common
problem at the time of maturity. From M3 generation, two lodging-resistant mutant
plants (isolated from EMS 1.0% and 150 Gy gamma ray treatments) were selected
and confirmed for true-to-type behavior at the time of maturity in M4 generation.
Lodging-resistant mutants showed 1.2–1.5-fold enhancement in the yield compared
with control (Table 18.1; Fig. 18.8h).

18.2.2.4 High-Yielding Mutants
The nine high-yielding mutants obtained in M3 generation showed true-to-type
behavior in M4 generation. High-yielding mutants’ reported number of tillers per
plant and number of effective tillers per plant ranged from 41 to 59 and 38 to
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56 tillers per plant, respectively, compared with 21 and 20 tillers per plant from
control. In case of panicle length, it ranged from 22 to 30 cm compared with control
(23 cm), and number of seeds per panicle ranged from 161 to 250 seeds per panicle
compared with control (137 seeds per panicle). Yield per plant and 1000-seed weight
from high-yielding mutant were assessed, and it ranged from 137 to 240 g yield per
plant and 19.86 to 23.38 g, respectively, compared with control. Among the high-
yielding mutants, mutants obtained from EMS 1.0%, 150 Gy gamma ray, and SA
0.0006% treatments were most promising and reported 2–2.4-fold enhancement in
yield compared with control (Table 18.1; Fig. 18.8i). In M4 generation, stable
expression was observed for all the agronomic traits which were selected in M3

generation.
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18.3 Mutation Studies in Kala Jirga (Non-basmati Aromatic
Landrace)

Mutagenic treatments with gamma rays (100, 200, and 300 Gy) and ethyl
methanesulfonate (0.08%, 1.0%, and 1.2%) and sodium azide (0.002%, 0.004%,
and 0.006%) in Kala Jirga showed that maximum pollen sterility percent in M1

generation was observed in 0.004% SA and minimum in 0.8% EMS treatment,
among all the treatments (Fig. 18.9a). The chromosomal abnormalities included

Fig. 18.9 Effects of mutagens on various biological parameters of Kala Jirga. (a) Pollen sterility,
(b and c) chromosomal abnormalities, (d and e) albino, (f) xantha, (g) chlorina, (h and i) sectorial
mutants



anaphase bridge, disturbed metaphase, scattering of the chromosomes, and sticky
metaphase (Fig. 18.9b, c). Highest chromosomal abnormality rate was observed in
SA 0.006% while the least in gamma ray 100 Gy treatment. Chlorophyll-deficient
sectors such as albino, xantha, chlorina, and viridis were observed in M1 generation
where maximum percentage was observed in SA treatment compared with EMS and
gamma ray treatments (Fig. 18.9d–i). Mutagenic treatments with gamma rays
(100, 200, and 300 Gy) and ethyl methanesulfonate (0.08%, 1.0%, and 1.2%) and
sodium azide (0.002%, 0.004%, and 0.006%) in Kala Jirga showed that germination
rate decreased with increase in EMS, SA, and gamma rays (Fig. 18.10). In this study,
highest plant survival rate was found in SA 0.002% while the lowest in 300 Gy
gamma ray treatment (Fig. 18.10).
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Fig. 18.10 Effects of different mutagens on biological parameters in the M1 generation of Kala
Jirga

In the M2 generation, different kinds of chlorophyll mutants such as albino,
xantha, chlorina, and viridis were observed. The frequency of chlorophyll mutants
varied with variation in concentration/dose of a particular treatment. A total of
91 chlorophyll mutants were observed in all the treatments of EMS, SA, and
gamma rays, out of which chlorina mutants were the highest in number followed
by xantha, albino, and viridis (Fig. 18.11). Maximum chlorophyll mutants were
reported in EMS treatment followed by gamma rays and sodium azide. The data on
mutation frequencies indicated a high total mutation frequency of chlorophyll
mutants (2.09%). Maximum mutation frequency rate was observed in SA 0.004%
treatment, while the least mutation frequency rate was observed in 100 Gy gamma
ray treatment among all the treatments (Fig. 18.11). In case of mutagenic effective-
ness, highest mutagenic effectiveness was observed in SA treatment, while lowest in
gamma rays. The maximum mutagenic efficiency (18.22) was observed in EMS
treatment, whereas minimum efficiency (10.46) was observed in SA treatment. In
terms of mutagenic efficiency, EMS 1.0%, SA 0.004%, and 200 Gy gamma rays



were found to be most efficient among all the mutagenic treatments (Fig. 18.11). The
highest mutation rate (9.677) in terms of effectiveness was recorded in SA treatment,
while the minimum (0.0011) was observed in gamma ray treatment. Maximum
mutation rate in terms of efficiency was recorded under EMS treatment while
minimum was reported in SA treatment. Overall EMS treatment induced the highest
mutation rate (6.07) in terms of efficiency (Fig. 18.12) (Desai et al. 2021b).
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Fig. 18.11 Frequency of chlorophyll mutants, mutagenic effectiveness, and mutagenic efficiency
from M2 generation of Kala Jirga

Fig. 18.12 Mutation rate of EMS, SA, and gamma ray treatments in Kala Jirga from M1 and M2

generation in terms of effectiveness and efficiency
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Fig. 18.13 Different morphological mutants of Kala Jirga. (a) Field view, (b–f) selective putative
mutants from M2 generation (b and c dwarf, d and e early maturity, and f high yielding), (g–i) true
breeding lines of selected mutants from M4 generation (g dwarf, h early maturity, and i high
yielding)

18.3.1 Performance of Mutants

In Kala Jirga, 24 putative mutants were identified in M2 generation, which included
mutants for dwarf type (8), high tiller number (8), and early maturing (8). Maximum
number of mutants (11) were recognized in the EMS treatment followed by SA
(8 mutants), while gamma rays noted with 5 mutants.

Development of dwarf plant in Kala Jirga is the major objective of this study.
Eight dwarf mutants were isolated; two dwarf mutants derived from 100 and 200 Gy
gamma ray treatment were promising with significant 50–70% reduction in plant
height compared to control (140 cm) (Fig. 18.13b, c). Remaining dwarf mutants had
less tiller numbers and very low grain yield per plant. These two mutants exhibited
true breeding behavior in M3 generation. Height of dwarf mutants was reduced from
40% to 60% as compared to control. Both the mutants performed significantly better
than the control in terms of number of tillers per plant, number of effective tillers per
plant, grain yield per plant, and 1000-seed weight and yielded 1.15- to 1.8-fold
higher yield than control (Desai et al. 2021a).

Early-maturing mutants are enviable in Kala Jirga landrace, which not only
minimize the crop duration but also save the time and cost of cultivation. We have
identified eight early-maturing mutants in Kala Jirga derived from EMS and SA
treatments, which matured 6–12 days earlier than the control in M2 generation



(Fig. 18.13d, e). In M3 generation, all the eight mutants matured significantly earlier
than the control. Only mutant derived from EMS 0.8% treatment matured 8 days
earlier than the control while rest of the mutants were 4–5 days earlier than the
control (Desai et al. 2021a).
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Enhancement in the yield of Kala Jirga was targeted in this study, and high
tillering is one of the most important yield-contributing traits. In M2 generation,
eight mutants with increased tiller number were identified from different treatments
of EMS, SA, and gamma rays, which showed a range of 27–32 tillers per plant
(compared to 9.4 tillers in the control) and enhancement in yield from 1.8- to 2.8-
fold. Maximum number of tillers (32 tillers per plants) was reported in mutants
derived from 100 Gy gamma ray treatment with 11 effective tillers (Fig. 18.13f),
while highest numbers of effective tillers were recorded in mutants induced under
1.0% and 1.2% EMS treatments. In M3 generation, five mutants expressed true-to-
type behavior for tiller number. All the five high-tiller-number mutants reported an
increase in the number of effective tiller per plants and yield as compared to the
control. Among the five high-yielding mutants, mutants identified in 1.2% EMS
treatment reported 1.5-fold higher yield per plant with significantly higher number of
seeds per panicle (Desai et al. 2021a).

18.3.2 Stability and Performance of Mutants

18.3.2.1 Dwarf Mutants
Selection of dwarf mutant plants with a higher tiller number and its true breeding
behavior in consecutive generation has been the main focus of mutation breeding
studies. In M4 generation, we have checked true-to-type behavior of the dwarf
mutant plants obtained from 100 and 200 Gy gamma ray treatments with a plant
height ranging from 53 to 93 cm compared with control (141 cm). In case of yield
per plant, dwarf mutants obtained from 100 and 200 Gy gamma ray treatment
reported 1.3- to 1.4-fold enhancement in the yield and 40–60% reduction in plant
height with 4–5 days’ early maturity compared with control (Table 18.2;
Fig. 18.13g).

18.3.2.2 Early Maturity Mutants
Long maturity period is the main problem in the cultivation of Kala Jirga, so
selection of early-maturing mutants with confirmation of its true-to-type behavior
is one of our objectives. From M3 generation, eight early-maturing mutants were
selected derived from EMS (0.8%, 1.0%, and 1.2%) and SA (0.004%) treatments,
and true-to-type behavior was observed in M4 generation. All the mutants matured
6–10 days earlier than the control and had 1.2- to 1.5-fold higher yield than control
(Table 18.2; Fig. 18.13h).

18.3.2.3 High-Yielding Mutants
Confirmation of true-to-type behavior of high-yielding mutants obtained from M3

generation in M4 generation was the main aim. From M3 generation, eight
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high-yielding mutants were used to check the true-to-type behavior in M4 genera-
tion. The high-yielding mutants obtained from M3 generation showed true-to-type
behavior in M4 generation. These high-yielding mutants showed 27–33 tillers per
plant and 26–31 effective tillers per plant compared with 22 and 20 tillers and
effective tillers per plant from control. Yield per plant and 1000-seed weight from
high-yielding mutants were assessed, which showed 1.1- to 1.5-fold higher yield
than control and enhancement in 1000-seed weight by 1–4 g compared with control
(Table 18.2; Fig. 18.13i).
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From the above observation, it is clear that mutants were confirmed with
improvement of desirable traits in Kala Jirga through EMS, SA, and gamma ray
treatments. Among these treatments, EMS (0.8%, 1.0%, and 1.2%), SA (0.004%),
and 100 Gy gamma ray treatments were the most effective treatments as compared
with other mutagenic treatments for the induction as well as development of the
desirable mutants.

18.4 Tissue Culture Studies on Ajara Ghansal and Kala Jirga Rice
Landraces

Callus and cell cultures were established from both the rice landraces and their
mutants, and protocols were standardized for callus and cell suspension cultures
followed by plant regeneration. Cell suspensions are generally an ideal material for
the in vitro mutagenic treatments (Suprasanna et al. 2012). Simultaneously, cell
suspensions were checked for the presence of aroma, and a high and strong aroma
was detected in both the landraces. The powdered callus after drying also retained
the aroma flavor offering further opportunities for exploiting in vitro cultures in
aromatic rice (Fig. 18.14). Additional studies on the precursors’ and elicitors’
enrichment of the medium for enhancing aroma synthesis and molecular
mechanisms deciphering the activity of aroma synthesis genes are underway. The
tissue-cultured raised mutant population will be tested at field level for evaluating the
performance and stability of desirable traits.

18.5 Conclusions and Future Outlook

Rice has certain specific characteristics and has been well known and widely used for
plant functional genomics research due to its small genome size, perfect genome
sequences characterized by linking with the sequences of other cereal crops, high-
efficiency transformation technology, and abundant germplasm resources (Jiang
et al. 2012; Li et al. 2018). Mutation breeding using chemical or physical mutagens
has been well accepted and is an attractive option for inducing genetic variability.
EMS-based mutation induction has been applied to create a repository of rice
mutants for exploring functional validation of genetic mechanisms for different traits
including stress tolerance variability (Jiang and Ramachandran 2010). In India, an
EMS-mutagenized M2 population in the background of Nagina 22 genotype was

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cereal-crop
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/germplasm


created for use in mutant screening (Poli et al. 2021). Considering this, induced
mutation in conjunction with genomic approaches needs to be strengthened in rice
breeding programs. Genomics could be supportive for better understanding of
genetic and molecular insights of induced mutations, and additionally, the availabil-
ity of mutant populations with induced genetic diversity and advent of molecular
modules could be helpful in deciphering the advantageous mutant variation. Genes
and genomic regions, through introgression and mutant breeding selection, can be
employed with the help of genomic selection and functional genomics (Varshney
et al. 2021). Validation and identification of genes controlling prime agronomic
traits, especially molecular modules, are necessary in the current post-genomic era
(Thao and Phan Tran 2016). Sequencing of landraces, wild relatives, and improved
mutant cultivars of rice will provide novel genomic variability platforms for future
rice breeding. Incorporation of data generated from rice from in vitro mutagenesis
studies would further augment and enrich rice germplasm with the elite varieties
(Xiaojia et al. 2006; Chen et al. 2013). Although resistance against biotic and abiotic
stresses, grain yield, grain quality, flowering time, and plant height are the prime
objectives of rice precision molecular breeding, higher nutritional contents and
higher aroma synthesis in rice are also other prized traits which have to be targeted
in the rice mutation breeding. Identification and pyramiding of superior alleles
controlling key traits have to be pursued further. The journey of rice breeding has

560 N. B. Gaikwad and V. A. Bapat

Fig. 18.14 Functional prospects of using aromatic rice tissue cultures for aroma applications



significantly transcended from the large source concentrated field trials to molecular
level with the dawn of molecular breeding, to bring the beneficial changes to the rice
plant.
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Selected Rice
mutants

Integrated future outlook scenario for the aromatic
rice mutants

Rice Genomics,
Gene sequencing

Transcriptomics, Metabolomics
Proteomics

Morphological, Physiological,
Biochemical characterization

Genome editing,
CRISPR/ CAS 9

Bioinformatics net work Aroma metabolic engineering

Grain yield, quality,
Disease and insect resistance,
Resistance to abiotic stress
High nutritional properties,
Enhanced aroma synthesis

Fig. 18.15 The integrated approaches of induced mutations and molecular studies for improve-
ment of non-basmati aromatic rice cultivars

The mutants generated in our laboratory and confirmation of the data from four
generation trials on the putative desirable mutants through EMS, SA, and gamma ray
treatments can be a valuable addition for the improvement of these two landraces and
would be very useful to plant breeders and farmers. These selected mutants can be
taken further for appropriate approvals and cultivation on a large scale under
agroclimatic surroundings and backgrounds. This is essential to assess the expres-
sion and stability of the mutant under specific local environments including biotic
and abiotic stresses (Fig. 18.15). The pooled results from several locations and after a
proper scrutiny would make these mutant varieties eligible for an authenticated
variety release. Simultaneously, mutant plants regenerated from in vitro mutagenic
studies may also be tested for their evaluation in the plant breeding programs.

Acknowledgements VAB thanks the National Academy of Sciences, India, for honorary scientist
fellowship. We thank Dr. P. Suprasanna for the critical evaluation of the manuscript and providing
suggestions for improvement.

References

Andrew-Peter-Leon MT, Ramchander S, Kumar KK, Muthamilarasan MM, Pillai A (2021)
Assessment of efficacy of mutagenesis of gamma-irradiation in plant height and days to maturity
through expression analysis in rice. PLoS One. https://doi.org/10.1371/journal.pone.0245603

https://doi.org/10.1371/journal.pone.0245603


562 N. B. Gaikwad and V. A. Bapat

Ashraf AM, Lokanadan S (2017) A review of rice landraces in India and its inherent medicinal
values -the nutritive food values for future. Int J Curr Microbiol App Sci 6(12):348–354

Bisht GIS, Pandey A, Yadav MC, Singh AK, Pandraravada SR, Rana JC (2018) Population
structure of some indigenous aromatic rice (Oryza sativa L). Indian J Biotechnol 17:110–117

Bolake RN (2013) Innovation of ghansal rice farming through Government support, a case study of
Ajara takula dist Kolhapur. Int J Multidiscip Res 2(7):119–123

Breseghello F (2013) Traditional and modern plant breeding methods with examples in rice (Oryza
sativa L.). J Agric Food Chem 61:8277–8286

Chakravarti SKR, Kumar H, Lal JP, Vishwakarma MK (2012) Induced mutation in traditional
aromatic rice – frequency and spectrum of viable mutations and characterizations of economic
values. Bioscan 7(4):739–742

Chen YL, Liang HL, Ma XL, Lou SL, Xie YY, Liu ZL et al (2013) An efficient rice mutagenesis
system based on suspension-cultured cells. J Integr Plant Biol 55:122–130. https://doi.org/10.
1111/jipb.12000

Desai S, Jadhav A, Ramteke A, Dhole V, Bapat V, Gaikwad N (2021a) Genetic improvement of
two Indian non-basmati aromatic rice landraces through physical and chemical mutagenesis. Int
J Radiat Biol. https://doi.org/10.1080/09553002.2021.1987567

Desai SP, Jadhav AG, Ramteke AR, Dhole VJ, Bapat VA, Gaikwad NB (2021b) Differential effects
of gamma rays, EMS, and SA on biological parameters of Ajara Ghansal a non-basmati
aromatic rice landrace from Kolhapur, Maharashtra. Agric Res J 58(3):383–389

FAO, IFAD, UNICEF, WFP and WHO (2020) The state of food security and nutrition in the world
2020. Transforming food systems for affordable healthy diets. FAO, Rome. https://doi.org/10.
4060/ca9692en

FAO/IAEA-MVD (2021) Food and agriculture organization of the United Nations/International
atomic energy agency mutant variety database. https://mvd.iaea.org/#!Search. Accessed
23 Nov 2021

Gaur A, Shabir Wani H, Pandita D, Bharti N, Malav A, Shikari A, Bhat A (2016) Understanding the
fragrance in rice. J Rice Res 4:e125. https://doi.org/10.4172/2375-4338.1000e125

Jain SM, Maluszynski M (2004) Induced mutations and biotechnology on improving crops. In:
Mujib A, Cho M, Predieri S, Banerjee S (eds) In vitro application in crop improvement: recent
progress. IBH, Oxford, India, pp 169–202

Jiang S-Y, Ramachandran S (2010) Assigning biological functions to rice genes by genome
annotation, expression analysis and mutagenesis. Biotechnol Lett 32(12):1753–1763

Jiang Y, Cai Z, Xie W, Long T, Yu HQ, Zhang Q (2012) Rice functional genomics research:
progress and implications for crop genetic improvement. Biotechnol Adv 30:1059–1070

Li Y, Xiao J, Chen L, Huang X, Cheng Z, Han B, Zhang Q, Wu C (2018) Rice functional genomics
research: past decade and future. Mol Plant 11:359–380

Li F, Shimizu A, Nishio T, Tsutsumi N, Kato H (2019) Comparison and characterization of
mutations induced by gamma-ray and carbon-ion irradiation in rice (Oryza sativa L.) using
whole-genome resequencing. Genes/Genomics/Genetics 9:3743–3751

Mathure S, Shaikh A, Renuka N, Wakte K, Jawali N, Thengane R, Nadaf A (2011) Characterization
of aromatic rice (Oryza sativa L.) germplasm and correlation between their agronomic and
quality traits. Euphytica 179:237–246

Mba C (2013) Induced mutations unleash the potential of plant genetic resources for food and
agriculture. Agronomy 3:200–231

Mo ZW, Li W, Pan SG, Fitzgerald TL, Xiao F, Tang YJ, Wang YL, Duan MY, Tian H, Tang XR
(2015) Shading during the grain filling period increases 2-acetyl-1-pyrroline content in fragrant
rice. Rice 8(1):9

Oladosu Y, Rafii MY, Abdulla N, Hussin G, Ramli A, Rahim HA, Milah G, Usman M (2016)
Principles and application of plant mutagenesis in crop improvement, a review. Biotechnol
Biotechnol Equip 30(1):1–16. https://doi.org/10.1080/13102828.2015.1087333

https://doi.org/10.1111/jipb.12000
https://doi.org/10.1111/jipb.12000
https://doi.org/10.1080/09553002.2021.1987567
https://doi.org/10.4060/ca9692en
https://doi.org/10.4060/ca9692en
https://mvd.iaea.org/#!Search
https://doi.org/10.4172/2375-4338.1000e125
https://doi.org/10.1080/13102828.2015.1087333


18 Mutation Breeding Studies in the Indian Non-basmati Aromatic Rice:. . . 563

Poli Y, Nallamothu V, Hao A, Goud MD, Wang X, Desiraju S, Mangrauthia SK, Jain A (2021)
NH787 EMS mutant of rice variety Nagina22 exhibits higher phosphate use efficiency. Sci Rep
11:9156

Prodhan ZH, Qingyao S (2020) Rice aroma: a natural gift comes with price and the way forward.
Rice Sci 27(2):86–100

Roy B, Kumar V, Tulsiram SD, Das BK (2018) Development of high yielding aromatic mutants of
rice (Oryza sativa L.) from a local aromatic cultivar, Tulaipanji by using gamma radiation.
Indian J Genet 78(4):409–416

Sahu PK, Sao R, Mondal S, Vishwakarma G, Gupta SK, Kumar V, Singh S, Sharma D, Das BK
(2020) Next generation sequencing based forward genetic approaches for identification and
mapping of causal mutations in crop plants: a comprehensive review. Plants 9(1355):1–47.
https://doi.org/10.3390/plants9101355

Sao R, Sahu PK, Mondal S, Kumar V, Sharma D, Das BK (2021) Spectrum and frequency of macro
and micro mutations induced through gamma rays in traditional rice landraces of Chhattisgarh.
Electron J Plant Breed 12(3):693–706

Song S, Tian D, Zhang Z, Hu S, Yu J (2018) Rice genomics: over the past two decades and into the
future. Genomics Proteomics Bioinformatics 16:397–404

Suprasanna P, Mohan Jain S, Ochatt J, Kulkarni VM, Predieri S (2012) Applications of in vitro
techniques in mutation breeding of vegetatively propagated crops. Plant Mutat Breed
Biotechnol:371–385

Thao NP, Phan Tran LS (2016) Enhancement of plant productivity in the post-genomics era. Curr
Genomics 17(4):295–296. https://doi.org/10.2174/138920291704160607182507

Tripathi AD, Mishra R, Maurya KK, Singh RB, Wilson DW (2019) Estimates for world 1035
population and global food availability for global health. In: Singh RB, Watson RR, Takahashi
T (eds) The role of functional food security in global health. Academic, Cambridge, pp 3–24

USDA FAS (2021) United States Department of Agriculture, Foreign Agricultural Service World
Agricultural Production, Circular Series WAP 11–21 November 2021

Varshney RK, Bohra A, Yu J, Graner A, Zhang Q, Mark E (2021) Designing future crops:
genomics assisted breeding comes of age. Trends Plant Sci 26(6):631–649

Viana VE, Pegoraro C, Busanello C, de Oliveira AC (2019) Mutagenesis in rice: the basis for
breeding a new super plant. Front Plant Sci 10:1326

Wakte K, Zanan R, Hinge V, Khandagale K, Nadaf A, Henry R (2017) Thirty-three years of
2-acetyl-1-pyrroline, a principal basmati aroma compound in scented rice (Oryza sativa L.): a
status review. J Sci Food Agric 97(2):384–395

Wei FJ, Droc G, Guiderdoni E, Hsing YC (2013) International Consortium of Rice Mutagenesis:
resources and beyond. Rice 6(39):1–12

Xiaojia G, Chu Z, Lin Y, Wang S (2006) A tissue culture system for different germplasms of indica
rice. Plant Cell Rep 25:392–402

https://doi.org/10.3390/plants9101355
https://doi.org/10.2174/138920291704160607182507


565

Induced Mutagenesis in Chrysanthemum 19
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Abstract

Floriculture is now a high-ranking industry in many countries and enriched with
scientific knowledge and availability of novel plant materials. New varieties are
always in demand in floriculture. Maximum work has been done worldwide on
chrysanthemum, a most interesting plant in floriculture trade. The scope of
creation of new and novel forms is never-ending in chrysanthemum due to its
highly heterozygous genetic makeup. Voluminous work has been carried out on
C. morifolium Ramat. for its further improvement using a wide range of physical
and chemical mutagens. Mutation studies have enriched literature on many
important aspects like sensitivity to mutagens, LD50 dose, propagules, treatment
procedure, mutation event, chimera and its management, in vitro mutation, and
desired mutation. All colors were mutable, and more than one color mutation
developed in many cultivars. Chrysanthemum developed a number of fascinated
mutants like altered flower shape, new appendage like structure on floret, and
striped and tubular florets. Mutation developed variability in late-blooming
varieties of commercial importance. One can see all types of mutation work
starting from classical to modern on this crop and can get a clear picture of
technological advancement and its successful application for the development of
new varieties. The chapter provides a factual evaluation report on many interest-
ing current topics related to induced mutagenesis work. Chrysanthemum is the
only ornamental crop which is considered as a model crop, and one can get all
required essential knowledge to design large-scale mutation work on any orna-
mental crop. Mutation technology package is now enriched with classical and
modern techniques for successful development of new and novel varieties.
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19.1 Introduction

Commercial floriculture is now a very rewarding business and increasing speedily
worldwide. Significant growth of this industry has been stimulated in many parts of
the world by correct science-based techniques. Chrysanthemum morifolium Ramat.
is one of the most intriguing ornamental plants in the world. Chrysanthemum is
highly appreciated by flower lovers all over the world as it can be grown both as a
commercial crop and for exhibition purpose. Diversity in flowers and plant
characteristics and broad adjustability to diverse agroecological conditions qualified
chrysanthemum to an incomparable position.

Modernization and industrialization of floriculture have created a challenge for
the existing varieties and demand for new varieties. Huge amount of work has been
done in many countries for improvement of C. morifolium Ramat. through induced
mutagenesis. A number of physical mutagens (X-ray, gamma rays, fast neutrons,
thermal neutrons, radioactive phosphorus, etc.) and chemical mutagens (ethylene
imine, ethyl methanesulfonate, and colchicine) have been used for such breeding
programs.

Induced mutagenesis work on chrysanthemum is voluminous, and it is not wise to
mention all papers in a limited space. Rather, an attempt will be made to discuss
some important aspects on the basis of results obtained at the Mutation Breeding
Laboratory, Council of Scientific and Industrial Research (CSIR)-National Botanical
Research Institute (NBRI), Lucknow, India, in comparison to few other most
relevant publications.

In consideration of the importance of induced mutagenesis, CSIR-NBRI started
work on different vegetative propagated ornamentals and successfully developed a
good number of new promising varieties for the floriculture trade. Voluminous
literature has been generated which covers important features like radiosensitivity,
selection of material, suitable doses of γ-rays, colchicine treatment, recurrent irradi-
ation, need-based and directive mutations, detection and isolation of mutants, and
commercial exploitation of mutants (Datta 2017, 2019b). Attempt has been made in
this chapter to focus on different meaningful essential features and scientific progress
of mutation methodology, which may be useful as a guideline for extensive muta-
genesis work on any ornamental crop.

CSIR-NBRI has developed an appreciable amount of success stories, and the
attempt in this direction is continuing. New ornamental/chrysanthemum varieties
have created its believability to enhance income and employment generation through
boosting production. Vast literature and knowledge generated at CSIR-NBRI are
spread in the form of books, bulletins, catalogues, scientific journals, etc. Attempt
has been made to highlight the mutation work on chrysanthemum done at



CSIR-NBRI. Careful attempt has been made to focus on every minor detail of
technological applications followed at CSIR-NBRI, and important work done at
other institutions will be highlighted as and when required.
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Most of the mutation breeding works have been carried out with the hexaploid
C. morifolium Ramat. Chrysanthemum is one of the major ornamental crops, where,
perhaps, maximum mutation breeding work has been done worldwide. Chrysanthe-
mum is the only ornamental crop which may be considered as a model crop for
induced mutagenesis work. Guidelines about mutation research starting from classi-
cal to modern are now reported, which can provide a clear picture of technological
advancements and successful creation of new and novel varieties in chrysanthemum
(Datta 2020).

19.2 Plant Resources and Methodologies

The autumn-flowering chrysanthemum is a very interesting ornamental plant
throughout the world and has acquired enormous recognition as garden flower and
as cut flower. Chrysanthemum represents a large polyploid complex ranging from 2x
to 22x, apart from a number of aneuploids. Chrysanthemum is classified into large-
flowered and small-flowered type, which are again classified into different categories
on the basis of floret shape, size, and position. Most of the mutation breeding works
have been carried out with the hexaploid C. morifolium Ramat.

Selection criteria for improvement of chrysanthemum varieties are wide consid-
ering its genetic diversity and use. A complete picture of conventional and applied
mutation technique for creating new and novel chrysanthemum varieties has been
shown in Figs. 19.1 and 19.2. All experimental steps have been focused, and most
recent technological modifications have been highlighted so that one can follow
chrysanthemum as a model experimental plant for mutation experiments. The results
and mutants obtained from different experiments are very interesting both from an
academic and novelty point of view.

Selection parameters were made on the basis of market potential of varieties like
large flowered, small flowered, promising normal season varieties, flower color,
flower type, late-blooming varieties, early-blooming varieties, mutant variety,
promising color-specific varieties, and induced and spontaneous chimera. The
details of large- and small-flowered varieties have been shown in Table 19.1. The
other experimental considerations are as follows:

19.2.1 Mutant Genotype

A number of mutant genotypes were selected to study their sensitivity to gamma rays
and to induce new mutant characters. The mutant cultivars were “Himani” (small-
flowered, white-flower-color mutant of “E-13”), “Sheela” (canary yellow-flower-
color mutant of “Himani”), “Man Bhawan” (reddish yellow-flower-color mutant of
“Flirt”), “Purnima” (white mutant of “Otome Zakura”), “Colchi Bahar” (terra-cotta



568 S. K. Datta

Steps of Mutation Technology in Chrysanthemum 

Selection of material 

In vitro mutagenesis 
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Ray florets
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Standardization
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NEW VARIETY 

Solid       Mutant 

Fig. 19.1 Diagrammatic representation of the application of mutation techniques (traditional and
in vitro) in chrysanthemum for the development of new varieties



G

red-flower mutant of “Sharad Bahar”), “Alankar” (Spanish orange-flower-color
mutant of “D-5”), “Agnisikha” (erythrite red-flower-color mutant of “D-5”),
“Shabnam” (flower-shape mutant of “D-5”), and “Navneet” (mutant of “Kalyani
Mauve”).
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In vitro 
mutagenesis 

Spontaneous mutation New variety Management of chimera

Directive
MutationSolid mutant

A
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F
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M

N

O
P
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Gamma rays

Fig. 19.2 Practical experiments of mutation techniques on chrysanthemum. (a) Cuttings; (b)
suckers; (c) different steps showing how a single mutated cell develops into a chimera; (d, e)
mutated chimeric florets; (f, g) chimeric mutated branch; (h–k) isolation of mutant through cuttings
from mutated branch; (h) mutant “Shabnam”; (i) “Purnima”; (j) “Colchi Bahar”; (k) “Cosmonaut”;
(l, m) management of chimeric florets through in vitro regeneration; (n, o) in vitro mutation with
florets for development of solid mutants; (p) directive mutation, white (“Purnima”) to yellow; (q)
in vitro management of chimeric florets developed through spontaneous mutation

19.2.2 Recurrent Irradiation

Rooted cuttings of “Sharad Bahar” (Korean type, purple, early blooming) were
exposed to 1.5, 2.0, and 2.5 krad of gamma rays in April 1981. Data were recorded
on vegetative and floral characters from treated and control plants, and all plants
were propagated in bulk treatment-wise for next vegetative generations. Recurrent
irradiation experiment was carried out from these materials again in March 1982.
The design and procedures followed for these experiments are as follows: (a) control
lot 1981; (b) 1.5 krad 1981; (c) 2.0 krad 1981; (d) 2.5 krad 1981; (e) control lot 1982
maintained from a; (f) cuttings from 1981 1.5 krad; (g) cuttings from 1981 2.0 krad;



(h) cuttings from 1981 2.5 krad; (i) fresh 1.5 krad treatment in 1982; (j) fresh 2.0 krad
treatment in 1982; (k) fresh 2.5 krad treatment in 1982; (l) cuttings from 1.5 krad lot
of 1981 were collected and treated again with 1.5 krad in 1982; (m) cuttings from
2.0 krad lot of 1981 were collected and treated again with 2.0 krad in 1982; and
(n) cuttings from 2.5 krad lot of 1981 were collected and treated again with 2.5 krad
in 1982.
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Table 19.1 Name of large- and small-flowered varieties of chrysanthemum for experiment

Floret color Name of variety and type

Large flowered

Mauve “Ajina Purple” (ball shaped, incurved), “George Hemming,” “Julius Brinas”
(reflex, flat floret), “Grape Bowl” (irregular, incurved reflex), “Pink Cloud”
(incurving, tubular), “Rose Day,” “Hope” (reflex), Spider, “Fish Tail”
(intermediate, tubular floret open at tip), “Gallipoli,” “H. Townsend,” “Kingsford
Smith” (incurving or intermediate, tubular), “M-24” (spoon type),
“Mrs. H. Gubby,” “Meera,” “Otome Zakura” (ball shaped), “Pride of Madford”
(ball), “Sarojini Naidu,” “Silver Cloud,” “Thomas W. Pockett,” “Undaunted,”
“M-2,” “M-4,” “M-9,” “M-13,” “M-25,” “Belur Math” (incurved), “Bharat
Ratna,” “Mahatma Gandhi,” “Ajeets,” “Arjuna” (irregular), “Captain Kettle”
(incurved), “John Reid,” “Red Chief,” “Golden Quills,” “Goldie,” “Paul” (reflex),
“Bonaldo,” “Alfred Wilson” (reflex), “Miss D. Foxwell,” “Red Quills” (quilled,
fine tubular floret, very small opening at tip, inner floret incurved)

White “W-1,” “Beatrice May” (reflex, petals irregular type), “Beauty” (incurved, floret
tubular with broad open mouth, tip bifid type), “Purnima” (ball type), “White
Quills” (quilled), “Fred Conry”

Yellow “Evening Star” (reflex, outer floret spreading downward and central floret
incurved), “Kanchan,” “Mrs. Sherrard,” “Pitambar” (ball type), “Smith,”
“Mrs. G. Llyod Wigg,” “Mrs. Roger Thompson,” Spider, “X”

Small flowered

Amaranth
pink

“Ajay” (decorative/double Korean, early blooming), “Megami” (decorative/
double Korean)

Yellow “Basantika” (decorative pompon), “Bhima” (spider-type floret), “Liliput”
(yellow), “Hemanti” (decorative/double Korean)

White “Cotton Ball” (Pompon), “Lilith” (double Korean), “Nimrod” (Korean type),
“Gauri” (decorative pompon, late blooming)

Red “Colchi Bahar” (decorative type), “Flirt” (double Korean), “Jaya” (double
Korean), “Lalkila” (double Korean), “Lalima”

Purple/
mauve

“D-5” (decorative), “Fish Tail” (intermediate, tubular floret open at tip),
“Shyamal” (double Korean), “Sharad Bahar” (Korean type, early blooming),
“Sunil” (double Korean), “M-71,” “Puja” (decorative, late blooming),
“Khumaini” (double Korean), “E-13” (pompon), “Maghi” (pompon type, late
blooming), “Sharad Mala” (double Korean), “Anupam”

19.2.3 Colchicine Treatment

Rooted cuttings of four chrysanthemum cultivars (“D-5”: decorative, magnolia
purple; “Flirt”: double Korean, red; “Lalkila”: double Korean, red; and “Sharad



Bahar”: Korean type, purple, early blooming) were dipped (2.5 cm) into aqueous
solution of 0.0625% and 0.125% colchicine for 5 h. The roots were thoroughly
washed in running water before planting.
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19.2.4 Early- and Late-Blooming Varieties

There are many attractive flower color varieties in normal season blooming chrysan-
themum. But the extent of flower color variation in early- and late-blooming
varieties is limited due to limited number of available varieties. For inducing flower
color diversification in early- and late-blooming cultivars, rooted cuttings of one
early-blooming (“Ajay”) and three late-blooming (“Gauri,” “Maghi,” and “Puja”)
varieties were exposed to different doses of gamma rays (Shukla and Datta 1993).

19.2.5 Management of Induced Chimera

Rooted cuttings of various promising chrysanthemum cultivars, viz. “Puja,”
“Purnima,” “Colchi Bahar,” “D-5,” “Shyamal,” “Sheela,” “Alankar,” “Shabnam,”
“Lalpari,” “Lalima,” “Navneet,” “Puja,” “Surekha,” “Kundan,” “Mother Teresa,”
“Peet Singer,” “Maghi,” “Batik,” “Flirt,” and “Lilith,” were exposed to 1.5, 2.0, and
2.5 krad gamma rays and planted in the field up to flowering. For management of
chimera, only the plants with mutated chimeric florets were preferred.

19.2.6 Management of Spontaneous Mutation Chimera

In the germplasm collection of CSIR-NBRI, Lucknow, one chrysanthemum cultivar
Kasturba Gandhi (large flowered, white) showed some yellow florets due to sponta-
neous mutation. Shoot buds were regenerated directly from mutated yellow florets
applying appropriate culture medium.

19.2.7 In Vitro Mutagenesis

For in vitro mutagenesis, sterilized ray florets of various chrysanthemum cultivars
(“Lalima,” “Flirt,” “Puja,” “Maghi,” “Sunil,” “Madam E. Roger”) were exposed to
0.5 and 1.0 krad gamma radiations and regenerated through in vitro culture. Rooted
suckers/cuttings (13 cm height) were treated with 1.0, 1.5, 2.0, and 2.5 krad of
gamma rays (60Co radiation source). Suckers were treated during March/April, and
cuttings were treated during July/August (Fig. 19.2a, b).
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19.2.8 General Considerations

19.2.8.1 LD50 Dose
Determination of LD50 dose prior to conducting experiment is very important for the
success of mutation breeding work. Many researchers have reported the appropriate
radiation doses to induce somatic mutations in chrysanthemum. Our experimental
results determined LD50 dose between 1.5 and 2.0 krad for chrysanthemum. Former
researchers observed that some cultivars survived even after treatment with 3000r
X-rays and determined ideal dose between 2000 and 4000r (Jank 1957; Sheenan and
Sagawa 1959). Fujii and Mabuchi (1961) recorded maximum survival after treat-
ment with 2–4 krad gamma rays, and Bowen et al. (1962) noticed only 50% lethality
after 4.3 krad treatment. Dowrick and El-Bayoumi (1966a, b) determined 14 krad as
the most appropriate dose. Such higher doses have been reported by some other
researchers like 25 krad gamma rays by Cawse (1965), 10–12 krad by Yamakawa
and Sekiguchi (1968), and 8 krad by Broertjes (1966a, b). Application of such high
doses may be due to the use of very low dose rate (1 krad/days, 125–150 rad/ha). The
author (Datta 1992, 1994a) determined through repeat experiments 1.5–2.5 krad as
the most favorable dose (LD50) to induce mutations in chrysanthemum (suckers and
cuttings).

19.2.8.2 Radiosensitivity
Knowledge in radiosensitivity is most imperative for extensive radiation treatment to
induce mutations. For determination of radiosensitivity, more than 50 cultivars were
selected and influence of a wide range of parameters like flower type, color, size, and
shape, chromosome number, chromosomal abnormalities in root meristem, inter-
phase nuclear volume (INV), interphase chromosome volume (ICV), and 2c DNA
content were studied after treatment with 1.5, 2.0, and 2.5 krad of gamma rays (Datta
1992, 1994a, b; Banerjee and Datta 1993). Chromosomal abnormalities observed
after radiation treatment were clumping, bridges, laggards, late and early separation,
and micronuclei. No dose- and cultivar-specific abnormalities were recorded. No
positive relationship of radiosensitivity was observed among chromosomal
aberrations, INV, ICV, DNA content, and other phenotypic characters. Some
cultivars were moderately sensitive, others more sensitive, and others still resistant
to mutagens. Induced chromosomal aberrations as the end point of radiosensitivity
were studied in root meristems, and it was found that different cultivars were
differently sensitive irrespective of flower color, size, and shape. All experimental
results clearly indicate that radiosensitivity of chrysanthemum is a genotype-
dependent mechanism (Banerjee and Datta 1993; Datta 1992, 1994a).

Survival decreased in all the cultivars with increased treatment dose of gamma
rays. Decreased survival and significant reduction in plant height at the time of
flowering were recorded in all the cultivars after treatment with increased dose of
gamma rays. Higher radiation doses decreased branch, leaf, and flower head num-
bers. Manifestation of aberrant plant growth was a very striking effect of treatment of
suckers/cuttings of the materials under investigation with gamma rays and also
colchicine. All the cultivars showed morphological aberrations in leaves, stems,



and flower heads. The leaf abnormalities included changes in shape, size, margin,
apex, fission, and fusion of leaves. Floral aberrations were recorded in flower-head
shape and size. Asymmetrical development of florets resulted in irregular shape of
flower heads, while in some cultivars, smaller flower heads were produced after
gamma irradiation. In general, percent of aberrant leaves, plants, and flower heads
increased after irradiation and colchicine treatment in all the cultivars. The frequency
of plants with morphological aberrations decreased with ageing in most experimen-
tal plants. Aberrant cells are eliminated through diplontic discriminating process,
and gradually aberrant plants look normal. In some cases, however, the frequency of
aberrant leaves per plant decreased after a certain period but increased again
indicating that new leaves which developed later were abnormal.
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Fig. 19.3 Different types of chromosomal aberrations. (a, b) Micronuclei; (c) early separation; (d)
fragment; (e, f) laggards; (g) exclusion; (h–l) different types of bridges at different stages

Cytological analysis, with special reference to the impact of gamma rays and
colchicine, on chromosomes during root-tip mitosis was studied. Control
populations were mostly normal. However, few cells with chromosomal aberrations
like clumping, laggards, early separation, bridges, and micronuclei were observed in
some of the cultivars. Gamma-irradiated populations showed different types of
chromosomal aberrations like clumping, exclusions, laggards, early separation,
bridges (chromosomal bridge, sticky bridge), and micronuclei (Fig. 19.3; Datta
1994b), and the frequency of aberrant cells increased in higher doses. Correlation
studies of chromosomal aberrations with reduction in plant height and morphologi-
cal abnormalities yielded interesting results. With increase in exposure, there was
increase in chromosomal aberrations and subsequent reduction in plant height and



increase in morphological abnormalities, but no specific pattern of correlation was
observed. The leaf abnormalities which were recorded among the tested cultivars
were not dose, mutagen, or cultivar specific.
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Abnormal plant growth is an immediate effect after treatment of plant materials
with either physical or chemical mutagens. Treatment induces chromosomal, mor-
phological, and physiological alterations in cells and tissues, resulting in reformation
in the growth and development of roots, stems, leaves, and flowers. In the present
experiments, it was observed that all the cultivars showed reduction in plant height
and different forms of morphological abnormalities irrespective of gamma ray or
colchicine treatment. Thoday (1951) and Sparrow et al. (1952) suggested that
chromosome breakage is the main cause for the formation of anomalous plant
morphology. We found that the materials, when treated with gamma rays and
colchicine, resulted in the formation of chromosomal abnormalities and polyploidy
cells in the roots, respectively, and the plants developed from the same treatment
showed abnormal growth of plants. Different patterns of morphological
abnormalities were common to both gamma ray- and colchicine-treated populations.
Differential sensitivity of the cultivars to gamma rays and colchicine was recorded. If
chromosomal aberrations due to gamma irradiation are responsible for morphologi-
cal abnormalities and reduction in plant height, there must have some correlation
with chromosomal aberrations and morphological changes. The varieties with max-
imum induced chromosomal aberrations should show maximum morphological
abnormalities and reduction in plant height. In the present experiments, the varieties
which were most sensitive to gamma rays and colchicine with respect to formation of
chromosome aberrations and polyploidy did not show neither maximum morpho-
logical abnormalities nor reduction in growth. Therefore, cytological changes due to
radiation and colchicine treatment cannot be thought as the agent which directly
leads to formation of aberrant plants and reduction in plant height. It is assumed that
any alteration in chromosomal status (aberrations or polyploidy) disturbs the route of
chemical reactions or mutagens directly act on these chemical pathways, which leads
to abnormal growth of plants. It is possible that pathways leading to formation of leaf
morphology and plant growth are susceptible differentially to gamma rays and
colchicine, and the extent of susceptibility differs from material to material. The
author did similar studies and reported same observations on seed-propagated plants
using X-ray and colchicine (Datta and Basu 1977). Nonheritable physiological
disorder of growth element is the primary reason for the development of unusual
plant growth after mutagen treatment. The exact mechanism behind these changes
has not yet been authenticated (Datta 1997).

19.2.8.3 Role of Propagule and Time of Irradiation
Chrysanthemum is propagated by both suckers (March/April) and cuttings (July/
August). For experiments, rooted cuttings/suckers (13 cm height) were treated with
1, 1.5, 2.0, 2.5, and 3 krad of gamma rays (cobalt-60 gamma radiation source).
Treated plants were grown either in pots or in beds. All the standard cultivation
methods were applied for proper growth of the experimental plants, and all the
flowers were checked to find out mutations during the whole flowering period.



Normally, the somatic mutations in chrysanthemum arise as chimera. The chimeric
branches are propagated vegetatively to establish mutant tissues in pure form.
Treatment season had definite action in inducing mutation. Plants developed from
sucker treatment (March/April) were healthy to a greater extent at flowering time
than cutting treatment (July/August). Mutation frequency was higher in cutting
irradiation, but the plants were not healthy. On the other hand, sucker-irradiated
plants were healthy, but the mutation frequency was less. Separation of mutant
sector was not difficult from sucker-irradiated plants, but isolation of mutant tissue
was tough from cutting-irradiated plants as the growth of mutant branch was poor.
This problem could be solved; that is, chimeric mutants can be established true-to-
type using chimera management technique. Secondly, July/August experiments with
gamma rays can also be treated with some chemical mutagens as a protection of
deleterious effects of gamma rays to encourage healthy growth of plants. The
treatment period can be profitably utilized for mutant development considering its
benefit and drawback (Datta 1997).
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19.2.8.4 Recurrent Irradiation
For recurrent irradiation experiments, the same plant materials are treated in succes-
sive generations. In breeding programs, recurrent irradiation has been found to
accumulate and expand genetic variability. Rooted cuttings of an early-blooming
chrysanthemum cv. “Sharad Bahar” were exposed to 1.5, 2.0, and 2.5 krad of
gamma rays. Data were recorded on different morphological aspects from the treated
plants, and all the plants were propagated in bulk treatment-wise for next vegetative
generations. Recurrent irradiation experiment was carried out with these materials;
that is, the materials were again treated with 1.5, 2.0, and 2.5 krad of gamma rays.
Different types of effects were noted after gamma irradiation in M1v1 and M1v2. The
reduction in survival, plant height, branch, and leaf number on the one hand and
increase in morphological abnormalities and somatic mutation frequency and spec-
trum on the other hand were more in recurrent irradiated population. Reduction in
survival and plant height and induction of different types of morphological
abnormalities after gamma ray treatment have been interpreted due to nonheritable
physiological disorder of growth substances. It is expected that after radiation
treatment, the physiological as well as genetic effects persist in the treated materials.
In the first generation, the physiological effects disappear but as a result give over
some hidden components within the chromosomes and genes. As a result, the effects
are accumulative when experiments are repeated with the same gamma ray doses in
successive generations. The result of the experiment lends support to this opinion.
From this and other repeat experiments, it may be suggested that recurrent irradiation
methods may be utilized in mutation breeding program as this method may create a
wide genetic variation than one-time mutation experiment (Datta 1991).

19.2.8.5 Colchi-Mutation
Colchicine has been applied for a long time as a polyploidizing agent, and poly-
ploidy has been developed by colchicine in many important ornamental plants
besides agricultural crops. Chromosome doubling and phenotypic changes are the



main targets in colchi-ploidy breeding. Very little work has been done on colchicine-
induced mutation in vegetatively propagated crops. Experiment was carried out to
find out the colchicine-induced mutations in rooted cuttings of chrysanthemum.
Rooted cuttings of four chrysanthemum cultivars (“D-5,” “Flirt,” “Lalkila,” and
“Sharad Bahar”) were dipped (2.5 cm) into aqueous solution of 0.0625% and
0.125% colchicine for 5 h. All the experimental cultivars showed significant
decrease in plant height, branch, leaf, and flower-head number and morphological
aberrations in leaves and flowers. Higher concentrations showed maximum fre-
quency of aberrations. Time taken for flower bud initiation, first color showing,
and full bloom was delayed in colchicine-treated population. Increase in pollen grain
sterility and decrease in pollen grain size were significant after colchicine treatment.
All experimental cultivars showed mutations in flower color as chimera after colchi-
cine treatment. No mutations could be isolated in the second generation except one
mutation in the cultivar “Sharad Bahar.” The original color of “Sharad Bahar” was
purple, whereas the mutant color was terra-cotta red. The mutant plant has been
multiplied, assessed, and released as a new cultivar in the name of “Colchi Bahar”
(Datta 1987a, b; Datta and Gupta 1984a, 1987). Colchicine-treated populations of
chrysanthemum in this experiment showed exactly the same response as recorded
after the treatment of same materials with gamma rays (Datta 1997). This is the first
report of colchicine-induced somatic flower color mutation in chrysanthemum. Datta
and Gupta (1985) also induced similar flower color mutation for the first time in rose
cv. “Contempo” after treatment with colchicine. Colchicine-induced mutations have
been reported in Salvia coccinea (Haque 1983). Original and colchicine-induced
flower color mutant (“Colchi Bahar”) cultivars have been critically analyzed and
were found to have same chromosome number, interphase nuclear volume, inter-
phase chromosome volume, and DNA content. TLC assay indicated quantitative
differences in existing pigments between the two. Present experimental results
clearly indicate that colchicine can induce gene mutation (colchi-mutation, C-muta-
tion, Datta 1985a) in place of developing polyploidy. Usually, colchicine
experiments are considered ineffective when no polyploidy is formed. Datta
(1990a) from his experimental results interpreted that colchicine may be used as a
good mutagen although it is famous as a polyploidizing agent.
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19.2.8.6 Mutant Genotype (Mutant of a Mutant)
Sensitivity of different chrysanthemum cultivars to gamma rays has been estimated
on the basis of different cytomorphological characters. Literature on sensitivity of
mutant genotype was scanty. Broertjes et al. (1980) were successful to develop
hundreds of mutants by consecutive use of radiation-induced mutants of chrysanthe-
mum cv. “Horim.” The author (Datta 1985b, 1997) did a series of experiments to test
the radiosensitivity of a number of chrysanthemum mutant genotypes. Rooted
cuttings of original cv. “D-5” and its three gamma ray-induced flower color mutants
“Alankar” (Spanish orange), “Agnisikha” (erythrite red), and “Shabnam” (flower-
shape mutant); “E-13” (mauve) and its mutant “Himani” (white); “Sheela” (canary
yellow mutant of mutant “Himani”); and “Flirt” (red) and its mutant “Man Bhawan”
(reddish yellow) were exposed to 1.5, 2.0, and 2.5 krad of gamma rays. Original and



their respective mutant cultivars showed no noteworthy dissimilarity in ICV, INV,
and DNA content. After gamma irradiation, a wide range of morphological (vegeta-
tive and floral) anomalies and chromosomal abnormalities were observed in all the
original and their mutant cultivars. Percent of cells with chromosomal abnormalities
increased with increase in exposure in all the cases. The frequency of induced flower
color mutations changed with the cultivars and gamma ray doses. Series of new
flower color mutants and at times considerable enhancement in quality and yield
were successfully evolved by consecutive application of radiation-induced mutants
of chrysanthemum. Reddish yellow flower color mutation was detected in the
original cultivar “D-5.” Out of the three mutants of “D-5,” “Agnisikha” was found
to be very stable. No mutation could be detected after irradiation. Yellow flower
color mutation in “Alankar” and erythrite red flower color mutation in “Shabnam”

were induced. The original cultivar “E-13” was found to be very sensitive to gamma
rays with respect to flower color change. A wide range of flower color changes, i.e.,
erythrite red, white, brownish, and brownish red, were recorded in “E-13.” “Himani”
produced only canary yellow flower color mutation. “Sheela” was found to be very
resistant and no change in flower color could be induced after gamma irradiation.
Yellow flower color mutation was induced in the original cultivar “Flirt.” “Man
Bhawan” developed light-yellow flower color mutation. The concept of developing
mutant of a mutant can be exploited in commercial floriculture. The mutant which is
well appreciated by the consumer market can be utilized to induce further mutations
to increase the new genetic variability for consumers.
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19.3 Detection of Mutation (M1V1 and Later Vegetative
Generations)

Somatic mutations in chrysanthemum are mostly detected in M1V1. But repeat
experiments and careful observations have proved that mutations that can be
detected in M1V2, M1V3, and later vegetative generations form normal-looking
irradiated plants in M1V1 (Gupta and Jugran 1978; Das et al. 1974; Datta 1990b;
1994a, b; Usenbaev and Imankulova 1974; Buiatti and Tesi 1968). Probability of
recovering solid mutants is more in M1v2 and later generations. Results showed that
screening for mutations should not be restricted to M1V1 only; it should be continued
in M1V2 and subsequent vegetative generations. Detection of mutation in the M1V2

has been explained from the cultural practices of propagation of chrysanthemum.
The mutant character of mutated cell is manifested in M1V1 under suitable situations.
The mutant cells situated at the lower axillary buds persist at dormant state and show
their mutant traits when incorporated in vegetative propagation system in M1V2.

19.3.1 Mutation in Flower Morphology

Changed flower type is always attractive to consumer, and as such it has good
demand in the market. Many novel flower-type mutant varieties have been induced



by radiation. Names of a few induced novel changed flower-type mutants in chry-
santhemum are worth mentioning, i.e., “Cosmonaut” (Fig. 19.2k; Datta and Gupta
1984b), “Tulika” (Datta et al. 1985), and “Shabnam” (Fig. 19.2h; Datta 1990c). In
“Cosmonaut,” the flower shape was anemone type, developed from “Nimrod” with
Korean-type flower. Florets of “Tulika” look like paintbrush-type (semi-quilled)
flower shape developed from “M-24” with spoon-type florets. In “Shabnam,” small
appendage-like structure is developed at the tip of each floret, which looks like
dewdrops. A number of mutations in flower-head types (anemone to Korean type,
fringed ray florets, fishtail shaped, etc.) have been reported in different cultivars of
chrysanthemum (Gupta and Shukla 1971; Gupta 1979; Heslot 1964; Broertjes
1966a, b). Creation of tubular florets is one of the curious observations in chrysan-
themum. It has been noted that cultivars having small tube at the base of each floret
can be mutated to the entire tubular floret (Datta 2019a).
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19.3.2 Color Mutation

Presence of maximum unit of dominant genes has been reported in early work, and
suggested chances of developing recessive mutations are more in pink cultivars,
which can be detected in M1V1 (Bowen et al. 1962; Jank 1957; Bowen 1965;
Broertjes 1966a, b; Dowrick and El-Bayoumi 1966a, b). Development of new
color mutations from bronze cultivars has been reported (Jank 1957), but Gupta
(1966, 1979) could not induce mutations in white chrysanthemum. Yellow chrysan-
themum cultivars were found to be very stable (Jank 1957; Bowen 1965; Broertjes
1966a, b; Gupta 1979). The author did large-scale repeat experiments choosing
color-variant varieties. Gamma rays induced yellow sectorial mutation in white-
flowered cultivar “Lilith” (Datta and Gupta 1980) and canary yellow mutation in a
white mutant (“Himani”) of mauve-colored, pompon-type small-flowered chrysan-
themum cultivar “E-13” (Datta 1985b; Gupta 1979).

19.3.3 Chlorophyll Variegation

Plants with chlorophyll variegated leaves look very attractive both at blooming time
and in off-season. There is a wide range of variegated plants in different
ornamentals. However, there is no prominent chlorophyll variegated chrysanthe-
mum varieties. Attempts were made to induce chlorophyll variegated pattern in
leaves of chrysanthemum after mutagen treatment. Chlorophyll variegation was
induced in leaves of cultivars “Grape Bowl” and “Lilith” with gamma irradiation.
In case of “Grape Bowl,” only one plant after treatment with 1.5 krad produced five
variegated leaves (Gupta and Datta 1978). In case of “Lilith,” the percentages of
plants with chlorophyll variegation in leaves after exposure of 1.5 and 2.5 krad were
75 and 92.86, respectively. The frequencies of leaves with chlorophyll variegation
after treatment with 1.5 and 2.0 krad were 8.28% and 8.76%, respectively (Datta and
Gupta 1980). Cultivar “Maghi” had chlorophyll variegation in leaves after exposure



to gamma rays. The percentage of plants showing chlorophyll variegation and the
percentage of chlorophyll variegated leaves after treatment with 10.5 and 20 Gy
were 72.22 and 16.53 and 54.54 and 6.21, respectively. Induction of a huge amount
of chlorophyll variegation plants and leaves in “Maghi” is an interesting finding.
Such a high rate of chlorophyll variegation has never been observed in earlier
experiments with chrysanthemum (Shukla and Datta 1993).
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19.3.4 Spectrum of Mutations

Literature review clearly indicates that mutation can be induced in almost all the
colors, and some color-specific varieties develop high spectrum of mutations.
Induction of more than one flower color mutations has been possible in single
promising variety of chrysanthemum (“Undaunted,” “E-13,” “Otome Zakura,” “D-
5,” “Surekha,” “Anupam,” “Khumaini,” “Kalyani Mauve,” “Lalima,” Banerji and
Datta 1990; Datta and Banerji 1991, 1993, 1995; Gupta 1966, 1979; Datta and Gupta
1981a, b, Datta and Gupta 1980, 1983) and rose (“Contempo”). Gamma radiation
successfully induced nine mutations (color and/or shape) in chrysanthemum cultivar
“Undaunted,” six mutations in “E-13,” and five each in “Flirt,” “D-5,” “Maghi,” and
rose cultivar “Contempo” (Datta 1997, 2019b).

19.4 Possibilities of Inducing Desired Flower Color Mutation
(Directive Mutation)

In induced mutagenesis, work spectrum of flower color mutations is really an
attractive topic as many cultivars have developed more than one flower color/
shape mutations. These observations inspired irradiation of different cultivars with
different color combinations. From the extensive work on such selective cultivars, it
has been almost accurately found out that the flower color (pigment composition) of
parent cultivar is a meaningful index for new flower color mutation. It has been
clearly found out from the repetition of induced mutagenesis experiments with the
same and/or different cultivars that white varieties will develop either flower shape
mutation or mutation in color (yellow, Fig. 19.2p), red varieties will develop either
yellow or red and yellow mixture, and yellow varieties will produce either various
hue of yellow or white or a blend of yellow and white. Work on the preparation of a
color chart based on the color (pigment composition) of the parent cultivars and the
spectrum of induced flower color mutations, observed by the author and reported
from other laboratories, is under way. From this color chart, it will be possible to
decide beforehand the color combinations of expected mutants. This will help to
develop desired flower color mutation (directive mutation) for the floriculture trade
by selecting specific parent varieties with specific color (Datta 2019a).
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19.5 Demand-Based Experiments

Mutation technique has been very successfully applied in chrysanthemum to develop
need-based varieties. For example, many attractive colors/shapes are available in
normal season blooming chrysanthemum. Colors are very limited in early- and late-
blooming varieties. Choice of colors is very limited to consumers in such cases.
Gamma rays induced new flower color mutations in both early-blooming and late-
blooming chrysanthemum varieties. Early-blooming variety “Ajay” (amaranth pink)
produced dark-pink variety. Late-blooming variety “Gouri” (white) developed two
mutations—one cream color floret color and another yellow. Another late-blooming
variety “Maghi” (mauve) produced “light mauve,” “white,” “yellow,” and “dark-
yellow” floret color mutants (Datta 2015). Ornamental plants are very suitable where
most appropriate and commercially viable mutants can be developed by deliberate
and appropriate application of technique. To cite an example: Pompon-type large-
flowered pastel lilac chrysanthemum “Otome Zakura” is a highly demanded variety
in the consumer market. For increasing the income of nurserymen and to increase
public choice, complete white mutant variety (“Purnima”) was produced by gamma
ray treatment in “Otome Zakura.” Further, keeping in mind the idea of directive
mutation, white mutant (“Purnima”) was again treated with gamma rays and a new
yellow mutant variety was developed (Fig. 19.2i, p). These directive-induced muta-
tion experimental results have gifted admirable influence in the floriculture industry.

19.6 Bottlenecks

Buds present at the tips of all types of vegetatively propagated propagules are
multicellular constituted by a number of moderately autonomous cell layers. Devel-
opment of chimera after treatment with physical or chemical mutagens is the main
bottleneck. Mutation in general is a one-cell event (Fig. 19.2c). Mutagen-induced
mutated cells in multicellular organisms are left open for diplontic selection, i.e.,
struggle to survive among the surrounding normal cells. Diplontic selection restricts
the number of mutated plants and mutation spectrum (Datta 1994a, b). Sectorial
mutation may appear as a small streak on a petal or whole flower and from a part of a
branch to total branch (Fig. 19.2d–g). In mutation breeding experiment, management
of such chimeras, i.e., establishment of mutant tissue in pure form, is a very vital
operation. In traditional mutation breeding experiments, a large number of chimeric
mutants are lost every year.

19.7 Induced Chimera and Management

Common proliferation process can help the establishment of mutant tissue in pure
form when a whole branch is mutated. Almost all chrysanthemum mutants have
been isolated by conventional cutting methods. CSIR-NBRI, Lucknow, developed a
large number of mutant varieties by this method (Fig. 19.2h–k). It is very difficult to



isolate mutant tissues from chimeric flower with the help of convenient prevailing
multiplication technique. Therefore, in vitro technique has been standardized for
direct regeneration from florets of chrysanthemum. Many new flower color/shape
mutations, developed through induced mutation and spontaneously, have been
established in pure form utilizing direct shoot regeneration technique (Chakrabarty
et al. 1999, 2000; Mandal et al. 2000a, b; Datta et al. 2001a, b). The prospect of
management of chimeric flower color and creation of novel varieties has been wide
through in vitro methods (Fig. 19.2l, m). This is a very interesting and almost
unexploited field in floriculture.
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Gamma ray-treated propagules (cuttings) of different varieties were grown in the
field. Chimeric mutated florets were regenerated in standardized basal medium
(Chakrabarty et al. 2000; Mandal et al. 2000a, b; Dwivedi et al. 2000; Datta et al.
2001a, b). Few examples are white and yellow chimeric florets that were produced
after 1.5 and 2.0 krad gamma rays in cultivar “Maghi” (mauve color), which were
regenerated in pure form (Chakrabarty et al. 1999). “Lilith” (white) produced flower
color mutation (yellow) in 59 ray florets after gamma irradiation (1.5 and 2.0 krad).
The yellow mutant has been regenerated through tissue culture (Dwivedi et al.
2000). 1.5 and 2.0 krad gamma rays induced yellow florets in cultivar “Purnima”
(white) (a mutant of “Otome Zakura”—mauve florets) and in “Colchi Bahar” (terra-
cotta red florets) (a colchicine-induced mutant of “Sharad Bahar”—purple floret).
Mutant florets were established as true-to-explant florets through direct shoot organ-
ogenesis (Mandal et al. 2000a, b). Two mutants, one with new yellow-orange florets
and another with yellow-orange and flat florets, were induced after gamma irradia-
tion in cultivar “Puja” (red purple with flat spoon-shaped florets). Both the mutants
have been established in pure form through in vitro regeneration (Datta et al.
2001a, b). To increase mutation events and to induce solid mutants, in vitro muta-
genesis experiments were started in chrysanthemum (Maliga 1984; Ahloowalia
1995; Maluszyuski et al. 1995; Jung-Heliger and Horn 1980; Preil et al. 1983;
Huitema et al. 1986, 1989; Jerzy 1990; Jerzy and Zalewska 1996; Schum and Preil
1998; Mishra et al. 2003; Datta and Mandal 2005).

19.8 In Vitro Management of Chimera Developed Through Bud
Sprout

It is necessary to mention the role of bud sports/spontaneous somatic mutations in
the development of new chrysanthemum cultivars. Wasscher (1956) estimated that
sports created approximately 30% new chrysanthemum cultivars. Some varieties
like “Sweetheart,” “Favourite,” and “Indianapolis” need special mention as large
number of sports have developed from these varieties (Anonymous 1961; Bowen
et al. 1962; Yoder 1967). Spontaneous mutations created many excellent
chrysanthemums in different countries, specially in India. Names of some remark-
able sport varieties along with their parent varieties (in parenthesis) are
mentioned here: “Kasturba Gandhi”—white (“Mahatma Gandhi”—mauve);
“Sonar Bangla”—yellow (“Snow Ball”—white); “White Cloud”—white; “Pink



Cloud”—pink; “Sharda”—yellow (“Sharad Shobha”—white); “Queen of
Tamluk”—yellow (“Casa Grandi”—white); “R. Venkatraman”—yellow (“S.S.
Arnold”—white); “William Turner”—white (“Pink Turner”—pink); “J.S.
Lloyd”—yellow (“William Turner”—white); “White Ball” (“Pride of Madford”),
etc. These spontaneous mutation varieties were mostly detected as branch chimera
and isolated through conventional cutting methods. In chrysanthemum, huge num-
ber of floret chimeric mutants develop every year and are lost. Now, in vitro method
can be exploited by nurserymen to isolate and establish these natural chimeras as
new varieties.
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Large white-flowered chrysanthemum “Kasturba Gandhi” has good appreciation
in floriculture trade for its appealing shape and size. New variety with yellow floret
color has been established in pure form using chimera management technique
(Fig. 19.2q) (Chakrabarty et al. 2000). Quite a large number of chrysanthemum
germplasms develop floret chimera through spontaneous mutations due to its high
heterozygosity every year. Now, all these chimeras can be established as new
varieties using in vitro chimera management technology.

19.8.1 In Vitro Mutagenesis

Commonly, plants are grown under field conditions after in vivo treatment with
mutagens. In this method, limited land and fund and unfavorable environmental
conditions restrict population size. It is well documented that chances of getting
mutations are more from a large population. As reported, development of chimera is
the main bottleneck in in vivo mutation breeding, and in vitro mutagenesis technique
was standardized to increase the number of mutants and to get solid mutants. In vitro
technique helped to overthrow the formation of chimera in M1V1. In vitro mutagen-
esis has many benefits over in vivo methods—explants can be uniformly treated with
physical or chemical mutagens, treated explants can grow in unchanging cultural
environment, and large population can be treated at any time of the year within
restricted space.

The author and his colleagues have done significant research work on the
manipulation of chimera and in vitro mutagenesis. Five decorative-type chrysanthe-
mum cultivars (“Lalima,” “Flirt,” “Puja,” “Maghi,” and “Sunil”) were selected as
experimental materials. Ray florets were selected as explants and treated with
gamma rays after inoculation. All proliferated shoots were transplanted in the field
after isolation, rooting, and hardening. It was interesting to note that all gamma-
induced flower color and floret shape mutants were solid in nature (Fig. 19.2n, o)
(Datta et al. 2005; Mishra et al. 2003; Chakrabarty et al. 1999, 2000; Mandal et al.
2000a, b; Datta et al. 2001a, b, 2005). This novel in vitro mutation technique is most
suitable for creating new solid mutant varieties in chrysanthemum for floriculture
trade.

Methodical attempt was made for creation of trait-oriented mutation, i.e., NaCl-
tolerant chrysanthemum variety following in vitro mutation. Hossain et al. (2006,
2007) developed stable NaCl-tolerant variants through whole plant and callus



selection after in vitro treatment of ethyl methanesulfonate (EMS). Experimental
data reflects that NaCl-tolerant callus line can be induced when NaCl concentration
is increased step-by-step from a low level to cytotoxic level (Hossain et al. 2004).
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Mandal and Datta (2005) developed an effective method for somatic embryogen-
esis from a single cell of chrysanthemum floret for retrieval of single mutated cell.

19.9 Acute and Chronic Irradiation

Plants are distinctly sensitive to acute and chronic gamma radiation. Mutation
frequency and spectrum were much more in chronic irradiation than acute dose.
Nagatomi and Degi (2009) detected ten times more and non-chimeric mutations
when materials were exposed together to chronic and acute radiations. Chrysanthe-
mum propagules (cuttings, petal, and/or bud culture) were found to be 2.5 times
more sensitive to chronic radiation than acute dose. This technical procedure favor-
ably created many desirable mutants in ornamentals and other crops (Broertjes 1971;
Nagatomi 1991, 1992, 2002; Nagatomi et al. 1993a, b; 1996a, b; Richter and
Singleton 1995).

19.10 Ion Beam Technology

Ion beam has been considered as a strong mutagen which can induce a wide
spectrum of mutations in comparison to other chemical, physical, and T-DNA-
based mutagens. Ion beams have considerably superior linear energy transfer
(LET) than other types of radiations (X-rays, gamma rays, and electrons). Helium
(He), carbon (C), neon (Ne), and argon (Ar) with 220 MeV C ions are also used in
mutagenesis studies. Effects of ion beam have been studied on different plants
including few ornamentals (chrysanthemum). The extent of C ion-induced mutation
frequency and spectrum was more. C ions have successfully produced complex
patterns of colorations, novel mutant phenotype, and a wide spectrum of flower color
and shape in chrysanthemum, petunia, rose, Torenia, lotus, cyclamen, etc.
(Nagatomi et al. 1996a, b; Okamura et al. 2003, 2006; Ikegami et al. 2005; Ueno
et al. 2002; 2004; Yamaguchi et al. 2003; Oka-Kira et al. 2005; Miyazaki et al. 2006;
Sugiyama et al. 2008; Tanaka 2009). Ion beams have the potential to be used in
induced mutagenesis work on ornamental crop breeding, and also the new basic
knowledge generated from these studies can be exploited in biotechnology and
molecular biology (Tanaka 2009).

19.11 Annual Chrysanthemum

The seed-propagated annual species of chrysanthemum, unlike the vegetatively
multiplied perennials, are not very popular mainly because of the less attractive
form, size, and color of their flowers. C. carinatum is self-incompatible and has 18 as



its diploid chromosome number. C. carinatum is very distinct from other annual
chrysanthemum for keeled involucral bracts with solitary white or yellow flower
heads and sometimes a dark pigmented ring at the base of petals. Induced mutation
work on this species is limited. A number of researchers treated seeds of annual
chrysanthemum (C. carinatum) with X-ray and gamma ray radiations, and interest-
ing cytological and morphological changes in floret forms have been reported. Jain
et al. (1961) exposed seeds of C. carinatum to an X-ray dose of 15,000r and studied
the treated populations in X1, X2, X3, and X4 generations. Many attractive morpho-
logical variations in flower have been noticed in radiation-treated population. They
detected a recombinant form combining the tubular shape of the petals with the
double condition, which appeared more attractive than either the control or the
induced mutant types. The results have suggested that variation in annual chrysan-
themum offers considerable scope for selecting and synthesizing new varieties. Rana
(1964a, b, c, d) applied 15 krad acute X-ray dose to dry seeds of C. carinatum (L.)
and observed changed petals (flat to tubular) in X2 population. He has proposed alike
genetic constitution among the tubular phenotypes on the basis of understanding of
quantitative inheritance after intercrossing. Rana (1965a) in anther experiment
exposed dry seeds of a single-type Chelsea variety of C. carinatum to 15 krad
X-ray and detected single-type flower heads to double type, and conservation of
open-type ray florets instead of the usual pistillate type was also detected. Breeding
analysis showed that this mutant condition was determined by a recessive gene.
Rana (1965b) further treated dry seeds of C. carinatum with X-rays with an acute
dose of 15 krad. Four morphological mutants affecting the ray florets (dissected type,
tubular type, small-size floret, and apetalous type) were detected in the X2

population.
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19.12 Cause of Flower Color Mutation

It is very clear that mutation technique successfully developed many important new
ornamental cultivars including chrysanthemum. Although many new flower color/
shape mutants have been developed, reports on the analysis of mutants and their
parental varieties are very few. The general question is how these mutations arise.
Early reports indicated that flower color changes may develop due to abnormalities
in chromosomes, alteration in chromosome number, gene mutation, rearrangement
in histogenic layers, and changes at pigment biosynthesis pathway. Exact process of
development of these mutations cannot be interpreted with confidence based on all
these explanations. The author made extensive comparative cytomorphological,
radiosensitivity, anatomical, palynological, and biochemical studies to highlight
the appropriate and definite perception in the development of somatic mutation in
flower color. Early investigations have reported that flower color change in chrysan-
themum is due to change in chromosome number and chromosome fragments
(Dowrick 1951, 1952, 1953, 1958; Dowrick and El-Bayoumi 1966a, b; Walker
1955; Ichikawa et al. 1970). The author studied cytological aspects covering karyo-
type, ICV, INV, and DNA content and observed no change in chromosome number



in any of the mutants. No mutant-specific chromosomal abnormalities could be
detected. No significant differences in ICV, INV, and DNA content were recorded
between control and mutants. Different types of chromosomal aberrations were
detected in all the gamma ray-treated populations, but there was no change of flower
color/shape in all the plants. This confirms that chromosomal aberrations are not
responsible for flower color changes. It may also be noted that the chromosome
number of all the present experimental chrysanthemum cultivars was 2n= 54, but all
the varieties were different from each other in flower color and shape. Reports are
also available that although 54 or 52 chromosome numbers were present in somatic
cells of many control plants, no changed floret color mutants were found in any of
the control plants (c.f. Dowrick and El-Bayoumi 1966a, b; Nazeer 1981; Nazeer and
Khoshoo 1982, 1983, 1985). Sampson et al. (1958) reported that chromosome
number is not necessarily associated with change in flower color. Original and
mutant cultivars depicted believably symmetrical karyotypic configurations. There
are also differences of opinion that the root tips from which chromosome numbers
are determined originate from L-III tissue and flowers from L-I (Bowen 1965;
Sampson et al. 1958; Weaver 1963; Stewart and Derman 1970), and therefore it is
not wise to connect changed flower color with changed chromosome or chromo-
somal abnormalities.
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Sometimes, rearrangement of cell layers is incorrectly ascribed as a mutation
effect (Fujii and Mabuchi 1961; Fuji 1962; Shimotsuma and Sakurai 1962;
Yamakawa 1970). Similarly, development of maximum alike mutations and large
sectorial or solid mutants are considered rearrangement or some related phenomena
(Shapiro and Broertjes 1961). On the basis of present observation and from induced
somatic flower color mutation observations of the author from different other
ornamentals, it is very clear that although root, shoot, and flowers are developed
from different histogenic layers, rearrangements of histogenic layers do not have any
specific role in the development of somatic mutations in flower color. Reshuffling of
histogenic layer theory cannot explain when there are series of induced flower color
mutations from a starting cultivar not only in the first generation but also in the
subsequent later generations. Induction of striped (bicolored or spotted) mutant also
does not support this opinion. Datta (1994a, b) induced striped flower color mutants
in rose cvs. “Contempo,” “Mrinalini,” and “Imperator.” He also induced several leaf
chlorophyll variegated mutants. But the pattern of chlorophyll variegation in Lan-
tana depressa (Datta 1995) and pattern of stripe (bicolored) in “Contempo” and
“Imperator” mutants are variable. Out of several mutants induced by the author in
different ornamentals, the variable nature of abovementioned three mutants cannot
rule out the possible indication for involvement of transposable elements in these
cases.

From a wide range of observations in different ornamentals by the author, it is
very clear that reshuffling of histogenic layers is applicable to the development of
chlorophyll variegation in leaves. As both the phenomena (flower color mutation and
chlorophyll variegation) are found very frequently in different vegetatively
propagated ornamentals, different workers are bias to explain that development of
new flower color is also due to reshuffling of histogenic layers.



586 S. K. Datta

Dowrick (1953) and Bowen et al. (1962) mentioned that chrysanthemum flower
color is controlled by qualitative and quantitative differences of three different
pigments which are present in upper and lower epidermal cells of ray florets. Fujii
and Mabuchi (1961) presumed that new pigments are formed due to mutation in
pigment biosynthesis pathway. Kawase and Tsukamoto (1976) classified different
chrysanthemum cultivars on the basis of presence or absence of different pigments
(anthocyanin, carotenoids, and flavonols). Heslot (1968) on the basis of comparative
analysis of pigments in the original and mutant rose cultivars mentioned that mutant
colors develop due to quantitative differences of existing one or several pigments
present in the control. However, new peonidin pigment was detected in some
mutants. The author’s analysis of pigments in chrysanthemum detected very clearly
that both qualitative and quantitative changes in pigments due to mutation are
responsible for changes in flower color. Similar observation has also been reported
from the analysis of pigments in a series of induced flower color mutants in rose
(Datta 1986; Datta and Gupta 1983a, b). Love and Malone (1967) have clearly
indicated from their pigment analysis that color differences between fast neutron-
induced mutant and non-mutant Coleus plant are for quantitative difference of one
anthocyanin pigment without any change in molecular structure. Fast-neutron irra-
diation is capable of modifying the system which controls pigment synthesis in
Coleus. Datta (1987b) used thin-layer chromatographic technique in mutation
breeding, and mutants have been characterized with changes in phenolic
compounds. Changes in intensity and number of spots of phenolic compounds
were observed in the original chrysanthemum cv. “E-13” and its five gamma
ray-induced somatic flower color mutants, indicating that mutants were due to
both qualitative and quantitative differences in phenolic compounds (Datta
1994a, b). Datta (1994a, b) from comparative studies of original and mutant varieties
reported that gene mutation causes changes in flower color and not change in
chromosome number, chromosomal aberrations, and karyomorphology.

19.13 Chrysanthemum Mutants

More than 285 mutants have been evolved, reported, and commercialized world-
wide. Information about the name of mutant and parent varieties, mode of origin,
countries and year of release, and mutant characters is available in different literature
(FAO IAEAMutant Database, Anonymous 1985, 1988, 1989, 1990, 1992; Broertjes
and Van Harten 1978; Datta 2019a). The author prepared passport data of the entire
ornamental germplasm and mutant varieties maintained and developed at
CSIR-NBRI. Details about some of the promising chrysanthemum mutants devel-
oped at CSIR-NBRI, Lucknow (author along with other scientists of Mutation
Breeding Laboratory), have been shown in Table 19.2.
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Table 19.2 Chrysanthemum mutant varieties developed in India

Cultivar mutant/ Author/ Mutant
[original] organization character

Agnisikha [D-5] Gamma
rays
(15 Gy)

Datta
(1987a, b),
CSIR-NBRI

Flower
color

Floriculture 9(II), 1988;
MBNL, IAEA, Vienna,
Issue No. 37, page
22, 1991

Alankar [D-5] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

Floriculture 9(X, 1),
1983; MBNL, 23: 16

Anamika [E-13] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

MBNL, Issue
No. 15, page 15

Aruna [Ashankit] Gamma
rays
(20 Gy)

Gupta (1982),
CSIR-NBRI

Flower
color

NBG Newsletter 1(4),
1974; MBNL, 15:14

Asha [Hope] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

MBNL, Issue
No. 15, page 15

Ashankit
[Undaunted]

Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter
1(4),1974; MBNL, 14:14

Basant [Paul] Gamma
rays
(10 Gy)

Gupta (1979),
CSIR-NBRI

Flower
color

MBNL Issue
No. 15, page 15

Basanti [E-13] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter, VI(3):
22, 1979; MBNL Issue
No. 23, page 16

Batik [Flirt] Gamma
rays
(20 Gy)

CSIR-NBRI Striped NBG Newsletter 1(4),
1974; MBNL, 14:14

Colchi Bahar
[Sharad Bahar]

Colchicine
(0.0625%)

Datta (1985),
CSIR-NBRI

Flower
color

The Chrysanthemum
43(1):40,1987; MBNL
Issue No. 31, page
12, 1988

Cosmonaut
[Nimrod]

Gamma
rays
(15 Gy)

Datta and
Gupta
(1984a, b),
CSIR-NBRI

Flower
shape

NBRI Newsletter XI(4):
29, 1984

Gairik [Belur Math] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter,
1(1),1974; MBNL, Issue
No. 31, page 12, 1988

Hemanti [Megami] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBRI Newsletter VI(3):
25, 1979; MBNL Issue
No. 16:21

Himani [E-13] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter 1(1),
1974; MNNL Issue
No. 15, page 15

Jhalar [Undaunted] Gamma
rays
(15 Gy)

Gupta (1975),
CSIR-NBRI

Flower
shape

MBNL Issue
No. 15, page 15
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Table 19.2 (continued)

Cultivar mutant/
[original]

Author/
organization

Mutant
character

Jugnu [Lalima] Gamma
rays
(15 Gy)

Datta and
Banerji
(1991), CSIR-
NBRI

Flower
color

NBRI Newsletter 1991

Kanak [Undaunted] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter I(1),
1974; MBNL Issue
No. 15, page 15

Kansya [Roseday] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
shape

NBG Newsletter I(4),
1974; MBNL Issue
No. 15, page 15

Kapish [E-13] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter I(4),
1974; MBNL Issue
No. 15, page 15

Kumkum [M-71] Gamma
rays
(20 Gy)

Datta and
Banerji
(1987); CSIR-
NBRI

Flower
color

NBRI Newsletter XIV
(1),1987; MBNL Issue
No. 31, 1988

Kunchita
[Undaunted]

Gamma
rays
(15 Gy)

CSIR-NBRI Flower
shape

NBG Newsletter I(4),
1974; MBNL Issue
No. 15, page 14

Lohita [E-13] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter I(4),
1974

Man Bhawan [Flirt] Gamma
rays
(15 Gy)

CSIR-NBI Bicolored NBRI Newsletter X(1),
1983

Navneet [Kalyani
Mauve]

Gamma
rays
(15 Gy)

Datta and
Banerji
(1987), CSIR-
NBRI

Flower
color

MBNL, Issue No. 37:24,
1991

Navneet Yellow
[Navneet]

Gamma
rays
(15 Gy)

Datta and
Banerji
(1993), CSIR-
NBRI

Flower
color

NBRI Newsletter XX(3):
31, 1993

Nirbhaya
[Undaunted]

Gamma
rays
(15 Gy)

CSIR-NBRI Flower
shape

NBG Newsletter I(4),
1974

Nirbhik [Undaunted] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
shape

NBG Newsletter I(1),
1974

Pingal [Pink Casket] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter I(1),
1974

Pitaka [Kansya] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter V(1),
1978
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Table 19.2 (continued)

Cultivar mutant/
[original]

Author/
organization

Mutant
character

Pitambar [Otome
Zakura]

Gamma
raya
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter IV(1):2,
1977

Purnima [Otome
Zakura]

Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBG Newsletter V(1),
1978

Raktima [Shyamal] Gamma
rays
(15 Gy)

Flower
color

NBRI Newsletter XXIII
(3)

Rohit [Kingsford
Smith]

Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBRI Newsletter VI(3),
1979

Shabnam [D-5] Gamma
rays
(15 Gy)

Datta
(1987a, b),
CSIR-NBRI

Flower
shape

NBRI Newsletter XIV
(1), 1987, MBNL, Issue
No. 31, page 17, 1988

Shafali [Undaunted] Gamma
rays
(20 Gy)

CSIR-NBRI Flower
color

MBNL Issue
No. 31, 1988

Sharad Har [Sharad
Mala]

Gamma
rays
(15 Gy)

Datta (1992),
CSIR-NBRI

Flower
color

NBRI Newsletter XIX
(3), 33, 1992

Sheela [Himani] Gamma
rays
(20–25 Gy)

Datta
(1985a, b),
CSIR-NBRI

Flower
color

J.Nuclear Agric.Biol. 14:
131–133, 1985, MBNL
Issue No. 31, page
17, 1988

Sheveta [Fish Tail] Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

AICRP Bulletin No. 11:
42, 2001

Surekha Yellow
[Surekha]

Gamma
rays
(15 Gy)

CSIR-NBRI Flower
color

NBRI Newsletter XIV
(2):19, 1992

Sonali [Ratna] Gamma
rays
(20 Gy)

Datta (1991),
CSIR-NBRI

Flower
color

NBRI Newsletter XVIII
(1), 1991

Subarna [Flirt] Gamma
rays
(20 Gy)

Datta (1991),
CSIR-NBRI

Flower
color

NBRI Newsletter XVIII
(1), 1991

Tamra [Goldie] Gamma
rays
(20 Gy)

CSIR-NBRI Flower
color

NBG Newsletter I(1),
1974

Taruni [Kingsford
Smith]

Gamma
rays
(25 Gy)

CSIR-NBRI Flower
color

NBRI Newsletter VI(3):
25, 1979

Tulika [M-24] Gamma
rays
(15 Gy)

Datta, Banerji
and Gupta
(1985) CSIR-
NBRI

Flower
shape

MBNL, Issue No. 31:
17, 1988

Yellow Gold [Flirt] Gamma
rays

IIHR Flower
color

AICRP on Floriculture,
Technical Bulletin
No. 11: 43
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19.14 Present Status of Mutation Research on Chrysanthemum

As mentioned, maximum mutation breeding work has been done on chrysanthemum
for its improvement using both physical and chemical mutagens. It is not wise to
mention all the works done on chrysanthemum using different mutagens. At a
glance, one can see the mutagens used for mutagenesis work on chrysanthemum
and names of only few early researchers (in parenthesis) who initiated work as
follows: physical mutagens like X-ray (Jank 1957; Jain et al. 1961; Rana
1964a, b, c, d, 1965a; b; Broertjes 1966a, b, 1979; Dowrick and El-Bayoumi
1966a, b; Chan 1966; Crandell et al. 1966; Broertjes et al. 1976; Broertjes et al.
1980, 1983; Preil et al. 1983; Broertjes and Jong 1984; Broertjes and Lock 1985; De
Jong and Custers 1986; Huitema et al. 1986), gamma rays (Sheenan and Sagawa
1959; Fujii and Mabuchi 1961; Nybom 1961; Bowen et al. 1962; Poole 1963;
Bowen 1965; Cawse 1965, 1966; Das et al. 1974; Dowrick and El-Bayoumi
1966a, b; Fujii and Matsumura 1967; Ichikawa et al. 1970; Jung-Heliger and Horn
1980; Nakajima and Kawara 1967; Weaver 1963; Datta 1988, 1992, 1997, 2000,
2009a, b, 2012, 2014, 2015), fast neutron (Love and Constantin 1965; Broertjes et al.
1980), thermal neutrons (Bowen 1965), and radioactive phosphorus (Drewlow and
Widmer 1971) and chemical mutagens like ethylene imine (Bowen 1965), ethyl
methanesulfonate (Bowen 1965), and colchicine (Weedle 1941; Datta 1987a, 1990a;
Datta and Gupta 1984a) have been used for mutation studies. These are mainly
traditional mutation work. One can get all references from these and other recent
publications. As a result of these efforts, chrysanthemum got an early lead and
substantial gains in some areas related to mutagenesis.

Chrysanthemum is a unique material where researchers have utilized maximum
traditional methods of mutation technique for its improvement. It has also motivated
scientists to develop in vitro techniques on a need basis for optimum utilization
towards the development of new varieties. Presently, mutation means a complete
technology package, which covers traditional and in vitro methods. This package is
very helpful and has enriched the floriculture industry through the development of
need-based varieties like late-blooming varieties, early-blooming varieties, and
desired color/type varieties.

Mutagenesis work is still going on in large scale worldwide. If we analyze the
work pattern, we will find that scientists have been experimenting traditional muta-
tion technology, over the decades, with new experimental varieties to develop
mutant varieties. Many research papers are published each year and just carry out
a stereotype model year after year. We have generated all required basic knowledge
on traditional mutagenesis in chrysanthemum, but still now every year, we are just
filling up the gaps in our experiments with new varieties only. These types of routine
mutagenesis work do not increase the quality of research output, and most
publications seem to be deficient in innovative components. Many of the published
works are simple confirmation of another laboratory’s results and therefore have
little value in terms of science. This should be a matter of concern to all mutation
breeding scientists.
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The mutation technology has been enriched on working with chrysanthemum.
Traditional mutagenesis technique is now not the proper approach for mutation
breeding in chrysanthemum. Present status of mutation technology for chrysanthe-
mum is traditional along with modern in vitro methods. Few laboratories are using
in vitro techniques. To meet the demand of the floriculture industry, demand-based
research subject should be formulated for induction of new varieties in chrysanthe-
mum considering the whole package of mutation breeding. We can stop some of our
routine activities and can train and equip ourselves with essential knowledge of
recent scientific infrastructure so that we may plan our activities directly oriented
with industry demand. We will have to take deep interest to apply the full package of
mutation technology for the futuristic studies on chrysanthemum.

19.15 Conclusion and Prospects

Results clearly indicate that mutation technique is most suitable to develop commer-
cially important novel chrysanthemum through genetic manipulation. Chrysanthe-
mum has been found to be the most suitable ornamental crop where maximum
mutation breeding work has been carried out successfully starting from traditional to
in vitro techniques (Datta 1988). Different basic parameters for success of induced
mutagenesis have been standardized, and one can get a clear picture of technological
advancement and its successful application for the development of new varieties.
Chrysanthemum is the only ornamental crop which may be considered as a model
crop for induced mutagenesis work. The scope of developing new varieties through
induced mutagenesis is very high in chrysanthemum for its genetic richness due to
highly heterozygous nature.

Application of chemical mutagens is not appropriate for vegetative propagated
plant for inadequate suck-up and piercing. This group of plants are very suitable for
radiation-induced mutagenesis. Any propagules (seeds, pollen grains, entire plant,
rooted or unrooted cuttings, tubers, corms, bulbs, stolons, tissues, etc.) can be
exposed to radiation treatment. It has been clearly determined that mutation tech-
nique is very relevant for vegetative propagated plants as single or few traits can be
mutated without changing the remaining outstanding characters. Mutant cells which
survive in diplontic selection can be recognized in the first vegetative generation.
Cultural practices play an important role in mutation in vegetatively propagated
crops.
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Mutation Breeding Research in Sweet
Pepper 20
A. Popatanasov, O. Timina, and N. Tomlekova

A tribute: Over quarter century passed since the
publication of one of the first remarkably detailed and
useful reviews on the mutation breeding in pepper from
Prof. Stefan Daskalov (Bulgaria). It encompassed half-
century mutation breeding research on all varieties of
Capsicum spp. used in the agriculture. His passionate
long-term dedication to pepper breeding led to the
production of many new varieties and many grateful
students and followers, who continued his work, which
brought the small Bulgaria to the forerunner position in
pepper mutation breeding. As continuation of his work,
here we have narrowed the focus on the sweet pepper
varieties, which are most commonly consumed in the
northern hemisphere, but less studied than their hot and
pungent relatives.

Abstract

Sweet pepper is delicious, loved, and an increasingly popular nutritional vegeta-
ble that is grown and produced in significant amounts throughout the world and
especially in the northern hemisphere. Such wide distribution places the demand
on the crop to be able to grow in rather diverse environmental conditions. The
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process of natural adaptation can be rather slow. Besides, the increasing con-
sumption of this crop calls for high-yield varieties. Induced mutagenesis invented
in the twentieth century came as a possible solution to these problems. The
research on mutation breeding in sweet pepper started in 1940 in India and
gradually spread over the world. This review provides a global historical picture
of the essence of the works of many researchers who dedicated part of their lives
to improve this crop, which we have categorized by the used mutagens to make it
easier for the reader.
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20.1 Introduction

Sweet pepper (some varieties are also called bell pepper, Cuban, squash, Kapia,
etc.), usually taxonomically referred to as Capsicum annuum var. grossum,
originated from Mexico, Central America, Guatemala, and Bulgaria being the
secondary center of origin (Bosland 1996; Malik et al. 2011). The Bulgarian pepper
germplasm was widely spread to Europe; therefore, in many (especially East
European) countries, sweet pepper is also known as Bulgarian pepper (Adhikari
et al. 2016; Maryina 2021; Pyshnaya et al. 2012). This spread started in the past (and
continues till now) when Bulgarian gardeners brought many of the local varieties to
other European countries—Hungary, Austria, Romania, Serbia, Russia, Moldova,
Macedonia, etc. Part of them was used and is still used as gene carriers in breeding
programs for developing new varieties in these countries (Masheva and Mihov
2009). Sweet pepper is an important crop grown worldwide for its delicious
nonpungent fruits (Sharma et al. 2020). More than half of the global production of
pepper (Capsicum spp.) is accounted to the sweet pepper. However most of the
sweet pepper production is consumed in large amounts in the northern hemisphere
due to local cuisine specifics and preferences (Penella and Calatayud 2018; Subbiah
and Jeyakumar 2009; Bosland 1996). Sweet pepper is rich in vitamins as C,
B-complex group, and especially A provitamins as alpha- and beta-carotenes and
antioxidants (Dagadkhair 2020); therefore, it can have beneficial effects on human
health besides its other nutritional values. The fruits are the most used part of the
plants, and often the varieties are named according to their shape and traits, and their
modification is one of the main goals of the pepper breeders. Csilléry (2006) did fruit
shape division of C. annuum into ten types, while Musaev et al. (2013) excluded hot
varieties and suggested sweet pepper to be divided into five fruit types: (1) tomato-
shaped (example is the variety “Rotund”); (2) bell-shaped (“California Wonder”);
(3) cone-shaped (“Kurtovska Kapia 1”); (4) Bulgarian (“Polet”); and (5) cylindrical
(“Sivria”; “Italian Sweet”).

Mutations are the heritable changes in the individual genome, which are passed
on from the parent to the offspring. If the changes are in the DNA-coding regions,



they may be noticed in the phenotype and lead to a new trait either in M1 generation
(if they are dominant) or in M2 (if they are recessive) (Bado et al. 2015; Yadav et al.
2021). Changes in the coding sequence of DNA occur not only during normal
biological processes as errors in DNA replication or crossing-over but also due to
reactive compounds in cellular milieu or irradiations from the environment; there-
fore, during the evolution, the organisms have developed mechanisms for DNA
proofreading and repair. When these mechanisms get compromised or overloaded or
when changes get unnoticed by them, then mutations occur (Khursheed et al. 2021;
Yadav et al. 2021). When exposing the living organisms or cells to mutagens, we can
deliberately increase the rate of mutation occurrence.
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According to Pathirana (2011), mutation breeding can be described as the pur-
poseful application of mutations in plant breeding. This is a relatively wide defini-
tion, which encompasses all types of induced mutation techniques as traditional
physical and chemical mutagenesis, newer genome editing/modifying techniques,
etc. which are also known as targeted or site-directed mutagenesis (Oladosu et al.
2016; Holme et al. 2019). Most of these techniques were tested and applied in pepper
breeding with different success. However, the later ones although being more
predictable and productive in some aspects are still the object of ethical and safety
concerns due to their similarity with genetic engineering aimed to insert coding
sequences from other species into host crop genome known in the popular culture as
the GMO techniques (from genome-modified organism), which in reality produce
new partially hybrid organisms of sometimes rather distant species as plants and
animals, and in some countries these techniques and products are legally restricted
(Araki and Ishii 2015; Holme et al. 2019).

Additionally, another hindrance to efficiently use these newer methods in pepper
is that many of them rely on plant regeneration techniques and some on genetic
transformation ones (Irikova et al. 2011; Rajam et al. 2021). However, unlike other
crops from Solanaceae family, pepper so far is rather recalcitrant to plant regenera-
tion and genetic transformation; hence, their usage is limited only to laboratory
settings (Rajam et al. 2021). Therefore, at the moment, practical application specifi-
cally for the sweet pepper breeding has found methods that use seed or gamete
material for the mutation-induced treatment. Here, we focus mostly on the former
plant material which is still the most preferred and popular one for the mutation
breeding regardless of some of the accompanying drawbacks such as the
accompanying chimerism.

In order to help the reader evaluate how adopted is a particular mutagen in
mutation breeding, we present a slightly modified procedure from Oladosu et al.’s
(2016) workflow for developing new mutant variety with mutation breeding.
Schematically, it comprises the following steps:

1. Development of treatment protocol for the selected crop (when necessary)
2. Treatment of the plant material with the selected mutagen/s
3. M1 plant chimera
4. M2 seed harvesting
5. Mutation screening and selection in M2
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6. Mutation and line selection in M3 through segregation population
7. Homogeneity test in M4

8. Further evaluation, description, and registration of a new mutant variety line
9. Hybridization with other varieties, which have some useful traits

10. Sequencing and description at molecular level of the new useful mutation/s in
the new mutant variety

As we shall see, most of the studies reach only the first stages of this scheme and
fewer reach the final stages.

In the next pages briefly, we shall present the adoption and usefulness of the
various mutagens used so far in sweet pepper mutation breeding in a historical and
geographical fashion categorized by mutagens. The related studies are grouped as a
set of long-term experiments regardless of the time gap to help the reader trace the
depths, complexity, and use of the mutation breeding methods. In some occasions, at
our discern, we may also include studies with mild or pungent pepper varieties.

20.2 Physical Mutagenesis and Mutagens

Physical mutagenesis was the first artificially induced human-type mutagenesis to be
discovered and consequently to be applied in agriculture. Even before its discovery,
the inventor of the term mutations, Hugo de Vries, proposed the idea in 1900s that
the newly discovered radiation phenomena can cause mutations, and less than three
decades later, the first artificially induced mutant in tobacco was introduced
(Oladosu et al. 2016). In general, the most commonly used physical mutagens are
some type of sufficiently high-energy radiations capable to disrupt/damage the DNA
itself or appropriate chemical compounds in the living organism or cells that can
damage it and which have sufficient penetration capacity to perform such actions.
Radiation was defined as energy travelling through a distance in the form of waves or
particles (Oladosu et al. 2016; Spencer-Lopes et al. 2018).

One of the greatest inspirers and promoters of the peaceful application of the
high-energy radiations—IAEA—recognizes the following common physical
mutagens based on three criteria: (1) deployed energy, (2) penetration capacity,
and (3) level of hazard for operators (Spencer-Lopes et al. 2018).

According to this scheme, the physical mutagens are divided into (a) nonionizing
radiations, which have less energy than it is necessary to remove electrons from the
atom shells, and (b) ionizing radiations, which have sufficient energy to remove
electrons from the atom shells. Most commonly used nonionizing radiations in plant
breeding are the ultraviolet (UV) rays and laser irradiations. However, the former
ones have rather low penetrability, which limits their use (Mba et al. 2012). Ionizing
radiations can be divided into (1) non-particulate radiations and (2) particulate
radiations. The most commonly used non-particulate radiations are the X-rays and
gamma rays. Particulate radiations can be divided further into (1) radiations from
nuclear decay (alpha and beta particles and neutrons) and (2) radiations from particle
accelerators (such as betatrons, cyclotrons, synchrotrons, linear accelerators)



(Spencer-Lopes et al. 2018). However, the latter division is not fully accepted since
some particles gained from nuclear decay can also be produced through the usage of
some accelerators (Oladosu et al. 2016). Most commonly used particulate radiations
in plant breeding are the neutrons and ion beam ones (Spencer-Lopes et al. 2018;
Oladosu et al. 2016).
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And finally, a separate type of radiation can be defined, which is of complex
origin and composition and requires special preparations and equipment to be
applied on crops, and it is known as “cosmic irradiation” (Spencer-Lopes et al.
2018; Schimmerling 2011; Mba 2013).

Physical mutagens in general produce multiple stochastic damages on the heredi-
tary cell’s material, which makes the process of mutation selection and isolation
laborious and costly, but it is better in this regard than the breeding through natural
mutations.

Most of these physical mutagens have been so far tested/applied on sweet pepper
varieties with various success and results.

20.2.1 X-Rays

X-rays are electromagnetic radiation originating from electrons and are produced by
X-ray machines. Since this radiation is poly-energetic, sometimes filters are used to
select/limit the energy range (Spencer-Lopes et al. 2018). Their energy can be
absorbed by atoms of the tissue through which they pass, which causes ejection of
electrons from their shells, thus ionizing these atoms. The ejected electrons further
cause ionizations in the neighbor atoms. The biological effects result from the paths
of these ionizations, which are of relatively low or sparse ion density (Smith 1958).

This is the earliest mutagen that was used in plant breeding, and sweet pepper is
not an exception from this rule (Stadler 1928). Probably one of the first applications
of X-ray irradiation for sweet pepper mutation, breeding was performed in India in
1940 by Raghavan and Venkatasubban (1940). They irradiated with X-ray seeds of
Paramakkudy variety and detected six types of mutants in M1. Among the observed
abnormalities were gigantism, dwarfism, exceeding or reduced branching, narrow
leaves, pigmentation shifts, etc.

In the USSR, in 1965, Batikyan et al. (1970) evaluated the radiosensitivity to
X-rays of dry seeds of sweet pepper variety “Bolgarskiy 079.” They irradiated the
seeds with X-ray doses from 5 to 300 Gy. They found that doses up to 10 Gy can
have a stimulating effect on germination, while the dose of 300 Gy is absolutely
lethal.

In 1965, in Bulgaria at the Bulgarian Academy of Sciences, Daskalov (1968)
started one of the most successful long-term series of experiments in the sweet
pepper mutation breeding. Along with the usage of gamma rays, some of the most
stable and appealing elite male sterile mutants were produced, which, thanks to his
dedication to pepper research and his generosity, were distributed and used in many
countries to facilitate the pepper breeding and research and were used for the
development of several mutant varieties and F1 hybrids (Csilléry 2013; Timina



et al. 2011, 2014; Timin and Timina 2020; Tomlekova et al. 2008, 2014, 2021). He
irradiated with X-rays dry seeds of the highly valued local variety “Pazardzhishka
kapia 794.” He irradiated seeds with X-rays as follows: 180 kV, 22 mA, and 0.5 mm
Cu filter. Initially, he determined the lethal dose for this variety using a dose range of
40–220 Gy and found LD50= 100 Gy. So, he used 120 Gy for the mutation breeding
experiments, as this dose provides a survival rate of approx. 35% of the treated
plants. In M2 generation from 15,500 plants, he found 8 male sterile mutants. He
crossed them with the parent line and got a segregation ratio of 3.28:1 and concluded
that the male sterility was caused by a single recessive gene. He further tested the
possibility of these mutants to be used for manless cross-pollination for transfer of
useful traits from chosen variety by planting them in alternating rows, which strategy
proved to be successful.
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Fig. 20.1 Fruit phenotype of the first high β-carotene mutant variety of sweet pepper in Bulgaria
compared to its parent: (a, b) “Oranzheva kapia”: first mutant sweet pepper variety for high
β-carotene released by Prof. S. Daskalov; (c) “Pazardzhishka kapia 794” (initial variety with red
fruits)

Later, Daskalov (1973a) irradiated dry seeds of two sweet pepper varieties
“Pazardzhishka kapia 794” and “Kalinkov 800/7” with 120 Gy X-rays. He acquired
in M2 generation additional series of male sterile mutants denoted as ms3, ms4, ms5,
ms6, ms7, and ms8.

Daskalov and Baralieva (1992) continued the development of orange fruit mutant
found in the pool generated in 1965. In 1967, 23 plants were found with orange fruits
in progeny no. 357 out of 85. They were subjected to stabilization and refinement
beyond M8 generation. In 1991, it was officially registered as variety “Oranzheva
kapia” (see Fig. 20.1). The mutant has green immature fruits, which change to
orange instead of red when mature, and has slightly higher yield than the parent. It
underwent biochemical evaluation and was found to have 2.0–2.5 times more
β-carotene while maintaining the same level of dry matter, sugar, and vitamin C as
the parent “Pazardzhishka kapia 794” (Tomlekova et al. 2021).

In a follow-up study, Chalukova et al. (1993) and later Tomlekova et al. (2021)
analyzed the disturbance of the carotenoid biosynthetic pathways in the newly
registered “Oranzheva kapia” with orange fruits, variety “Pazardzhishka kapia
794” (red fruit), and variety “Kurtovska kapia 1” (red fruit). They made green and
mature fruit extracts and processed them with TLC and HPLC. The results showed
lack of many of the hydroxy-carotenoids in the orange fruits but presence in the red



ones, which the authors assumed to be an indication of participation of various
oxidizing agents in the hydroxylation of the beta-carotene and the obtained
xanthophylls. They proposed that the mutation hindered the hydroxylation of the
beta-carotene to beta-cryptoxanthin, and alpha-carotene to lutein; therefore, the
fruits accumulated beta-carotene and alpha-carotene, while the other stages of the
carotenoid biosynthetic pathway seemed unchanged. These studies had one-way
results in the studies of Tomlekova et al. (2004), Tomlekova et al. (2007a), and
Petrov et al. (2013). The other genes sequenced by capsanthin-capsorubin synthase
and geranyl-geranyl phosphorylase were not affected by mutation.
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Further, the work on pepper mutation breeding was continued (Timina et al.
2011; Tomlekova et al. 2016a). In a follow-up study, the genetic background of the
mutant’s orange fruit color was identified in depth by using the mutant variety, its
initial one “Pazardzhishka kapia 794,” and a commonly used variety “Kurtovska
kapia 1” (Tomlekova et al. 2016a). The authors narrowed the gene search to two
prospective candidate genes encoding β-carotene hydroxylase in pepper CrtZChr3
and CrtZChr6 (localized on chromosomes (Chr) 3 and 6, respectively). Using public
database, they constructed gene primer pairs of CrtZChr3 and CrtZChr6 and a neigh-
bor Pds (Chr3) gene. Using simple PCR technique, the authors found that there was
no amplification product from the mutant variety for CrtZChr3 gene although the
product from the neighbor Pds gene was present; therefore, they assumed that
deletion induction of CrtZChr3 occurred after the gamma-irradiation experiments.
Tomlekova et al. (2021) used the varieties and biochemically evaluated in detail the
intermediate and end products of the carotenoid biosynthetic grid (lycopene,
α-carotene, lutein, β-carotene, β-cryptoxanthin, zeaxanthin). The results revealed
that there was inhibition of the α-carotene and β-carotene transformation to the next
products of the pathways in the mutant variety, which led to accumulation of these
substrates and negligible amounts of the consecutive products, while the profile for
the initial genotype was the opposite—presence of end products and negligible
substrate levels. The authors further amplified, cloned, and sequenced CrtZChr3
and CrtZChr6 genes from all the three varieties. The authors found absence of
amplification in the mutant line at all positions, which they attributed to deletion
of the gene. To test this hypothesis, they evaluated the expression of this enzyme in
the varieties and as a result could not detect any mRNA of CrtZChr3 in the mutant
variety. Later, to evaluate the effects of the orange color mutation on the other fruit
biochemical characteristics, Tomlekova et al. compared the red color variety
“Albena” with mutant line M38 (a genotype developed by transferring the orange-
fruited mutation (of) from variety “Oranzheva kapia” and the anthocyanin-free
mutation (al) from variety “Albena” into M38) (see Fig. 20.2). The authors found
no detrimental effects of the high β-carotene concentrations on mineral elements and
other evaluated parameters (Tomlekova et al. 2017).

Very fruitful long-term collaboration was initiated in 1988 as a joint effort
between institutes from Bulgaria and Moldova. They started breeding work for the
development of new hybrids in order to overcome some of the shortcomings of the
obtained mutants and to better suit for the climate in Moldova. For that purpose, they
used several Bulgarian mutant lines and varieties as the mutants with male sterility



ms-3 and ms-8, “Oranzheva kapia 1,” etc. The Bulgarian mutant variety “Oranzheva
kapia 1,” although well suited to the Bulgarian environmental specifics, did not
perform well in the Moldavian climate. The canning industry required higher level of
β-carotene and vitamins in the pepper fruits in order for sufficient portion of them to
result after thermal processing. The researchers developed three mutant lines (L-22,
L-29, L-40) from this variety with differing pericarp coloring during the maturation
process based on the genes bc (orange color of the fruits) and y (yellow fruits) and
did extensive crossing between them. They found that these genes had cis-trans
effect being located on chromosome 6 being far from each other. However, this
placed a difficulty on the breeders since two genes were responsible for fruit color
and one of them also for high β-carotene. To cope with it, the authors recommended
using lines with orange-red coloration developed without the usage of yellow-
colored forms (Timina et al. 2014). Other widely used mutants in these collaborative
series of experiments were the mutants with male sterility ms-3 and ms-8. They were
used for the development of heterosis of F1 hybrids. For this purpose, the initial
genotypes were translated on a sterile background through a complex set of recurrent
breeding, multiple backcrossing, etc. In such fashion, new mutant lines were devel-
oped as L-5/92 with early ripening trait, which was used for the establishment of new
early-ripening varieties (Timina et al. 2014). After a long-term breeding work using
the ms-3 mutation, the variety “Yubileiny Semko” was developed and successfully
registered in Russia and Belarus, which had high economic value, yield, multiple
disease resistance, and early ripening (Timina et al. 2011, 2014). O. Timin in
Transnistria extensively used the ms-3 mutant to develop varieties. Using
backcrossing and recurrent breeding methods, he developed several mutant lines
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Fig. 20.2 Bulgarian mutant sweet pepper genotypes with mature fruits: (a) M38 with orange color
of the mature fruit; (b) P31 (“Albena”) with red color of the mature fruit



as L-147, L-61/1, and L-46, and later, a new hybrid variety “Vitamin” was registered
in Russia with high levels of vitamin C, carotenes, and Verticillium wilt resistance
(Timin 2005; Tomlekova et al. 2008).
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Fig. 20.3 Beta-carotene levels in the fruits of mutant varieties of sweet pepper in Bulgaria

Recently, Timin and Timina (2020) in Russia used the mutant ms-3 and the local
line L-144 to develop a new hybrid variety. After 8 years of complex scheme of
crossing, backcrossing, and recurrent breeding, they obtained a new hybrid variety
registered in 2019 as “Quinta” (Квинта) in Russia with earliness, high yield, and
disease resistance.

In Bulgaria, in an effort to improve the traits of the high β-carotene mutant variety
“Oranzheva kapia” through a complex crossing scheme using as parents “Oranzheva
kapia,” “Zlaten medal 7,” and “Albena,” Tomlekova et al. developed a new mutant
variety named “Desislava.” Besides high β-carotene concentrations (Fig. 20.3), it has
high yield and improved fruit morphology. It was submitted for registration in
Bulgaria (DUS No. 4829/870.2019) and after successful tests was granted certificate
in 2020 (BG Fermer 2020). The following year, Tomlekova et al. developed another
mutant variety also using as parents “Oranzheva kapia,” “Zlaten medal 7,” and
“Albena,” The new variety along with high β-carotene content has added traits as
anthocyaninless and bigger red fruits with improved morphology. The variety was
submitted for registration in Bulgaria under the name “Toniko” (Fig. 20.4) in 2021
and awaits approval.

In India, Thakur et al. (1980) used another sweet pepper variety “California
Wonder” to study the effect of X-rays after their colleagues Raghavan and
Venkatasubban started induced mutation experiments with the variety
“Paramakkudy” 40 years ago. They irradiated the seeds with five doses of X-rays
(50, 100, 150, 200, and 250 Gy). In M1, they found negative dose-dependent effect
on the germination and viability. In M2 generation, they observed many interesting
mutations as tomato-shaped and pointed fruits, flower buds without sepals, male
sterility, etc.

In Cuba, Fonseca et al. (2013) treated dry seeds of sweet pepper variety
“California Wonder” with X-rays (5, 10, 20, 30 Gy) with work regime 55 kV and
10 mA. In M1 generation, the authors found an overall increase of the yield in all



treated groups with more than twice increase in the 5 Gy-treated group. Additionally,
the authors reported increase of the plant height, stem thickness, and root length in
the treated groups.
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Fig. 20.4 Released/under-release high β-carotene mutant varieties of sweet pepper in Bulgaria: (a)
initial variety “Pazardzhishka kapia 794”; (b) cv. “Oranzheva kapia” by prof. S. Daskalov and
D. Baralieva, 1992; (c) cv. “Zlaten medal 7”; (d) cv. “Desislava” (unripe) by prof. N. Tomlekova
et al., (BG Fermer 2020); (e) cv. “Desislava” (ripe); (f) cv. “Toniko” by prof. N. Tomlekova et al.,
expected release 2022

20.2.2 Gamma Rays

Gamma rays are electromagnetic radiation originating from the nuclear decay of
unstable isotopes or nuclear reactions. It has more energy per photon and therefore
has higher penetrability than X-rays (Spencer-Lopes et al. 2018; Mba 2013). The
most commonly used sources are the isotopes cesium-137 (137Cs) and cobalt-60
(60Co) which produce monoenergetic radiation (FAO 1977). Similarly to the X-rays,
they eject electrons from the atoms, which absorb them producing ionization. The
ejected electrons consequently also produce ionization. Overall, the produced ioni-
zation paths are of higher ion density than the one from X-rays due to their higher
energy (Smith 1958).

Gamma ray mutagenicity was tested on plants in 1928, a year after the X-rays, but
for more than two decades, it was under the shadow of the later mutagen (Stadler
1928). However, nowadays, due to its ease of use, lower cost, etc., this is one of the
most commonly used physical mutagens in plant breeding and in sweet pepper one
as well.

Probably, one of the first evaluations of this mutagen on pepper was in Japan by
Fujii and Matsumura (1959). They irradiated pepper seeds with gamma rays
(200, 400, 700, 1000 Gy) from 60Co for 18 h and planted them after 3–10 days.
They found slight increase of the germination rate at a dose of 200 Gy, but 40% drop
at 400 Gy group and no germination at higher doses. For the tetraploid plants, the
decrease was more gradual and 50% rate at 700 Gy, but none at higher doses. As for
the seedling survival, the impact was even stronger. For the parameter seedling
survival in the aneuploid group, it dropped to zero at higher than 20 Gy doses, while
for the tetraploid one, the drop was at doses higher than 40 Gy.
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In Bulgaria, Daskalov (1973b) irradiated dry seeds of sweet pepper variety
“Zlaten medal 7”with 135 Gy gamma rays. Later, Tomlekova et al. (2008) irradiated
the variety “Hebar” with a set of doses of gamma rays 60Co and ethyl
methanesulfonate (EMS) being under development. In M2 generation, Daskalov
(1973b) screened 57,000 plants and found 3 male sterile mutants. Further, he
performed allelic test of the genes in charge for the male sterility and denoted
them as ms-6, ms-7, and ms-8. After a few years of testing, he found that the ms-8
mutant is most suitable for hybrid seed production due to its stability and indepen-
dence of climatic conditions or genotype. Later, he used the stabilized Zlaten medal-
ms-8 mutant line as female parent to cross it with the male parent line “GO-250B”
with many outstanding traits. The new F1 hybrid was named “Gornooriahovska
kapia F1,” and it has excellent yield and multiple disease resistance (Daskalov 2001;
Tomlekova et al. 2014).

Further, Daskalov (1975) irradiated with gamma ray dry seeds of the variety
“Zlaten medal 7.” As a result, he acquired mutants lacking anthocyanins (al). Based
on them, a mutant variety with earliness and high yield, more attractive fruit, and
better flavor was developed registered under the name “Albena.” The work with this
mutant continued, the anthocyaninless (al) trait was combined with the trait of
orange fruit (of) from the mentioned earlier X-ray experiments, near-isogenic lines
(NILs)/recombinant inbred lines (RILs) (crossed with the corresponding initial
genotypes) were acquired up to M8 generations, further they were crossed by
commonly used local varieties, and they are under development (Tomlekova et al.
2009). Consequently, the mutant genes introduced from the mutant pepper
genotypes were studied in order to better understand their influence on the concen-
tration of β-carotene in the green and ripe fruits. The biochemical analysis of the
fruits revealed that the β-carotene is genotype dependent; that is, the mutants and
hybrids with the orange fruit had higher concentration than red fruit, only initial
genotype and hybrids. In a follow-up study, Tomlekova et al. (2016b) used the
affordable RAPD technique to build variety-specific profiles with a selection of
markers in order to differentiate the mutants, hybrids, and initial genotypes in order
to facilitate the breeding work. From the tested 16 decamer primers, 12 produced
monomorphic profiles in all investigated genotypes, while 3 produced polymor-
phism in one line and 1 primer between two lines.

Todorova and Daskalov (1997) in 1975 started large-scale induced mutation
work in order to develop a line for powdery mildew Leveillula solanacearum Gol.
since no source for resistance to this disease was available. Dry seeds of the common
local “Kurtovska kapia 1” were irradiated with gamma rays (60–120 Gy). In M2

generation, 65,153 plants and 14,217 control ones were inoculated with the patho-
gen. After screening, only one resistant mutant was found. This mutant was self-
pollinated up to M8 generation, and in each generation, the plants were inoculated
and tested for resistance. Afterwards, the seeds were bulked and performance trials
for official registration were started. After 16 years from the start, a variety “Pirin”
was officially registered.

Sotirova and Daskalov (1983) used gamma rays to induce mutations for resis-
tance towards Phytophthora capsici Leonian. They irradiated dry seeds of the sweet



pepper “Kurtovska kapia 1” with doses 60, 80, 100, and 120 Gy. In M2 generation,
the resistant mutants from the groups with 80 and 100 Gy treatments were 3–6 times
more than control group, and 10 resistant lines were selected for the development of
advanced mutant lines.

610 A. Popatanasov et al.

In Austria, at IAEA laboratories, chimerism after gamma irradiation in a few crop
species including Capsicum sp. was studied (Hermelin et al. 1983). Here, Daskalov
used for hybridization two sweet pepper lines: (1) Wibault ms-8 (W-8) (with
recessive alleles for male sterility (ms-8), lack of anthocyanin (al), sulfury white
immature fruits (sw), and sweet taste of the fruits (c)) and (2) line C-3-1 with
corresponding dominant genes. Thеsе lines were crossed, and the F1 seeds were
irradiated with gamma rays (60, 80, 100 Gy). One thousand two hundred and ten M1

plants were tested for chimerism. From them, he selected 54 M1 plants with
chlorophyll mutations and observed different chimeric patterns in M2 generation.
Analyzing the results, he suggested that from all the M1 fruits, those from the main
bifurcation should be harvested because their seeds most probably will segregate
mutations.

Joshi and Khalatkar (1983) in India irradiated pepper seeds with gamma rays
(20, 40, 80, 120, 160, and 200 Gy). In M2, they evaluated mutants with flower
variants as fasciflora, polypetalous mutant, petaloidy of calyx, formation of
staminodes, male sterility, and early-flowering types. They observed dose-dependent
frequency of occurrence of such type of mutations ranging from 1 to 2.4 per 100 M2

plants.
In Italy, Cristinzio and Saccardo (1982, 1984) irradiated with gamma rays

(70 Gy) seeds of sweet pepper variety “Yolo Wonder,” which is susceptible to
Phytophthora capsici. Afterwards, they inoculated with the pathogen 10,000 M2

seedlings from 941 progeny M1. As a result, they acquired 115 plants from 55 prog-
eny M1 with resistance to P. capsici. In a further report, the authors traced the
stability of the resistance to M5 generation. They found one mutant line denoted as
704 to be resistant to all three strains of the pathogen.

In Cuba, researchers (Arias et al. 1998) irradiated seeds of sweet pepper variety
“California Wonder” with gamma rays from 60Co in order to determine its
radiosensitivity. The treatment was with acute doses between 100 and 800 Gy, at
100 Gy intervals. They found negative dose dependence on seed viability and that
the most appropriate interval for induction of mutations was 130–460 Gy.

In India, Sood et al. (2017) used 60Co to irradiate with gamma rays (5, 10, 3, 50,
80, 110, 130, 160, 190, and 220 Gy) seeds of sweet pepper variety “California
Wonder.” In M2 generation, they evaluated the frequency of the chlorophyll
mutations. They could categorize four types of chlorophyll mutations: chlorina,
viridis, xantha, and yellow xantha. The first two were viable mutations, while the
second ones were lethal. Also, the authors noted that the viable mutations were more
frequent at lower doses while the lethal were more common at higher doses.

Recently, in Nigeria, Adekola and Oluleye (2012) studied mutants of the sweet
pepper variety “Tatase” with 240 and 300 Gy gamma ray treatment. In M4 genera-
tion, they evaluated 11 mutant lines and found that most of the mutants were taller



and had slightly bigger leaves; however, the yield was either equal or up to twice
lower than the wild type.
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Later, Abu et al. (2020) continued to evaluate the effect of gamma rays on the
same variety. The seeds were irradiated with doses of 50, 100, 150, or 200 Gy. The
authors found that the dose of 100 Gy had slightly stimulatory effect on seedling
emergence and fruit ripening. Additionally, in M1 generation on average, the plants
from the 150 Gy dose group had more and bigger leaves and longer internodes and
were 1.5 times taller than the controls.

20.2.3 Neutrons

Neutrons are neutral particles which are stable only when confined in the atom
nucleus; once separated from the nucleus, their lifetime is approx. 15 min (Spencer-
Lopes et al. 2018). Due to their neutrality, they have good penetration in tissues and
matter. The energy of the neutrons can vary from less than 0.003 eV to over 10 MeV,
and based on this, several types are defined. The most commonly used in mutation
breeding are the slow thermal neutrons (0.003–0.4 eV) and the fast neutrons
(200 keV to 10 MeV) (Spencer-Lopes et al. 2018; Mba et al. 2012). The slow
neutrons produce their effects mostly through transmutation reactions when captured
by nuclei and consequent radiations or by decay of the new isotopes and their
products. The effects of the fast neutrons are mostly due to the collisions with
atom nuclei in tissues, mainly hydrogen ones (Smith 1958).

In sweet pepper mutation breeding research, the treatment with fast neutrons is
the preferred type of neutron irradiation.

Although it was found that neutrons can cause mutations in 1937, shortly after
their discovery (Nagai 1937), it was not until the 1950s when neutrons were applied
for plant breeding when accessible facilities to generate neutron irradiation were
built and made available for agricultural research (Shapiro 1956). However, even to
date, neutron irradiation is less commonly used in sweet pepper breeding than the
previous two mutagens; however, some researchers successfully developed new
mutant varieties by using them.

In 1974, Saccardo and Ramulu used fast neutrons as mutagen to induce mutations
for CMV resistance; they screened M2 population and found that the frequency of
the plants with no symptoms was tenfold higher than the group treated with EMS.
Three years later, the same team compared the efficiency of fast neutron vs. gamma
radiation to induce mutations for resistance against Verticillium dahlia; the results
showed 33% higher frequency of M2-resistant mutant plants in neutron-treated
group than the gamma-treated ones (Daskalov 1986; Saccardo and Ramulu 1977).

Todorova and Daskalov (1979) irradiated with fast neutrons seeds of the sweet
pepper variety “Albena” and “Kurtovska kapia 1” and screened for resistance against
the powdery mildew (Leveillula solanacearum), and the rate of the resistant mutants
was 0.51%. Based on these mutants, Todorova further developed eight resistant
lines, and one of them was officially registered (Todorova 1982).
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20.2.4 Ion Beam Irradiation

In this technique, single-type ions are accelerated to particular energy values, and
afterwards, the target plant material is irradiated with the beam. In this process, an
important parameter is the linear energy transfer (LET) of the ions, which depends
on their type and velocity (Abe et al. 2018). LET is related to the resulted mutation
rate, but the most effective LET (LETmax) for mutation induction differs for the
different species and has to be determined experimentally (Abe et al. 2018). Most of
the resulted mutations are small deletions, base changes, etc. (Abe et al. 2018; Honda
et al. 2006).

Research with ion beams in pepper mutation breeding is scarce probably due to
the cost and the limited availability of appropriate accelerators for agricultural usage
and has so far been performed mostly in East Asian countries (Honda et al. 2006; Jo
et al. 2016, 2018). Honda and coauthors in Japan used 12C and 20Ne ions with LET
22.7 keV/μm and 64.2 keV/μm to irradiate seeds of variety “California Wonder.”
They found that doses above 100 Gy are lethal in both ions and doses below 10 Gy
have negligible difference in germination parameters compared with controls.
Therefore, they used 10 Gy for the mutagenesis experiments and consequently raised
150 M1 and 200 M1 plants after

20Ne or 12C ion beam irradiation exposure. As a
result, they could identify three types of mutants in the 20Ne-irradiated group, which
differed in branching and yellow coloration of the ovary and pericarp. The authors
evaluated the inheritance of these traits in M2 generation and also did crossing with
the wild type. They found that all of the explored mutations in the mutants were
monogenic and recessive (Honda et al. 2006).

20.2.5 Cosmic Irradiation

Cosmic irradiation is a complex mix, but two components dominate at the altitudes
mostly used by human devices on Earth’s orbit. The first component is the galactic
cosmic ray background radiation. Most of it consists of nuclei of hydrogen (protons)
85% and helium 14%. However, 1% is of heavier particles known as HZE
(abbreviated from high (H) atomic number (Z) and energy (E)). The most abundant
nuclei part of the HZE mix are C, O, and N. Although they have relatively small
atomic number, they have very high energies and can penetrate many centimeters in
materials and specifically in tissues; in addition, they are highly charged and
therefore are densely ionizing (Schimmerling 2011; Mba 2013).

The second main component is the SPE radiation (from solar particle events),
mostly of high-energy protons; however, some of them can have energies of several
hundred MeV. However, the effects of SPE radiation can be mitigated, if the space
vehicle is at altitudes where Earth’s magnetic field is strong enough.

Experiments with HZE show that they can cause multiple chromosomal
aberrations in seeds and abnormal rate of plant development (Liu et al. 2008).

In addition to the HZE and SPE radiation, there is another unique factor for space
mutagenesis, which is microgravity. Although little is known of its mechanism of



action, the experiments show that the rate of aberrations increases with the time the
seeds spend in space (Liu et al. 2008).
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Typically, the seed material is loaded on returnable satellites and is sent to low
Earth orbit (200–400 km from Earth’s surface, cycle 90 min) for several days (5–15)
at a temperature of 15–40 °C, where the seeds are exposed to microgravity (10–5 g),
vacuum (10–5 Pa), radiation, etc. (Xie et al. 2010; Jiyuan et al. 1999).

Although pepper was among the plant crops selected for the first biological
experiments in the space during the 1960s (Young 1968), it was not until the end
of the twentieth and the beginning of the twenty-first centuries when the research
results of the space mutation breeding program of the leader in this field—China—
became available to the scientific community. China as the biggest global producer
of pepper naturally selected this crop to be among the ones treated with space
radiation for breeding purposes (Hu et al. 2010). In 1987, China sent the first high-
altitude balloon carrying sweet pepper variety “Dragon 2”; consequently, a new
mutant variety was established with fruits weighing 250 g and yield increase by
120% (Jiang et al. 2020; Guo et al. 2004). This success was the prelude of space
mutation breeding program of China. So far, all of the officially registered pepper
mutant varieties from China in the FAO/IAEA Mutant Variety Database (MVD) are
developed through space mutation breeding and 40% of them are sweet pepper ones
(IAEA 2021; Maluszynski 2001). The most common traits improved through space
mutation breeding are increase of the fruit size and often also the whole plant,
increased yield, improved taste, and disease resistance against some pathogens as
blight, some viruses, etc. (Guo et al. 2004; Liu et al. 2008; Jiang et al. 2020;
BAACVD 2021). Because of the great success, China continues to develop and
improve sweet pepper mutants as “satellite 87-2” and L06-30 SP lines (Junmin 1999;
Liu et al. 1999; Xie et al. 2010). Additionally, ground-based “space simulation”
breeding techniques are in the process of development, and other more
technologically developed countries as Russia and the USA were inspired by
China’s success and initiated space breeding programs, so hopefully more sweet
pepper space mutants will emerge in the future (Jiang et al. 2020).

20.2.6 Laser Beam Irradiation

Laser irradiation is considered as a softer physical mutagen since it cannot directly
ionize atoms and molecules, and its low-intensity application causes less damage to
the tissues and survivability of the laser-irradiated seeds usually is higher than for
example from gamma rays (Navrotskaya et al. 2018).

The data show that the mutagenic and cytogenetic effects of laser irradiation
depend on the dose, wavelength, metabolic state of the seeds, water content, variety,
etc. (Pillai 1998; Navrotskaya et al. 2018). It is assumed that laser mutagenic action
is exercised through several mechanisms as conformational changes of
macromolecules, DNA damage, induction of radical formation, radiolysis of
water, etc. (Balaur 1978; Navrotskaya et al. 2018).
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The studies on the mutagenic action in agriculture of the laser irradiation started
shortly after it was found in 1969 that coherent light can cause mutations in vitro by
Berns et al. and have beneficiary biological effects on seeds by Wilde et al. (Berns
et al. 1969; Hernandez et al. 2010). Few monocotyledon crops as wheat, maize, and
rice benefited greatly from this technique; however, the application in Solanaceae
crops is still scarce (Balaur 1978). One of the possible reasons is the presence of seed
shell, which limits and obstructs light penetration.

Application of laser irradiation on sweet pepper variety “Buzau 10” was done by
Burnichi et al., in Romania in 2011; as a result, the number of fruits and the yield
increased. With similar results, Rankov and Ilieva in Bulgaria (1986) irradiated
seeds of sweet pepper variety “Zlaten medal 7.” Timina et al. (2001) in Russia
irradiated seeds of three lines of sweet pepper and acquired seedlings with earlier
growth and better Phytophthora resistance.

20.3 Chemical Mutagenesis and Mutagens

Although for the first time in 1932 Vladimir Saharov (Stroeva 1997; Eiges et al.
2014) in the Soviet Union discovered that some inorganic compounds can cause
chemical mutations, it was not until 1946 when the term chemical mutagenesis
entered in circulation. This happened with almost joint and independent discoveries
of mutagenic action of some organic chemicals on Drosophila melanogaster by
Charlotte Auerbach, in the UK (with mustard gas) (Auerbach and Robson 1946), and
Iosif Rapoport (1946) in the Soviet Union (with carbonyl compounds).

Unlike Auerbach, Rapoport starting from the mid-1930s built and developed a
complex algorithm to screen and identify chemical compounds that have strong
mutagenic action. Based on it, he discarded the inorganic compounds and focused on
selected types of organic ones, and as a result, he discovered over 300 of them
(Stroeva 1997; Eiges et al. 2014; Mitrofanov 2001).

Rapoport later established the most influential center of chemical mutagenesis in
the USSR, which greatly impacted the plant breeding practices mostly in the
socialists’ states at that time (which encompassed nearly half of the world). His
efforts and the ones of his students and followers gave birth to hundreds of new
mutant varieties and thousands of mutant lines including pepper ones by 1990—
therefore, he is also known as the father of the chemical mutagenesis in agriculture
(Eiges et al. 2014; Pylneva 1997; Stroeva 1997; Leitao 2012).

In comparison with the physical mutagens, the chemical ones have slightly lower
degree of freedom of the DNA sites of mutation induction; that is, some of them
show preference towards the DNA sequence context as will be presented for some of
them below, which can be used by the thoughtful breeder to increase the chance to
induce mutations in the DNA area of interest.

However, a major drawback of many of the chemical mutagens is that they have
high toxicity and hazard for the users (for example, I. Rapoport got lifetime chronic
sickness from them) (Mitrofanov 2001). In addition, many of them are highly



reactive and decomposing in water necessitating fresh preparation in each
experiment.

20 Mutation Breeding Research in Sweet Pepper 615

Large-scale comparative research of different mutagens from Vietnam mutation
breeding program (Tran et al. 2001) reveals:

1. Arrangement of the mutagens by the degree of causing chromosome mutants
Gamma ray > NMU > NEU > EI > DMS > DES

2. Arrangement of the mutagens by the rate of morphological/chlorophyll mutations
NEU > NMU > EI > gamma ray > DMS

The large pool of chemical compounds has to be organized and classified in order
to be better studied and applied and for new ones to be developed. A commonly used
leading criterion is their way of action followed by chemical structure similarities. In
2012, Leitao proposed the following groups of chemical mutagens used in agricul-
ture: (1) alkylating agents, (2) nitrous acid and nitric oxide, (3) base analogues and
related compounds, (4) antibiotics, (5) intercalating agents, (6) topoisomerase
poisons, and (7) other chemical mutagens (Leitao 2012). The usage of mutagens
from the groups nitrous acid and nitric oxide, base analogues and related
compounds, and topoisomerase poisons is mostly limited to in vitro research,
while chemicals from the other groups were used for the treatment of seed and
whole organ/plant material too.

20.3.1 Alkylating Agents

Rapoport was the first to discover ethylation as a mutation-inducing process, which
consequently was generalized as alkylation and given the name of the most impor-
tant group chemical mutagens (Rapoport 1948; Bartoshevich 1966; Loveless and
Howarth 1959). Alkylation is the substitution of a hydrogen atom by an alkyl group
(simple or complex) and also the direct addition of this radical to the molecule
(Bartoshevich 1966). Alkylating agents under physiological conditions can alkylate
parts of DNA molecule, thus impairing its biological functions besides other
molecules.

The group of the alkylating agents is by far the most numerous one. The largest
share (over 80%) of mutants from chemical mutagenesis was obtained from treat-
ment with such agents. Alkylating agents can be found in various classes of
compounds as aldehydes, urethanes, alkylnitrosoureas, ethyleneimines and
ethyleneimides, yprite analogues, epoxides, alkyl methanesulfonates,
alkylnitrosoamines, alkylnitrosoamides, alkyl halides, alkyl sulfates, alkyl
phosphates, chloroethyl sulfides, chloroethylamines, diazoalkanes, etc.
(Bartoshevich 1966; Leitao 2012). By their mode of action, they can be divided
into monofunctional, bifunctional, etc. By their mechanism of action, they can be
divided into (1) S1Nmechanism—unimolecular nucleophilic substitution; (2) S2N—
bimolecular nucleophilic substitution; and (3) capable of both. The alkylating agents
can also be differentiated by their Swain-Scott substrate constant(s) whose low



values define high reactivity towards low nucleophilicity centers (for example
O-atom sites in DNA) and its high values on the opposite define reactivity towards
sites of high nucleophilicity (ring N sites in DNA) (Neale 1976; Bartoshevich 1966).
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Fig. 20.5 The most common alkylating agents in sweet pepper mutation breeding

Although currently thousands of alkylating agents have been discovered, the
number of mutagens used in sweet pepper mutation breeding is fairly modest and
the most common are presented in Fig. 20.5.

20.3.1.1 Ethyl Methanesulfonate
Over the years, ethyl methanesulfonate (EMS), although not the strongest or most
efficient mutagen, has become the most preferred one among plant breeders. One of
the reasons for this is its simple mode of application, good penetrability, reproduc-
ibility, high mutation frequency, and less problems with the disposal (Shah et al.
2016).

EMS as an alkylating agent can transfer its ethyl group through either
unimolecular or bimolecular nucleophilic substitution (Shah et al. 2016). Recently,
it was found that EMS has pronounced local sequence context preference of action
and specifically targets the guanine residues in the context of RGCG (where R is A
or G and the mutated guanine is in italic). EMS forms mostly point mutations of
mispairing type probably as a consequence from its strong sequence context bias
(Ingelbrecht et al. 2018). The mutations that EMA produces are 93% G:C–A:T
transitions and the rest are A:T–G:C transitions, transversions, deletions, etc. (Leitao
2012; Shah et al. 2016).

In 1959, Heslot for the first time demonstrated that EMS has mutagenic activity
by applying it on barley (Loveless and Howarth 1959). However, it was not until the
1970s when pepper breeders started to evaluate and apply this mutagen on pepper
varieties.

Bansal in India probably pioneered to use EMS on pepper. He treated seeds of
variety “NP-46A” (pungent) with EMS (0.15%, 0.30%, 0.45%, 0.60%). In M3

generation were identified mutants with dark-orange fruits with more than twice-
increased β-carotene and mutant with yellow fruits with twice-reduced β-carotene



level (Bansal 1969). His results seemed to be rather inspiring since in the following
few years more studies with EMS in pepper were published (Zubrzycki and Pahlen
1970, 1973; Pochard 1970; Breuils and Pochard 1975; Saccardo and Ramulu 1977).
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Zubrzycki and von der Pahlen in Argentina in a series of experiments treated dry
seeds of sweet pepper variety “California Wonder” for 20 h. They acquired mutants
with chlorophyll and morphological mutations, and the former ones had higher rate
than from X-rays (Zubrzycki and Pahlen 1970). The following year, they reported
that EMS surpasses X-rays in the induction of both chlorophyll and morphological
mutations in the same sweet pepper variety (Zubrzycki and Pahlen 1973).

Pochard in 1970 treated monoploid material with EMS and could obtain three
mutants with male sterility which were denoted as mr9, mc705, and mc509. Later,
they were used for the establishment of new hybrids (Pochard 1970; Breuils and
Pochard 1975).

In Italy, Restaino (1983) attempted to obtain mutants with resistivity against
Verticillium dahliae Kleb. using EMS as mutagen. He treated seeds of sweet pepper
variety “Friariello” for 13 h at 20 °C with relatively high doses of EMS (0.3%, 0.6%,
0.9%, 1.2%, 1.5%1). In M4 generation, he obtained two dwarf mutant lines denoted
as Mutant K 80/78 and Mutant K 80/112. Their plant height was reduced up to 50%,
while their fruits maintained their size plus they showed moderate resistance against
Verticillium wilt. Later in 1985, he officially registered the mutant variety under the
name “Friari KS80,” which had increased fruit production (15–20%) and tolerance
to Verticillium dahliae Kleb. (MBNL 1991).

In India, Pillai and Abraham (1996) treated dry seeds of sweet pepper variety
“Palmulagu” with EMS (0.25%, 0.50%, 0.75%, 1.0%, 1.25%) for 5 h. Instead in M2,
they did selection in M3 generation and found three prospective mutants from the
middle-dose groups with up to twice higher yield and one with higher vitamin C
content. The mutant stability was traced up to M5 and M6 generations.

In Mexico, Alcantara et al. (1996) tried to optimize the conditions of seed EMS
treatment in pepper. For that purpose, they used different combinations of three
variables: EMS concentration (0.5%, 1.0%, 1.5%) in 0.1 M phosphate buffer with
pH 7, length of treatment (3, 6, 9 h), and temperature of treatment (5, 10, 15, 20 °C).
They presoaked the seeds of sweet pepper variety “Keystone Resistant Giant #3”
(which is “California Wonder” type) for 12 h; after the treatment, the seeds were
washed with 5 mM sodium thiosulfate for 45 min. From each of the 36 differently
treated groups, they planted M2 populations of 300 individuals each. The group with
the highest values in all variables (1.5%, 9 h, 20 °C) showed the highest percentage
of mutants in M2. Some of the mutant types were expressed only at a particular
combination of the variable values; for example, campanulate fruits were observed
in several treatments with 1.5% EMS with the highest rate at 9 h and 20 °C. The
authors also reported many morphological mutants, some of them unique as the ones

1NOTE: Actually in the article, the dose range is 3–15%, which probably is a series of typo
mistakes, since EMS concentrations over 2.5% are usually lethal.



with single or fused cotyledon. They assumed that pepper is not very sensitive to
EMS and proposed that the treatment concentration can be increased even more.
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In a follow-up study, Bosland (2002) also treated seeds of the variety “Keystone
Resistant Giant #3” with EMS. After 12-h presoaking in water at 24 °C, the seeds
were treated with 1.5% EMS (in 0.1 M phosphate buffer with pH 7) for 3 h at 10 °C
and washed for 45 min in 0.5% ethyl acetate (pH 7) and for another 45 min in 5 mM
sodium thiosulfate (pH 9). In M2 generation, he acquired mutants with a flaccid
(or wilting) phenotype. He did reciprocal hybridization by crossing them with the
parent and acquired a ratio of 3.06:1, which is close to the theoretical for a single
recessive gene which he denoted as flc. The function of this gene is probably related
to turgor maintenance and drought stress management.

In Israel, at the Volcani Center were initiated astonishing long-term series of
induced mutation-based experiments; Paran et al. (2007) performed a large-scale
study with purpose to extend our knowledge of the genetic control of the pepper
plant architecture. They applied EMS treatment of seeds of sweet pepper variety
“Maor” (“California Wonder” type). A priori, they ran small batch germination test
to determine LD15 for this particular variety and found that EMS concentration
should be 0.2%, which was used for the larger scale seed treatment. Afterwards,
1800 M1 plants were grown and from the seeds of their self-pollinated fruits were
established 1650 M2 families. They obtained mutations in 47% of the families and
only 4% of them were dominant. The authors found ten mutants with altered
sympodial development. Seven of the mutants segregated in crosses with the parent
line and had single recessive genes involved in the genetic control of the architecture
and were denoted as e-172, 252, 543, 648, 1047, 1463, and 2580. Further, they used
the available databases and research reports to search for phenotypic similarities with
the data known for other species from Solanaceae as tomato and petunia and more
distant species as Arabidopsis, Antirrhinum, pea, etc. The authors found some
matches which helped them to narrow the search of candidate genes. These research
efforts are part of the long-term goal to develop a collection of pepper mutants in a
single genetic background. Such library will serve as infrastructure to study pepper
development and relations between phenotypes and gene sequences.

Several in-depth genetic studies (Jeifetz et al. 2011; Cohen et al. 2012; Borovsky
et al. 2013, 2020) followed up in order to identify the mutated genes and their role in
the control of plant architecture. Jeifetz et al. (2011) used the e-2580 and e-1051,
which had dramatically reduced axillary shoot formation and alterations in the
sympodial growth habit. The mutants were backcrossed with the wild-type parent.
Also, e-2580 was crossed with Capsicum frutescens BG 2816 for the generation of
F2 mapping population. In addition, double mutants were developed by crossing
e-2580 with the mutant fasciculate (Elitzur et al. 2009) and were identified with
molecular markers for the corresponding gene through screening of the F2 progeny.
The authors did anatomic and microscopic evaluation of the mutation and found
similarities with tomato blind (bl) mutation caused by altered BLIND (BL) gene.
They used tomato BLIND cDNA to clone and map its pepper homolog CaBLIND
(CaBL), which was sequenced afterwards. The results revealed that CaBL consists of
three exons and encodes a putative protein composed of 315 amino acids, which in



e-2580 is altered with stop codon in the middle through point mutation. The results
from the analysis of the double mutants revealed that CaBL interacts with FASCIC-
ULATE, but is independent from CaREVOLUTA and CaLATERALSUPPRESSOR.
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Cohen et al. (2012) used another set of mutants generated by Paran et al. (2007),
namely the allelic late-flowering mutants e-252 and e-2537, which had multiple
pleiotropic effects on the organization of the sympodial shoot. Here, a similar
experimental design and rationale were used as the previous study. In order to
map the E-252 mutation, the authors constructed segregating BC1 population by
crossing e-252 and Capsicum chinense PI 159234. Also, two F2 double mutants
were generated between e-252: CaBL and e-252: FASCICULATE for determination
of gene interactions. Tomato (Solanum lycopersicum) JOINTLESS ( j) seeds were
used to facilitate the cloning and mapping of the CaJOINTLESS (CaJ). The results
revealed that CaJ encodes protein of 234 amino acids and consists of eight exons.
The mutant e-252 had missense mutation (G to A), which causes substitution of
glycine to aspartic acid at the middle of the protein. And the other mutant e-2537 had
point mutation (C to T) resulting in stop codon in the middle of the protein.

As continuation of the evaluation of the mutants generated by Paran et al. (2007),
Borovsky et al. (2013) did in-depth genetic analysis of another mutant, e-172-3,
which had orange-colored mature fruits. The authors found that the mutant
accumulates mostly β-carotene instead of a complex mix of yellow-red and
carotenoids. The authors identified mutation (A to G) in the β-carotene hydroxylase
2 gene (we named the same gene CrtZChr3). They crossed the mutant with other
orange fruit varieties, but the results were red-fruiting plants, which meant different
genes as a cause for the orange color. Further, they evaluated the expression profiles
of other enzymes from the carotenoid biosynthesis pathway, and there was increased
expression of PSY, CHY2, VDE, and CCS, which they attributed to possible feed-
back regulation mechanisms.

Further few studies of mutants with flowering abnormalities followed (Borovsky
et al. 2015), which studied early-flowering mutant after the fourth leaf on the primary
stem instead of nine. They used bulked segregant analysis to identify the region of
occurred mutation. Comparison with similar region in the relative tomato genome
narrowed the search to four prospective genes. After the sequencing of the ORFs of
these genes, it was found that the CaAP2 gene had point mutation which creates
premature stop codon, thus producing 70% shorter protein than in the initial
genotype.

Later, Mohan et al. (2018) studied late-flowering mutant e-2698. Using similar
procedure as the previous study, they identified mutated CaVIL1 gene (Arabidopsis
homolog of VERNALIZATION INSENSITIVE 3-LIKE 1) in chromosome 5, which
had point mutation resulting in stop premature codon, thus losing the VID domain.
Further, it was found that the mutation had multiple pleiotropic effects on the shoot
and root anatomy. Besides the overall increase in size of the vegetative organs, there
were observed distortions in their inner structure accompanied by smaller cellular
size, plus weak apical dominance. To reveal the possible interaction with other genes
involved in the flowering regulation, double mutants were utilized. This revealed
synergistic positive interaction with CaJ and CaFT. To evaluate possible



suppressing effects upon FLOWERING LOCUS C-LIKE clustered genes, qRT-PCR
was used, and it revealed significant effect of the mutation on their expression levels.
Thus, the authors conclude that CaVIL1 is an important flowering regulator with
sophisticated interactions with other promoters and repressors.
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Another mutant from the pool generated by Paran et al. (2007) was evaluated
recently by Borovsky et al. (2020). They analyzed genetically another late-flowering
mutant e-172. The results revealed the presence of missense mutation (G to A) in the
CaFT-LIKE gene which leads to loss of the third exon, so the expressed protein was
nearly half the length of the wild-type one. The authors also tested if CaFT-LIKE
functions as florigen in tomato; therefore, they created transgenic graft in late-
flowering tomato double-mutant uf sft as the florigen receptor using the CaFT-
LIKE gene. As a result, the non-grafted tomato flowered after approx. 30% more
leaves than the grafted one, thus proving the florigen action hypothesis.

In India, Kumar and Gupta (2009) evaluated the EMS effect on the chromosomes
of C. annuum var. Azad. The seeds were pre-soaked and treated with EMS (0.5%)
for 3 h, 5 h, or 7 h. In all treatment schemes, they observed many chromosomal
anomalies as bridges, stickiness, and multivalent secondary, associations, laggards,
and precocious movement. Predominance of bridges and increased chiasma fre-
quency were observed with the high dose resulting also in phenotype alterations.

In China, Arisha et al. (2014, 2015) performed a series of mutagenicity
experiments with sweet pepper variety “B12” and EMS treatment. First, they
performed extensive experiments (Arisha et al. 2014) for the determination of
optimal conditions of the treatment of this variety. They applied few pre-soaking
durations (0 h, 6 h, 12 h, 6 h + 12 h at 28 °C) and ten EMS concentrations (0.25%,
0.50%, 0.75%, 1.00%, 1.25%, 1.50%, 1.75%, 2.00%, 2.25%, 2.50%). The dose
effect of EMS on germination percentage was linear only in 12-h pre-soaking group,
while the other groups had approx. S-type dependence, and depending on the
pre-soaking seed metabolic activation, the LD50 varied from 0.5% to 1.0%. Doses
from 1.2% onwards were most damaging in all groups. Later, Arisha et al. (2015)
performed larger scale (2000 seeds) treatment of the same variety with 0.6% EMS in
0.1 M phosphate buffer (pH 7) at 20 °C for 12 h and 6 h pre-soaking and 3 h post-
washing with water. As a result, only half of the seeds germinated and from them
were raised 500 M2 families with a total of 15,000 individuals. The authors described
in detail three most notable mutants: (1) with yellow leaf color, and the leaves
contained 62.19% less chlorophyll a and 64.06% less chlorophyll b than the wild
type, and (2) dwarf with a very short stature (6 cm), compact internodes, and rough
and thick structure. The anatomical evaluation of the leaf blade section of the latter
revealed that it has more xylem and collenchyma tissue in the leaf midrib and the leaf
blade contained thicker palisade and spongy tissue than the wild type.

In Brazil, Nascimento et al. (2015) treated seeds of pepper (accession UFPB 77.1)
with EMS (0.025%, 0.050%, 0.10%, 0.15%, 0.20%, 0.25%) for 3 h or 6 h, after 12-h
pre-soaking in water. Here, the seeds were planted in Murashige and Skoog medium
(instead in soil or moistened filer paper as the majority of the studies presented here)
and were grown there for 50 days under artificial lightening. Authors report of no
significant differences for the monitored germination traits; also at acclimation, the



plantlets treated with EMS showed a similar trend. However, the authors recorded
significant variations in fruits as fruit weight, length, smallest diameter, and fresh
matter. Also, they observed reduction of fruit weight and number with dose increase.
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In the Republic of Korea, several research groups elaborated on the EMS
mutation breeding in pepper in the twenty-first century. Jeong et al. (2012) did a
large-scale allelic mining of 248 accessions belonging to 7 Capsicum species; in
addition, they used the Korean landrace “Yuwol-cho” (low pungent, which some-
times gives nonpungent mutants (Hwang 2014)). Initially, the seeds were pre-soaked
for 18 h at 24 °C and then in EMS (0.5%, 1.0%, 1.5%, 2.0%) (0.1 M phosphate
buffer, pH 7.0) followed with two washings with 0.5% ethyl acetate (pH 7) and
0.5 mM sodium thiosulfate (pH 9) for 45 min each. From the kill curve, LD15 was
determined to be 1.5% for the experiment. They applied high-resolution melting
(HRM) method to detect natural variations and EMS-induced mutations. They
focused on the first exon of the eIF4E gene (wherein the mutations confer resistance
to potyviruses), which they scanned for single polymorphic mutations. As a result,
they found five single polymorphic mutations in the eIF4E gene in the EMS-induced
mutant population of 1092 M1 individuals. Further, they determined that 60% of
these mutations were of transition type (GC/AC), while the others were
transversion ones.

Later, a large M2 mutant population from the same variety and EMS treatment
protocol was developed (Hwang 2014; Hwang et al. 2014). From this pool the
authors (Hwang et al. 2014; Hwang 2014) specifically tested for nonpungency
917 M2 lines (8632 individuals). As a result, six nonpungent mutants were isolated.
Further M3 lines were generated in order to confirm inheritance of nonpungency, and
as a result, four mutant individuals were isolated denoted as 221-2-1, 2, 3, and
4 mutants which showed nonpungent phenotypes regardless of their developmental
stages.

As a follow-up study, Lee in 2018 did genetic analysis of one of the nonpungent
“Yuwol-cho” EMS mutants (number 221-2-1a) to study the capsaicinoid synthesis
pathway. Initially, the Pun1 gene was tested, but no mutations in the sequence were
found. Therefore, evaluation of the expression of 12 capsaicinoid biosynthesis-
related genes was performed. As a result, 7 of these genes had significantly
decreased expression: pAMT, BCAT, ACL, KAS, FatA, PAL, and Pun1. Further,
the author crossed the mutant with the parent and found that the nonpungency in this
mutant is controlled by two recessive genes. Afterwards, the author sequenced DNA
from samples of the parent and the mutant and found 11 SNPs. The genes were
annotated but were not from the capsaicinoid biosynthesis pathway. Additional
studies are needed to determine their role in the regulation of the capsaicinoid
biosynthesis.

Again in Korea in 2016, Siddique et al. treated with EMS (1.3%) seeds from
“Micro-Pep” pepper. Three hundred and fifty M2 individuals were selected for
evaluation and screening for pungency, and 3 nonpungent mutants were identified
and will be used for genetic studies.

Recently, Siddique et al. (2020) used EMS mutagen to induce mutations and
applied the innovative crop approach TILLING technology (Targeting Induced



Local Lesions in Genomes) to analyze the resulted mutations. They used the same
protocol as Jeong et al. in 2012 applied on seeds from “Micro-Pep” pepper. In M2,
they screened 13,000 individuals and described all the phenotypic alterations in
4 main classes and 11 subclasses. Largest percentage (almost 50%) was the
alterations in leaf color and morphology. Further, they selected 700 M2 samples
and 1760 M2 samples from Hwang et al. (2014) originating from the variety
“Yuwol-cho” for optimization and processing with the TILLING protocol. As a
result, nine EMS-induced mutations were detected in the eIF4E gene, where most of
them were GC:AT transitions.
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20.3.1.2 N-Nitroso-N-methylurea (NMU) and N-nitroso-N-ethylurea
(NEU)

In 1962, Rapoport reported the extreme mutagenicity of nitroso-ethylurea (also
known as NEU, ENU, ENUA). Nitroso-ethyl- and nitroso-methylureas (also
known as NMU, MNU, MNUA) belong to the special group mutagens named by
Rapoport “supermutagens.” Some comparative tests with other mutagens show that
they fully deserve such categorization—the mutagenic effectiveness of NMU is
23 times higher than the one of EMS (Prasad 1972). These agents although chemi-
cally similar have different profile of the sites of DNA alkylation. NMU preferably
alkylates N7–guanine, thrice less phosphotriesters, etc., while NEU has reverse trend
in action—mostly phosphotriesters and five times less N7–guanine (Leitao 2012).
Some authors suspect phosphotriesters to be the cause for nucleic acid breakages
(Singer 1975). The mutations that NMU produces are almost 100% G:C–A:T
transitions, while in NEU their share is 3/4 and the rest is A:T–G:C transitions and
transversions (Leitao 2012).

Six years after Rapoport found the extreme mutagens in the USSR at Yerevan
State University, several researchers started a decade-long research on the effects of
nitroso-alkylureas on the sweet pepper. In a series of experiments, Galukyan
(1968a, b, 1969) treated with NMU (0.008%, 0.01%, 0.012%) and NEU
(0.0125%, 0.025%, 0.05%) two pepper varieties “Novocherkasskij 35” (sweet)
and “Astrakhanskij A-60” (hot) for 18 h. In the first set of experiments, he did
cytological evaluation of the mutagenic effects of NMU and NEU. In both varieties,
he found that the used mutagens caused chromosomic bridges and fragmentations
mostly of singular type and NEU had more pronounced effect over NMU (Galukyan
1968a).

In the second set of experiments, he sowed the treated seeds and in M1 generation
he observed increase in the plant height, yield, and growth rate, and these effects
were more pronounced in the hot variety than in the sweet one (Galukyan 1968b).
Also, the author noted a high number of dominant mutations from both mutagens. In
1969, as a continuation of these experiments, the author found differences in the
response to NMU and NEU mutagens between the two varieties, and no dose
dependence of the mutation frequency was observed (Galukyan 1969).

Later again in the same university, Gukasyan et al. (Gukasyan and Akopyan
1974, 1975; Batikyan et al. 1975; Gukasyan and Tumanyan 1976, 1977) performed
a series of experiments with NMU on the sweet pepper variety “Yubileynyy 307.”



Initially, Gukasyan and Akopyan (1974) evaluated the effect of single and repeated
NMU (0.006%, 0.01%, 0.05%) 24-h treatments on the germination, vigor, and
cytological changes of the seeds. They found that the lowest dose had stimulating
effect on the germination and vigor, while the highest dose had the opposite effect.
Additional findings are that both single and repeated treatments cause dose-
dependent increase of chromosome rearrangements but more pronounced in the
later treatment. The cytogenetic analysis revealed that the repeated treatment
diminishes the difference between the mutagen-induced chromosome bridges and
fragmentation.
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In consequent experimental set, the authors planted the seeds after the same
treatment scheme and observed the mutations in the M1 and M2 generations
(Gukasyan and Akopyan 1975). They found mutants with enlarged fruit and yield
increase in M1 in the repeatedly treated group and chemomorphoses, which showed
NMU concentration dependence. In a following study, Gukasyan and Tumanyan
(1976) in M3 generation evaluated biochemically two mutants with large and orange
fruits and higher yield. The results showed increase of the vitamin C and carotenes in
both mutants.

Further Gukasyan and Akopyan (1975) performed microscopic evaluation of the
chloroplast ultrastructure of yellowish mutant from M2. The results revealed signifi-
cant reorganization of the chloroplasts—disappearance of the granas and their
replacement with lamellae, and also increase of the number and size of liposomes.

In 1976, Gukasyan and Tumanyan evaluated the long-term cytogenetic effects of
the mutagen treatment. They found that the chromosome rearrangements persisted
even in M3 generation although in slightly lower degree and also noted the inhibitory
effects of the highest NMU dose on few of the germination parameters in M2 and
M3. Later, Gukasyan and Tumanyan (1977) evaluated another dwarf M4 mutant.
They found anatomical changes in the stem and roots. The stem had increased
number of layers of cortex parenchyma with thicker cells, and phloem had doubled
thickness. The main root also had significant changes—overall distortion of the
arrangements of the structural elements and increased diameter and thickness of
xylem vessels.

In Czechoslovakia, Vagera and Havranek (1983) treated seeds of sweet pepper
variety “Vesna” with NMU (0.5 mM) pre-soaked for 48 h. In M2 generation, they
inoculated the leaves of the mutants with ringspot strain of cucumber mosaic virus
(R-CMV) and screened for resistance against it. M2 population was of 9000 plants,
and 565 mutants had relatively high level of mutations. Thirteen of them (0.16%)
showed resistance against R-CMV, and the rest of the mutants had chlorophyll and
morphological mutations.

20.3.1.3 Ethyleneimine
Ethyleneimine’s (EI) mutagenic action was discovered by Rapoport back in 1940s,
and probably this was the first chemical mutagen to surpass “the radiation limit” at
that time; that is, it proved that chemical mutagenesis is more efficient than radiation-
induced one. It is 53 times more efficient than HCHO and 4.7 than nitrogen mustard.
Such powerful mutagens played a pivotal role in the establishment of the chemical



mutagenesis as the “traditional” technique in plant breeding practice (Abilev 2012;
Mitrofanov 2001). Ethyleneimine is an extremely reactive alkylating agent
undergoing a ring-opening reaction with cellular nucleophiles such as guanosine.
Ethyleneimine bound to guanine N7 induces one of the highest known rates of
depurination (Verschaeve and Kirsch-Volders 1990). It can induce chromosome
aberrations, but their frequency can be mitigated by treatments with Cd or Cu nitrates
(Ruposhev 1976). Unusual feature of this mutagen is its wavelike kinetics; that is, by
varying the posttreatment seed storage time, the mutation and aberration patterns can
be changed (Verschaeve and Kirsch-Volders 1990). However, a major drawback of
ethyleneimine is its low boiling point and high toxicity, which is a cause for safety
concerns that can be a limiter for some researchers.
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In the USSR, Galukyan (1968b) treated two pepper varieties “Novocherkasskij
35” (sweet) and “Astrahanskij A-60” (hot) with ethyleneimine (0.008%, 0.01%,
0.02%) for 18 h. He observed in M1 generation increase in the plant height, yield,
and growth rate, and these effects were more pronounced in the hot variety than in
the sweet one. However, the mutagen negatively impacted the germination,
decreased the plant viability by 9% for “Novocherkasskij 35” and 33% for
“Astrakhanskij A-60” variety, and increased slightly the time to flowering, but had
negligible effect on the fruiting time. In M1, six fruit mutants were obtained in the
hot variety and one mutant in the sweet pepper but only in the 0.02% group.

In the USSR, Skripnikova (1976) treated dry pepper seeds with 0.05% solution of
ethyleneimine and acquired tomato-form mutant. In the USSR, Nushikyan and
Martirosyan (1987) treated sweet pepper variety “Nork” and “Lastochka” with
0.05% solution of ethyleneimine for 18 h. In M5 and M6 generation, they selected
several mutants with higher yield, vitamin C content, and disease resistance. The
most prospective mutant line from “Lastochka” in 1991 was officially registered
under the name “Nush-51” (MBNL 1994).

20.3.1.4 Dimethyl Sulfate and Diethyl Sulfate
Dimethyl sulfate (DMS) and diethyl sulfate (DES) are monofunctional alkylating
agents with similar structure, which attack DNA through S2N mechanism. However,
DES in addition to S2N is able to alkylate through S1N mechanism too. Both agents
can induce mutations, chromosomal aberrations, and other genetic alterations in the
living cells (Hoffmann 1980). Their significant drawbacks are the low boiling
temperature, lack of odor (DMS), and short half-life in water, which decreases
with temperature increase; this requires frequent change of the solution (Hoffmann
1980; Daskalov 1986).

Rapoport discovered the mutagenicity of these compounds back in 1947
(Auerbach 1973; Hoffmann 1980), but yet their use in agriculture is not very
common.

In the USSR, Rubzov and Solomatin (1974) treated dry seeds of three sweet
pepper varieties (“Bjala kapia,” “Rotund 449,” and “Michurinskji Krasnji”) with
0.05% DMS solution for 20 h. They acquired mutants with higher yield and bigger
fruits.
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Fig. 20.6 The most common antibiotics in sweet pepper mutation breeding

Skripnikova (1976) treated (0.005%, 0.02%, 0.05%) dry seeds of the variety
“Michurinskji 41” with DMS. She acquired mutants with bigger fruits and yield.

20.3.2 Antibiotics

Antibiotics are a structurally diverse group of compounds but functionally united on
the basis of their antimicrobial activity (Leitao 2012). Although probably they
exercise their mutagenic action through different mechanisms and reactions, a
commonly cited result from their action is that they cause various degrees of
chromosomic aberrations and there are reports of male sterility too (Oladosu et al.
2016). Commonly used antibiotics in plant breeding (see Fig. 20.6) are
actinomycin D, mitomycin C, azaserine, streptonigrin, etc. (Oladosu et al. 2016).
In pepper breeding, antibiotics are rarely used as mutagens.

Actinomycin D, first isolated in 1940, is a peptide-containing, pigmented, antibi-
otic. It can form complexes with DNA and inhibit DNA and RNA synthesis. In
addition, there are reports that it can induce DNA breaks and can inhibit repair
replication (Vig 1977). However, the extent of these actions can vary significantly
between the species, and specific testing is needed for the organism of interest. In
1989, Qihan and Henshaw treated pepper callus culture with actinomycin
D. Consequently, they found that DNA synthesis was impaired, which they
attributed to the resulting genetic variation in the pepper callus cells.

More interest was paid to mitomycin C (see Fig. 20.6). Mitomycin C, isolated in
1956, is known to selectively bind to DNA and inhibit its synthesis. Further, it was
found that mitomycin C cross-links complementary DNA strands in GC-rich regions
likely through mono- or bi-alkylation mechanism (for this property, it is also
classified as a bifunctional alkylating agent) (Vig 1977; Leitao 2012). In India,
Venkatrajam and Subhash (1984) pre-soaked pepper seeds for 24 h and afterwards
treated them with 0.01% solution of mitomycin C and compared them to EMS 0.1%
treated group. They evaluated the results in up to M3 generation. Mitomycin C
induced sterility with a frequency of 11.39%, which is almost twice higher than the



 

EMS-treated offspring as revealed in M2. Other noteworthy mutations are orange
fruit color with increased vitamin C content of 0.55%, purple color of unripe fruits
2.04%, semi-sterility 4.51%, spindle-shape fruit 3.75%, etc. They observed in M2

the desirable multilocular trait with a frequency of 2.84%, which was in concordance
from a similar study with mitomycin C (Subhash et al. 1981). In M3, the authors
recorded stability of gigantism and dwarfism.
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In the USSR, in 1983, Samovol and Zhuchenko (Samovol and Zhuchenko 1983;
Zhuchenko and Samovol 1983) in a series of experiments tested the effect of
mitomycin C solutions (0.002–0.05%) on the crossing-over frequency in pepper
seeds. They found that mitomycin C moderately decreases crossing-over frequency
for the tested gene markers in comparison with other used treatments.

20.3.3 Intercalating Agents

These compounds can reversibly intercalate with double-stranded DNA, but they do
not covalently bind to it (Leitao 2012). Some acridine dyes (see Fig. 20.7) used in
biochemical research are examples of such agents: ethidium bromide, acridine
yellow, etc. (Buiatti and Ragazzini 1966; Levy and Ashiri 1975; Wu and Zhang
1986).

Although it was shown that the classical DNA-stain ethidium bromide is a potent
mutagen in higher plants nearly half a century ago, so far mutation breeding research
with it has been scarce (Levy and Ashiri 1975; Ingelbrecht et al. 2018). In India,
Mehta (1998) studied the effect of ethidium bromide (0.01% and 0.05% solutions) in
two red pepper varieties alone or in combination with other chemical mutagens. He
pre-soaked the seeds in water for 18 h and afterwards immersed them for 30 min in
mutagen solutions. He found no significant changes in M2, when ethidium bromide
was used alone, but when combined with sodium azide, it gave the highest rate of
macromutations than the rest tested mutagens.

Ethidium bromide Acridine yellow

Fig. 20.7 Intercalating agents used in pepper mutation breeding
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20.3.4 Other Chemical Mutagens

20.3.4.1 Sodium Azide
Sodium azide (NaN3) is a highly toxic inorganic compound with relatively common
usage in crop breeding. De facto, this is a pro-mutagen; that is, in order to perform its
mutagenic action, it has to covalently bind to other compounds. In barley, this
mutagenic metabolite was identified as L-azidoalanine (N3-CH2-CH(NH)2-COOH)
(Khan et al. 2009; Ingelbrecht et al. 2018). Further, it was found that the production
of this metabolite is dependent on the enzyme O-acetylserine sulfhydrylase. This
necessity of sodium azide to be properly metabolized according to some authors may
explain the differences in the mutagenic response among the species (Ingelbrecht
et al. 2018). In water, sodium azide dissociates partly to hydrogen azide, which is
considered to penetrate more easily through the cell membrane. Lowering the pH of
the solution significantly increases the dissociation and availability of HN3; there-
fore, usually acidic buffer with pH is≈3 (Khan et al. 2009). One of the advantages of
the sodium azide is that it causes less chromosome aberrations and therefore it has
high mutagenic efficiency when measured as a ratio of mutation yield to chromo-
some aberrations (Sharma 1994).

Mutagenic action of sodium azide was found in 1947, but for the first time in
1973, it was tested on plants specifically as a mutagen (Nilan et al. 1973). In 1981, a
brief report for the mutagenic action of sodium azide on pepper seeds was published
by Umalkar et al. (1981). The authors screened the M2 generation and found that the
germination percentage and the vigor increased over the parents.

In 1992, in the Philippines, Longid treated pepper seeds with solutions of sodium
azide (0.12, 0.25, 0.50, 0.75 mM) in phosphate buffer at pH 3 for 2 h. In M1

generation, overall decrease of germination percentage, height, and number of leaves
was observed. In M2 generation, multiple chlorophyll mutations were reported and
the most frequent of them was of viridis type followed by chlorina, xantha, and
albina.

One of the most extensive researches of sodium azide mutagenicity in pepper was
presented in India by Sharma (1994). He tested three varieties with sodium azide
(0.01%, 0.02%, 0.03%, 0.04%), EMS (0.1%, 0.2%, 0.3%, 0.4%), and MMS (0.01%,
0.02%, 0.03%, 0.04%) soaked for 6 h and after another 6 h pre-soaked in water. In
M2 generation, he reported that sodium azide had the lowest frequency of chloro-
phyll mutations and morphologically as well. He noticed that overall the mutants
induced with sodium azide had lower plant height in all three varieties compared to
other mutagens.

A recent study in Nigeria by Omeke (2021) treated pepper seeds of varieties
“Shombo” and “Tatase” with sodium azide (0.01%, 0.02%, 0.03%, 0.04%) for 6 h
after another 6-h pre-soaking in water. They evaluated the selected morphological
parameters in M1 generation. The results showed that the M1 mutants from both
varieties had decreased height and such height decrease had dose dependence—the
higher the mutagen concentration induced, the lower the plant height. Similar trend
was observed with the number of leaves per plant.
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20.3.4.2 Caffeine
Caffeine (see Fig. 20.8), mostly popular as a compound of the famous coffee, tea,
Coca-Cola drinks, and chocolate, is also known to have mutagenic and cytotoxic
effects. It is alkaloid in some plants as coffee and cocoa and is a purine (l,3,7-
trimethyl xanthine). Having similarity with some DNA bases, it can impair the
replication and repair of DNA and DNA nucleotide precursor pool balances, and
under some conditions, it can be incorporated in DNA replacing adenine and
guanine. Besides that, it can negatively affect cytokinesis (Haynes and Collins
1984; Kuhlmann et al. 1968).

In Romania, Rosu et al. (2006) germinated dry sweet pepper seed varieties
“Cosmin” and “Export” in a solution containing caffeine (0.025%, 0.05%, 0.1%,
0.25%). After the germination, the authors did cytological analysis of the root cells
and found overall decrease of the mitotic index and also presence of division
aberrations, of which the most common were the anaphases and telophases with
chromosomal bridges.

In Brazil, Montes et al. (2014) studied the caffeine effect on the young plant
growth in sweet pepper variety “Misano” (“California Wonder” type). The caffeine
(2.25 and 9.0 μM) was added to the fertilizer. They measured the level of caffeine
accumulation in plants and found it to be more than 300 μM. The evaluation of the
caffeine impact showed that there were no significant differences in the monitored
morphological parameters during the plant development in two vegetational seasons.

In another recent study in India, Aslam et al. (2017) germinated pepper seeds in
caffeine (0.10%, 0.25%, 0.50%, 0.75%, and 1.0%). In M1 generation, reduction in
the germination, survivability, pollen fertility, and root and shoot length was
observed with the concentration increase of the caffeine. The evaluation in M2

generation revealed a slight increase of the size of the mutants compared with the
controls at lower concentrations, which trend was reversed at high concentrations.
Similar trend was observed with the fruits and yield. There was dose-dependent
increase of the chromosome anomalies as changes in chromosome number, struc-
ture, base substitution, and deletion. Many and various flower mutations were

Caffeine Colchicine

Fig. 20.8 Some miscellaneous mutagens in sweet pepper mutation breeding



observed as changes in number of petals, sepals, anther size, color, etc. Both
mutagenic efficiency and effectiveness decreased with the increase of
concentrations. Cytological aberrations were lower at the final stages of the cell
division. RAPD analysis revealed considerable polymorphism in the observed M2

mutants; almost half from the acquired 93 bands were polymorphic.

20 Mutation Breeding Research in Sweet Pepper 629

20.3.4.3 Colchicine
Although in strict sense colchicine (see Fig. 20.8) does not directly damage DNA
and its main action is on the cell’s division apparatus, it still acts on the cellular
hereditary material mostly causing polyploidy. Some authors report that it has also
mutachromosomic ability in hot pepper (Rao and Kumar 1983). Hence, it is consid-
ered mostly as a chemical mutagen sensu lato or as a polyploidizing agent (FAO
1977; Ingelbrecht et al. 2018). Many plant breeders try to benefit from its properties
since polyploid progeny sometimes is more vigorous, bigger, etc. than the parents.

Colchicine for breeding purposes in sweet pepper is mostly used for treatment of
various cell materials as in Hungary by Mitykó and Gémes Juhász (2006); there are
some studies that treat seeds and young seedlings in an attempt to obtain polyploid
organism.

In India, Rao and Kumar (1983) attempted to obtain from Capsicum annuum var.
cerasiformis (now part of var. grossum) (Basu and De 2003) seeds of tetraploid
plants by treatment of the seeds with colchicine (0.2%, 0.4%) for 24 and 72 h. They
could not get tetraploid plants but observed chromosome aberrations. An year later,
the same authors plus Panda obtained full tetraploid and even octoploid plants by
treatment of the seedlings with 0.3% colchicine (Panda et al. 1984). The tetraploid
plants were bigger than the octoploid ones.

In China, Xie and Deng (2009) treated red bush pepper with colchicine (0.01%,
0.03%, 0.05%) and treatment periods (2, 4, 6 days). They obtained plants with
varying levels of mixoploidy. These plants were with thicker and bigger leaves and
stems than the controls. The authors concluded that the best treatment combination is
0.05% colchicine with 6-day duration, at which the induction rate could reach
26.1%.

In Indonesia, Tammu et al. (2021) treated dry seeds of mild red pepper
(“Katokkon”—bell shaped) with colchicine (0.025%, 0.05%, 0.075%, 0.1%) for
24 h and afterwards washed and planted. Tissues form 2-month-old plants were
analyzed with flow cytometry, and the results showed that 50% were diploid (2n)
and the rest had various levels of mixoploidy (2n + 4n) most pronounced at the
lowest and highest concentrations of colchicine. The treated plants were 20–30%
taller in all groups, while the size of the leaves had mixed variation, but the
differences with the controls were within 10% range. The fruits in general were
smaller than the controls but were 2–3 times more numerous.
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20.4 Mutagenesis with Combination of Mutagens

Besides the so far mentioned application of single mutagens in plant breeding, there
are studies which try combining more than one mutagen sometimes of different
classes, i.e., physical and chemical ones, in order to explore or boost or mitigate their
effects, action, and results. Such scheme is more common among the hot pepper
mutation breeding research (Kulshrestha 2000; Kumar and Ponnuswami 2010).
Kulshrestha (2000) found that the combination of gamma irradiation and EMS
gives the highest mutation rate, but also significantly impairs the chromosomes,
but also noted that the different varieties respond differently to it.

In the abovementioned study of Mehta (1998) in India, 11 combinations of two to
five different chemical mutagens were used (colchicine, EMS, DMS, DES, SA,
ethidium bromide). The author found that overall combined treatment had a boosting
effect of mutation gain, but it had mixed effects on plant viability, size, and
morphological parameters depending on the particular set of mutagens.

In Bulgaria, Tomlekova et al. (2007b; 2009) applied EMS treatment and gamma
irradiation upon seeds of the commonly used sweet pepper variety “Hebar.” As a
result, anthocyanin-free plants were found at the seedling stage and their phenotype
has been further screened. In M2 generation, mutants with the following traits in the
phenotype were selected: lack of anthocyanins, erected fruit, erected fruit in a bunch,
and altered fruit shape. The stability of these traits was confirmed till M4 generation,
and they were used for the development of advanced mutant lines.

20.5 Summary of the Achievements and Some Perspectives
of the Traditional Mutation Breeding in Sweet Pepper

20.5.1 Registered New Mutant Varieties

So far, many varieties have been released which were developed through mutation
breeding. A short list is provided in Table 20.1.

20.5.2 Remarks on the Future of the Traditional Mutation Breeding
in Sweet Pepper

The agriculture and food industry are confronted with the need to solve a number of
problems associated with global challenges such as food production crisis and
declining confidence in food quality and food safety. Today, researchers in the
field of sweet pepper production are faced with more complex issues related to
low productivity and quality of the local varieties, leading to lack of robust vegetable
production and thereafter reliance on import of pepper in many countries.

In this review, we presented the essence of the work of many researchers from all
over the globe since the beginning of the mutation breeding research in sweet
pepper, which started almost 80 years ago in India. We saw amazing studies



Variety Year Reference Country Mutagen

(continued)
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Table 20.1 List of the officially registered new mutant varieties (the list has no claim to be
comprehensive although the authors did their best to bring it there)

Main improved
attributes

“Albena” 1976 Daskalov
(1975)

Bulgaria Gamma,
135 Gy

Early and high
yielding, more
attractive
fruits, better
flavor because
of lack of
anthocyanin

“Krichimski ran” 1972 Daskalov and
Milkova
(1976)

Bulgaria X-rays,
120 Gy

Hybrid variety,
high yield,
early,
improved fruit
quality

“Lyulin” 1982 Milkova and
Daskalov
(1983)

Bulgaria Gamma,
135 Gy

Hybrid variety
based on
induced male
sterility, early
maturity, high
yield

“Friari KS80” 1985 MBNL
(1991)

Italy 0.6%
EMS,
13 h

Increased fruit
production
(15–20%),
tolerance to
Verticillium
dahliae Kleb.

“Nush-51” 1991 MBNL
(1994)

USSR 0.05% EI,
18 h

High yield and
good quality

“Pirin” 1991 Todorova and
Daskalov
(1997)

Bulgaria Gamma,
60 Gy

Resistance to
powdery
mildew, high
yield, early

“Oranzheva kapia”
(see Fig. 20.1)

1991 Daskalov and
Baralieva
(1992)

Bulgaria X-rays,
120 Gy

High content
of β-carotene
(provitamin A)

“Gornooriahovska
kapia”

1997 Daskalov
(2001)

Bulgaria Gamma,
135 Gy

Multiple
disease
resistance, high
yield

“Yubileiny
Semko”

1997 Timina
(1997),
Tomlekova
et al. (2008)

Russia Gamma,
135 Gy

High yield,
disease
resistance

“Vitamin” 2006 Timina and
Timin
(2006),
Tomlekova
et al. (2008)

Russia Gamma,
135 Gy

High vitamin
content and
yield, disease
resistance



Variety Year Reference Country Mutagen

which tried to get the utmost from the newest advances and technologies in biology
and molecular biology specifically. However, when looking at a global scale, we
also saw a dramatic gap in the adoption of these technologies between the economi-
cally developed and the developing countries.
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Table 20.1 (continued)

Main improved
attributes

“Yujiao 1” 2002 MVD (2021) China Aerospace Good quality
and altered
shape

“Yujiao 2” 2006 MVD (2021) China Aerospace Large fruit,
good quality
and yield,
disease
resistance

“Oranzheva
Krasavitza”

2011 Timina et al.
(2011)

Russia X-rays,
120 Gy

High
β-carotene,
high content of
vitamin C,
resistance to
Verticillium
disease

“Quinta” 2019 Timin and
Timina
(2020)

Russia Gamma,
135 Gy

Early, high
vitamin
content and
yield, disease
resistance

“Desislava” (see
Fig. 20.9)

2020 Tomlekova
et al.
(unpublished)

Bulgaria X-rays,
120 Gy

Early ripening,
high
β-carotene,
orange fruit,
good quality
and yield

“Toniko” (see
Fig. 20.9)

Submitted
for
registration

Tomlekova
et al.
(unpublished)

Bulgaria X-rays,
120 Gy

High beta-
carotene, good
quality and
yield

So the future of the traditional mutation breeding in sweet pepper should go with
at least two goals in mind—how to get the utmost from the ethically safer random
mutation wealth that the traditional mutation breeding offers and how to make the
mutation breeding much more accessible so that its beneficiary effects at the end can
be felt even by the poorest human beings who try to make living from this crop. In
regard to the first goal, new technologies have been added to the arsenal of the
traditional mutation plant breeders in order to get the utmost from the invested labor,
time, and money.

One such technology is the bioinformatics post-processing of the mutant pheno-
type trait profiles by screening for analogous matches with similar traits with already



determined gene involvement from other better studied organisms as Arabidopsis as
the team of prof. I. Paran applied (Paran et al. 2007). But we are yet to start building
sweet pepper functional genomics database as the one started for tomato (Fei et al.
2010), which hopefully will further facilitate such type of analysis.

20 Mutation Breeding Research in Sweet Pepper 633

Fig. 20.9 Phenotype of the new mutant varieties/candidate varieties of sweet pepper in Bulgaria:
(a). cv. Desislava—unripe pale yellow fruit; (b). cv. Desislava—ripe orange fruit; (c). cv. Toniko—
ripe red fruits

Less than a decade ago started the whole-genome sequencing of pepper and
several reference and annotated genome databases have become available since
then (Kim et al. 2014; Popatanasov and Tomlekova 2021). This hopefully will
speed up the process of discovery of gene functions and development and better
implementation of molecular marker methods, which rely on such knowledge and
have proven to be very useful in breeding (Popatanasov and Tomlekova 2021). Our
lab along with other ones had taken some steps in the utilization of this wealth as in
the analysis and development of molecular markers (Cheng et al. 2016; Popatanasov
and Tomlekova 2019; Uncu 2019), mutant gene identification and analysis
(Borovsky et al. 2020; Tomlekova et al. 2021), etc. However, there is room for a
lot more to be done in order for these achievements to be used routinely and
affordably in the sweet pepper breeding practice.

Another technology from which the sweet pepper mutation breeding can greatly
benefit is the TILLING, which was successfully adopted and applied in the pilot
study by the team of Siddique et al. (2020). The authors used a large pool of two
mutated varieties, and TILLING technology could detect and determine nine
mutations in one gene. Such results can greatly facilitate and speed up pepper
breeders’ work. Currently, the cost and complexity of these technologies are prohib-
itive factors for many pepper researchers however.

However, we are yet to see more newer methods for analysis and selection of
mutants applied in other crops to be introduced in sweet pepper as some from the
arsenal of forward and reverse genetics like different TILLING modifications,



large-scale screening of mutant populations through amplicon sequencing, whole-
genome resequencing, etc. (Li et al. 2019; Sashidhar et al. 2020; Taheri et al. 2017).
We are yet to see creation of mutant databases from sweet pepper varieties as the
ones already available in tomato, barley, etc. (Chaudhary et al. 2019; Szurman-
Zubrzycka et al. 2018). One of the reasons that sweet pepper is lagging behind is its
few-fold larger genome compared to other major Solanaceae crops and its lesser
economic importance (Popatanasov and Tomlekova 2021). Hopefully, this will
change in the future since there is relatively steady increase of the interest and
production demand of this crop and the costs of genomic technologies and services
continuously drop (FAO 2021; Salgotra and Zargar 2020).
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As for the goal of how to make the mutation breeding problem solver accessible
even for the poorest farmers and to tackle their sweet pepper farming challenges and
problems, there are some steps already made in this direction. In fact, most of the
presented research and use of the mutation breeding in sweet pepper started after the
initiative of one of the most influential humanitarian organizations as is the FAO at
the UN in collaboration with the IAEA in 1964 (Toker et al. 2007). However, here
we see very pronounced unpleasant tendency in the developing countries, where the
mutation breeding experiments end after M2 and even after M1 generations, which
probably is due to insufficient funding. Such scenarios are not favorable neither for
the users there nor for the future use of these methods in these countries. The IAEA
has taken some steps as establishing facilities for mutagenesis induction with the
needed training as in Nigeria (Muhammad et al. 2018).

Development of simpler low-cost methods can further promote the mutation
breeding research in countries with limited budgeting. Some of the researchers as
S. Daskalov and N. Tomlekova (Chalukova et al. 1993; Tomlekova et al. 2016a, b)
addressed this issue and showed that less expensive methods as TLC or molecular
markers can produce very useful results and information from the obtained sweet
pepper mutants and their hybrids. So, the traditional sweet pepper mutation breeding
probably will continue to evolve and develop in the future as it proved to be able to
solve some of the challenges that this crop faces in our dynamic world and since it is
one of the very few currently ethically acceptable and worldwide adopted
accelerated breeding methods in sweet pepper.
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Abstract

Induced mutation technology is a powerful means to introduce novel genetic
variability for use in crop improvement. Induced mutants have been developed in
several crop plants and economic use of the mutant varieties has demonstrated
their potential across the globe. Sugarcane is an important cash crop cultivated
primarily for its distinctive sucrose accumulation ability. Being a vegetatively
propagated crop, mutagenesis in sugarcane can be a good means of induction of
genetic variation to overcome problems associated with conventional breeding
such as longer life cycle, poor fertility, and narrow genetic base. In this regard,
in vitro cultures have provided an excellent resource for induced mutagenesis.
Strategies of selection for different desirable traits at the cellular level followed by
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rigorous ex vitro evaluation and field testing have been successfully adopted for
the isolation of sugarcane mutants carrying improved traits. It should also be
noted that such mutants for important agronomic traits can be readily adopted by
breeders without the regulatory and licensing restrictions that are often applied to
transgenic lines. Till date, the Mutant Variety Database (MVD) of FAO-IAEA
has listed 13 officially registered mutant varieties of sugarcane developed through
induced mutagenesis demonstrating the potential of induced mutagenesis for
sugarcane improvement. These induced mutants have been developed for
improved traits including disease resistance, abiotic stress tolerance, and agro-
nomic yield and are evaluated for performance and stability. Induced mutations
offer a valuable resource for the discovery of genes controlling important traits
and understanding the functional basis of the mutant genes. Mutation discovery in
polyploids like sugarcane is challenging and currently, TILLING platforms are
being developed. In addition, advanced mutagenesis tools based on genome
editing have been initiated to target agronomically useful genes. This article
outlines the techniques and success of mutagenesis strategies and isolation of
desirable mutants for use in sugarcane improvement.
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21.1 Introduction

The cornerstone of crop improvement is the induction and sustenance of genetic
variability and hence strategies need to be in place in crop breeding programs. In this
regard, the use of induced mutations has played a key role in the improvement of
superior plant varieties (Jain 2005; Suprasanna et al. 2014, 2015). To the present
date, efforts were laid for the improvement of many economically important crops
wherein several improved mutant varieties have been released for cultivation, those
occupying majority of the cultivated areas across the globe. This is lucid and vivid
with more than 3200 mutant varieties of different crops that are registered in the
IAEA’s Mutant Variety Database (MVD) those are officially released for cultivation
(Suprasanna et al. 2015). Among others, radiation-induced mutations have been
useful for modification in plant canopy architecture, root traits, oil and protein
quality, flowering time, seed size and color, besides the crop yield. Over the past
several decades, mutation breeding has remained a viable option to genetically
modify existing commercial clones. However, recent developments in terms of
induced mutagenesis using in vitro plant cell and tissue cultures offers a feasible
mean to generate novel genetic variability which was considered a bottleneck in the
classical mutation breeding efforts (Brar and Jain 1998; Kharkwal and Shu 2009;
Suprasanna et al. 2015). Current research on induced mutations in these crops is
expected to provide a valuable resource of the mutant gene pool for use in direct or
indirect breeding programs (Suprasanna et al. 2015).
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Induced mutagenesis has become a core approach to introduce desirable genetic
variability and to produce new plant types with unique traits. The impeding factors
of conventional breeding approaches such as loss of vigor, narrow gene pool,
complex genome, poor fertility, and the long breeding and selection cycle, can be
resolved through the use of induced mutagenesis (Suprasanna et al. 2011). Often, if
the intention is to improve only one or few easily identifiable traits in an otherwise
well-adopted variety, then the choice of direct use of mutations becomes a valuable
supplementary approach. A major gain of mutation induction in vegetatively
propagated crop (VPC) plants is the feasibility to alter one or few traits of an
outstanding elite cultivar without disturbing the remaining genetic makeup. The
development of improved varieties through the use of induced mutagenesis in the
case of VPCs such as sugarcane is often challenged by constraints of heterozygosity,
systemic disease, and pest incidence. Moreover, VPCs have certain peculiarities
such as the absence of meiotic sieves, the concurrent fixation of deleterious alleles,
transmission of pathogens to subsequent generations, and most importantly, the
prevalence of chimeras (Mba et al. 2009). One of the means of achieving food
security is through enhancing and sustaining biodiversity (Thrupp 2000).

21.2 Outlook of Sugarcane Crop Improvement

Sugarcane (Saccharum officinarum L.) is a predominant agro-industrial crop
cultivated on over 26.5 million hectares, accounting for approximately about
0.54% of the world’s total arable land area (Anon 2022; FAOSTAT 2013). It
contributes to over 65% of the world’s total sugar production and is also gaining
increased attention as a potential source of biofuel (D’Hont et al. 2008; Barnabas
et al. 2015). Sugarcane varietal improvement has played a vital role in the overall
sustainable growth of sugar industries around the globe. The major objectives of
sugarcane breeding programs usually include improved cane yield, sugar content,
ratooning ability, and improved disease resistance besides the ability to combat
against abiotic stresses (Ming et al. 2006) (Fig. 21.1). During the course of develop-
ment of existing improved varieties, diverse Saccharum species have been used for
the incorporation of desirable traits. However, because of the narrow genetic base of
Saccharum species, enhancement of genetic base has slowed down impeding the
pace of development of improved sugarcane varieties and, resistance to biotic or
abiotic stresses is still a challenge necessitating the development of new resistant
clones (Devarumath et al. 2013; Shrivastava and Srivastava 2016).

Conventional breeding efforts often take a decade or more to release a new
improved cultivar and will have to pass through a thorough selection process during
which clonal material of selected genotypes is multiplied and clones are then chosen
for sucrose content and stress and disease resistance (Parfitt 2005). Improvement in
sugar content has high economic value as it increases sugar produced from farms and
mills with very little increase in marginal costs through harvesting, cane transport, or
milling (Jackson 2005). In an interesting study, Parajuli et al. (2020) attempted to
engineer sugarcane through metabolic engineering into oil cane. Since sugarcane is a



high biomass crop, these researchers proposed deflection of carbon flux (sucrose) to
oil so as to reap high lipid yield (4.3% triacylglycerol) for biofuel purposes.
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Fig. 21.1 Key methods and approaches employed for sugarcane crop improvement for diverse
agronomic traits

21.3 Induced Mutagenesis in Sugarcane

So far, 13 mutant varieties of sugarcane have been registered in the Mutant Variety
Database (MVD) those were developed through induced mutagenesis (Table 21.1;
FAO-IAEA 2021). These initial attempts demonstrated the successful use of induced
mutagenesis in sugarcane improvement. Of these, five mutants were reported from
India followed by three each from China and Cuba. Most of these have been
developed for improved disease resistance by using gamma radiation of vegetative
propagules. Taken together, these attempts have paved a way for the development of
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a spectrum of variants/mutants bearing unique traits that are difficult and/or not
achievable through any other conventional approaches (Fig. 21.2).
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Fig. 21.2 Hypothetical prism model representing scope and potential of induced mutagenesis in
sugarcane crop improvement to derive a spectrum of variants (VIBGYOR) carrying unique and
valuable traits

21.3.1 Combination of In Vitro Culture and Induced Mutagenesis

In addition to vegetative propagules, sugarcane in vitro culture techniques have
provided a great impetus to basic as well as applied research. This has been achieved
chiefly through micropropagation of elite clones, production of disease-free
propagules, isolation of agronomically superior somaclones, screening methods for
biotic and abiotic stress tolerance, and conservation of novel and useful germplasm.
Mutagenesis has been achieved for the improvement in diverse traits such as
quantitative traits (Kaur et al. 2001), salt and drought tolerance (Patade et al.
2006) and disease resistance (Singh et al. 2008). Jagathesan and Ratnam (1978)
isolated a vigorous and fast-growing mutant from gamma-irradiated vegetative buds
of variety Co 527 which was able to complete its vegetative growth 2 months prior to
that of parent variety while other economic characteristics like sucrose content and
juice purity remained unaffected. Selection of mutants for disease resistance through
induced mutagenesis has been reported in sugarcane with mutants isolated for
improved resistance to smut disease (Siddiqui and Javed 1982; Dalvi et al. 2021),
Sugarcane mosaic virus (SCMV) (Zambrano et al. 2003), and red rot disease (Ali
et al. 2007; Singh et al. 2008).

Mutagenesis using cultured plant cells and tissues has generated great interest in
creating novel genetic variability (Sengar et al. 2011; Suprasanna et al. 2012). Plant
cell and tissue cultures offer an exciting resource in in vitro mutant selection for



generating genetic variability. However, certain factors such as established and
reproducible in vitro plant regeneration protocols, optimization of mutagenic
treatments, and efficient screening of the mutagenized populations, etc. play decisive
roles in the success of in vitro mutagenesis (Lakshmanan et al. 2005). The in vitro
selection methods are relatively inexpensive, simple, and rapid, and can be
performed in the laboratory at any time of the year. It is possible to select cell
lines resistant to biotic stresses and, tolerant to abiotic stresses with
improved nutritional quality. The protocols for somatic embryogenesis are useful
for high-volume micropropagation, mutagenesis and in vitro selection and trans-
genic methods of genetic manipulation (Suprasanna et al. 2010, 2011). Although
genetic transformation has been successful, genetically modified (GM) sugarcane is
not yet grown commercially partly due to legislation, lack of public acceptance and
perceived negative impacts on the environment. Hence, the most feasible approach
for the in vitro genetic improvement of sugarcane can be through induced mutagen-
esis combined with somaclonal variation.
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Fig. 21.3 Sugarcane-induced mutagenesis as a source to derive mutants bearing valuable abiotic,
abiotic, and agronomic traits

In vitro mutagenesis using embryogenic callus cultures followed by in vitro
selection and ex vitro field evaluation of selected lines for agronomic characters
has been successful for the isolation of desirable mutants for agronomic and stress
tolerance (Patade and Suprasanna 2008, Patade and Suprasanna 2009) (Fig. 21.3).



There has been increasing interest in adopting this strategy for isolation of useful
mutants (Table 21.2). Majid et al. (2001) and Samad et al. (2001) developed mutants
resistant to red rot, water logging, and delayed flowering; Rodríguez et al. (2001) for
wider stem girth and smut resistant; Ali et al. (2007) for red rot, Saif et al. (2001) and
Patade et al. (2008a, b) for salt tolerance; Vaidya et al. (2008) for agronomical, cane
quality and yield characters, Koch et al. (2012) for herbicide tolerance and
Weksanthia et al. (2021) for drought tolerance.
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Both physical (gamma rays) and chemical mutagens have been useful in sugar-
cane, but physical mutagens have found wider applications for mutation induction.
The first report was by the use of X-rays in 1927 although no visible variations were
observed. This was followed by exposure of vegetative cuttings to neutron radiation
(Tysdal 1956) which resulted in morphological changes and growth reduction.
Heinz (1973) observed that higher the dose of gamma rays, the lower was the
survival, reduction in growth, and increased incidence of abnormal mutants. Histori-
cal accounts of studies on mutation induction in sugarcane were detailed by Heinz
(1987) and Sreenivasan and Jalaja (1998) suggesting that sugarcane breeders could
explore the possibility of mutation breeding to rectify specific defects or to improve a
specific desirable trait of highly adapted and genetically balanced sugarcane
cultivars.

Different chemical agents like ethyl methanesulfonate (EMS), sodium azide
(NaN3) have been used for mutation induction. Ponce et al. (1998) evaluated three
rust-resistant somaclones through NaN3 treatment of calli and a mutant clone of var.
B 4362 obtained from gamma-irradiated calli. The authors observed that the
somaclones showed agronomic disadvantages including yield reduction, increased
flowering, and smut (Ustilago scitaminea Syd) susceptibility. The other mutant
clone obtained by an induced mutation in buds was selected as a commercial variety
because of its outstanding agronomic traits (Ponce et al. 1998). EMS is well known
to produce a large spectrum of mutations. Oloriz et al. (2012) applied 0.003% NaN3

solution for 30 min on spindles and buds of sugarcane for callus induction and
further plantlet regeneration. Direct application of 0.1% NaN3 solution for 30 min on
buds from field-grown plants for planting in plastic bags was also demonstrated. The
study led to the successful isolation of five brown rust-resistant mutants out of a total
population of 11,167 regenerated plants. The mutagenesis treatment resulted in
higher selection frequencies for brown rust resistance along with traits such as
sugar yield, internode shape, bud shape, leaf sheath hairiness, outer auricule shape,
intensity of flowering, stool growth habit, number of stalks per stool, stalk length,
stalk number, and stalk diameter. In vitro mutagenesis using EMS as chemical
mutagen resulted in the development of sugarcane mutants bearing different agro-
nomic traits including for disease resistance (Dalvi et al. 2012, 2021). Cha-um et al.
(2013) compared six mutant cultivars of sugarcane derived from γ-irradiation and
EMS, and commercial cultivars, and found that salt-induced reduction in net photo-
synthetic rate and growth characters such as shoot length, number of internodes, and
internodal length as well as yield traits, was not observed among the mutants
suggesting their salt-tolerant nature.



Method used Reference

(continued)
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Table 21.2 Developments in sugarcane in vitro mutagenesis for the selection of biotic and abiotic
stress tolerance

Sr. Trait Mutagen Selection
No. (s) improved used method

Resistance to biotic stresses

1. Red-rot
resistance

γ-rays Vegetative buds
exposed to gamma
rays

Vegetative
progeny of
treated buds
resistant to red
rot pathogen,
Glomerella
tucumanensis

Rao et al.
(1966)

2. Resistance
to SCMV

γ-rays Calli of susceptible
cultivar—gamma
irradiated (2 krads)

Manual
selection in
greenhouse
inoculation with
strain B of
SCMV

Zambrano
et al. (2003)

3. Five brown
rust-resistant
mutants

NaN3

and
γ-rays

Spindles and buds—
submerged in NaN3

solution (0.003% and
0.1% for 30 min,
respectively); Calli
irradiated with γ-rays
(10 and 20 Gy)

Greenhouse
screening using
inoculation of
uredospore
suspension

Oloriz et al.
(2012)

4. Three
herbicide
(imazapyr)
tolerant
mutants

EMS Embryogenic calli—
immersed in EMS
solution (8–96.6 mM)
for 4 h

In vitro
selection of calli
on 0.025–
0.1 μM
Imazapyr
containing
medium;
followed by ex
vitro selection
using spraying
of commercial
herbicide
Arsenal (250 g/
L imazapyr)

Koch et al.
(2012)

5. Mutants
resistant to
Fusarium
sacchari

EMS Embryogenic calli—
treated with EMS
solution (32 mM) for
4 h

In vitro
selection using
Fusarium
sacchari culture
filtrate;
followed by ex
vitro selection

Mahlanza
et al. (2013)

6. Two
mutants
resistant to
smut disease

EMS Calli induction—on
MS medium
containing EMS
(0.8 μM), PEG

Ex vitro
screening using
smut spore
suspension

Dalvi et al.
(2012)



Method used

(0.125 μM) and 2,4-D
(13.57 μM)

treatment for
30 min

(continued)
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Table 21.2 (continued)

Sr.
No.

Trait
(s) improved

Mutagen
used

Selection
method Reference

7. Fusarium
sacchari-
tolerant
mutants

EMS Embryogenic calli—
treated with EMS
(32 mM) for 4 h

Glasshouse
selection by
artificial
inoculation of
F. sacchari
conidial
suspension (105

conidia/mL)
followed by
inoculation with
Eldana
saccharina

Mahlanza
et al. (2015)

8. Mutants
moderately
resistant to
red rot

γ-rays Embryogenic calli
irradiated with γ-rays
(0–80 Gy)

Ex vitro
selection by
artificial
inoculation of
red rot and wilt
fungal spore
suspension

Vaidya et al.
(unpublished)

9. Two
mutants
moderately
resistant and
one resistant
to smut
disease

EMS Calli induction—on
MS medium
containing EMS
(0.8 μM), PEG
(0.125 μM) and 2,4-D
(13.57 μM)

Ex vitro
screening using
smut spore
suspension
treatment for
30 min

Dalvi et al.
(2021)

Tolerance to abiotic stresses

10. Salinity
tolerance

γ-rays Embryogenic
cultures—γ-irradiated
(10–50 Gy)

In vitro
selection on
NaCl (42.8–
256.7 mM)
containing
medium

Suprasanna
et al. (2009)

11. Salinity
tolerance

NaN3 Calli cultured on MS
medium containing
0.5% NaN3

In vitro
selection of calli
on MS medium
containing
NaCl (0–
75 mM)

Ikram-ul-Haq
et al. (2011)

12. Salinity
tolerance

γ-rays γ-irradiation and EMS Field screening
for salinity
tolerance

Cha-Um et al.
(2013)

13. Salinity
tolerance

γ-rays Embryogenic calli—
irradiated with γ-rays
(0–80 Gy)

In vitro
selection of calli
on medium
containing

Nikam et al.
(2014)



Method used

NaCl (0–
250 mM);
followed by ex
vitro selection
under saline soil
conditions (3.55
EC)
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Table 21.2 (continued)

Sr.
No.

Trait
(s) improved

Mutagen
used

Selection
method Reference

14. Salinity
tolerance

γ-rays Embryogenic calli—
irradiated with γ-rays
(0–80 Gy)

In vitro
selection of calli
on medium
containing
NaCl (0–
250 mM);
followed by ex
vitro selection
under saline soil
conditions

Nikam et al.
(2015)

15. Salinity
tolerance

EMS Embryogenic calli—
treated with EMS
(0.5%) for 0–4 h

In vitro
selection on
medium
containing
NaCl (0–
200 mM)

Gadakh et al.
(2015)

21.3.2 Radiation-Induced Mutagenesis Program in Sugarcane

Radiation-induced mutagenesis program in sugarcane has been widely undertaken
and significant success has been achieved using embryogenic callus cultures
followed by in vitro selection of mutants and field evaluation. Figures 21.4 and
21.5 illustrate the general methodology and different stages that can be adopted for
an in vitro mutagenesis program in sugarcane. Briefly, embryogenic callus is
irradiated at different doses of gamma rays to assess the radiosensitivity of the
variety being used (Patade et al. 2008a, b). After determining LD50, in vitro cultures
are irradiated at LD50 and irradiated embryogenic callus cultures are passed through
V1M1 to V1M4 (or V1M6 if chimera separation has to be done) and either regenerated
into plants or can undergo selection at in vitro level, i.e., exposed to different
concentrations of salt (NaCl) or PEG (drought) or pathogen causative agents. The
putative mutants will have to be evaluated under field conditions to select the trait of
interest and confirm their stability (performance) in further generations.

Our previous studies on radiation-induced mutagenesis have resulted in the
generation of several mutants for desirable traits. By using gamma-irradiated
embryogenic calli of commercial sugarcane cultivars (CoC-671, Co 86032, and
Co 94012), 7500 plantlets were regenerated, hardened, and field planted at the



Sugarcane Research Station, Akola, India. Field observations indicated that there
was a spectrum of agronomically desirable mutations from morphological, quality to
other yield contributing traits (Fig. 21.6). Mutation spectrum was broader in the case
of Co 94012 for morphological characters whereas, cultivar Co 86032 exhibited a
wider range of mutations for quality and yield characters. The range of mutations
obtained for cane yield attributing characters was 0.09–0.38% for different doses of
gamma rays and cultivars. In the case of yield attributing characters, maximum
mutations are obtained for cane weight per plant (0.023%) followed by cane diame-
ter and cane height. So far, 22 sugarcane mutant clones were found promising for
agronomic and biochemical characteristics (Table 21.3). The results on the reaction
of ten sugarcane mutants to red rot showed that three mutants (AKTS-AKTS-03,
AKTS-05, AKTS-17) derived from variety Co-86032, one mutant (AKTS-15) of
CoC-671 and one mutant (AKTS-18) of Co-94012 showed moderate red rot and wilt
disease resistance. Biochemical and molecular profiling analyses were performed in
order to ascertain and establish a correlation of mutations and phenotypic influence.
Spatial dynamics of sucrose metabolizing enzymes in the different stalk tissues
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Plant material and explant preparation

Optimization of embryogenic callus induction, plant 

regeneration and acclimatization

1. Study of radiosensitivity of embryogenic calli to gamma radiation (0-80 Gy)

2. Study of sensitivity of calli to NaCl (0-250 mM)
3. Dose optimization

Gamma radiation of embryogenic calli with lethal 

and non-lethal dose (30, 40, 50 Gy)

Physio-biochemical characterization of selected calli

on NaCl (0-250 mM) containing culture medium

In vitro selection of irradiated calli on NaCl (100 

mM) containing culture medium 

Plantlet regeneration followed by acclimatization Field evaluation under ground nursery

Screening of mutants under saline soil 

conditions

Study of biochemical parameters after 

120 and 240 DAP

Selection of mutants on the basis of 

quantitative and qualitative characters

Fig. 21.4 Flow diagram of in vitro mutagenesis using gamma radiation for salt tolerance in
sugarcane. (Modified from Nikam et al. 2014)
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differing in maturity resulted in pinpointing with high sucrose accumulating mutants
(AKTS-02 and AKTS-20) having lower soluble acid invertase (SAI) enzyme
activities together with increased sucrose synthase (SS) and sucrose phosphate
synthase (SPS) activities (Mirajkar et al. 2016).
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Fig. 21.6 Gamma radiation-induced mutants of cultivar CoC-671 bearing variability in terms of
variations in eye bud, growth ring (a), auricle, dewlap and leaf sheath color (b)

At the Vasantdada Sugar Institute (VSI), Pune, India, the in vitro selection of
gamma irradiated embryonic callus of commercial cultivars Co740, Co86032, CoM
0265 on NaCl containing media was carried out. A total of 790 putative mutant
clones have been field screened for agronomic characteristics under normal as well
as saline soil conditions. Some of the mutant clones showed phenotypic variation
(Figs. 21.7, 21.8, 21.9, and 21.10). Out of which clone M3990, M4160, M4199,
M4209, M8733, M8737, M8754, and M8785 developed from Co86032 were
selected for their superior agronomic characteristics such as cane height, cane
girth, net millable cane (NMC) and commercial cane sugar (CCS). In another



Location
Improved
characters mutagenesis

for isolation and
selection of variants

attempt, clone M3489 developed from Co86032 through EMS-induced mutagenesis
also showed superior agronomic characteristics. These clones also showed superior
performance during consecutive agronomic trials over 3 years at VSI, Pune. Fur-
thermore, the evaluation of salinity-tolerant sugarcane mutant “M4209” was done
using transcriptomic and physio-biochemical profiling suggested that salt tolerance
was conferred by active transcriptional reprogramming coupled with enhanced
photosystem efficiency (Negi et al. 2020). Similarly, on the other hand, CoM0265-
derived mutant clones were analyzed for agronomic performance and physio-
biochemical analysis under saline field conditions. The clones showed a significant
correlation between lower leaf Na+ content and higher catalase and peroxidase
enzyme activities. The lower Na+ content of the mutant clones in turn showed a
negative correlation with improved yield and CCS (t/ha) (Purankar et al. 2022).
Mutant clones M8711, M8457, and M8721 developed from CoM 0265 showed
higher sugar content at the 12th month than parent CoM 0265 and also showed
superior yield at the 12th month on saline soil and subsequent field trials under
control soil conditions. In another study using EMS based mutagenesis, Dalvi et al.
(2021) isolated several mutants of sugarcane cultivar CoC 671 and evaluated
them for smut disease resistance along with agronomic and quality traits viz. early
maturity, high sucrose, high cane yield and for quality. Mutants VSI TC 2813 and
TC 2819 showed early maturity and high sugar content, and mutants 2813,
2819 were moderately to highly smut resistant.
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Table 21.3 Induced mutants of sugarcane developed in authors’ laboratoriesa

Parent
genotype
(s) selected
for
improvement

Trait(s) targeted
for introgression
through

Method(s) employed

Dr. Panjabrao
Deshmukh
Krishi
Vidyapeeth
(Dr. PDKV),
Akola, India

CoC-671,
Co-86032,
Co-94012

High
sugar
High
yielding

Improvements in
sucrose content,
agronomic traits
and disease
resistance

In vitro gamma
irradiation of callus
culture, in vitro and ex
vitro selections

Vasantdada
Sugar Institute
(VSI), Pune,
India

CoM-0265,
Co-86032,
Co-740

High
sugar
High
yielding

Salinity tolerance,
disease resistance
and improvement
in agronomic
traits

In vitro callus
culture—gamma
irradiation and/or
treatment with EMS,
in vitro and ex vitro
selections

Vasantdada
Sugar Institute
(VSI), Pune,
India

Co-86032 High
yielding,
disease
resistance

Disease
resistance,
drought tolerance
and improvement
in agronomic
traits

In vitro callus
culture—treatment
with EMS, in vitro and
ex vitro selections

a BARC (Mumbai) in collaboration with Dr. PDKV (Akola), and VSI (Pune)
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Fig. 21.7 Field trials of gamma radiation-induced mutants of important sugarcane genotypes
(Co86032, Co 740, and CoM 0265) for agronomic and yield performance
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d) M8737c) M8733 e) M8785b) M8151a) Co86032

Fig. 21.8 Variations in phenotypic characters observed in gamma radiation-induced mutant clones
(b–e) of variety Co86032 (a)

a) CoM-0265 b) M8299 c) M8457 e) M8711 f) M8721d) M8463

Fig. 21.9 Variations in phenotypic characters observed in gamma radiation-induced mutant clones
(b–f) of CoM 0265 (a)

Fig. 21.10 EMS-induced mutants (b–f) of variety CoC 671 (a) selected for smut disease resistance
and yield
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21.4 Mutagenomics and Advances in Post-mutagenesis
Analyses

With the rapid advancement in crop genomics and availability of whole genome
sequences, the mutation discovery and characterization of induced mutants have
greatly benefitted (Suprasanna and Jain 2017). It has been shown in several studies
that induced mutations constitute genome alterations, small insertions and deletions
(indels), chromosomal aberrations, duplication of genes, and transposable element-
mediated insertion/deletion events (Nogue et al. 2016; Negi et al. 2016). Detailed
studies of mutants have led to the development of (1) mutant cultivars and (2) a
genetic resource for functional genomics studies (Jo and Kim 2019). Advances in
genomics technologies including Next-generation sequencing have made great
strides in unraveling the nature and characterization of mutations at the whole-
genome level and linking of candidate genes with the mutant phenotypes (Oono
et al. 2020; Negi et al. 2020). In sugarcane, Negi et al. (2020) used an integrated
approach of genomics and physiological, biochemical analyses to understand the salt
tolerance trait of the radiation-induced sugarcane mutant line. It was suggested that
mutant trait was associated with efficient photosystem and active transcriptional
reprogramming of several metabolic processes, transmembrane transport, and pho-
tosynthesis leading to yield improvement under saline conditions.

Genomics techniques are now available to detect genetic variation, TILLING
(Targeted Induced Local Lesions IN Genomes), ecoTILLING, resequencing, RNAi
(RNA interference), mismatch site-specific mutagenesis, homoeologous recombina-
tion, forward and reverse genetics via transposable elements, gene replacement, gene
addition, and transcriptome modification by mutagenic treatment, aneuploidy, and
uniparental chromosome loss (Phillips and Rines 2009). Understanding the mutant
gene structure, function, spatial and temporal expression, and genetic regulation can
be useful for trait modification aimed at plant improvement. Both TILLING,
ecoTILLING have been useful in sugarcane (McIntyre et al. 2006). TILLING
(targeting induced local lesions in genomes) technique has transformed mutation
research with the provision to isolate specific mutations (MutTILLING) (Wang et al.
2012) especially to explore targeted mutational events in plant species where very
limited genomic resources are available, and transformation and forward genetic
screens, often not easy. TILLING also offers a distinctive advantage of being a
non-genetic manipulation (non-GM) based technology and has direct application
especially in developing countries where necessary biosafety regulatory setup is still
not in place.

In polyploidy plant species, genes are often represented by multiple
homoeologous copies having high sequence identity. This cause additional barrier
during usual phenotype-based forward genetic screening processes (Lawrence and
Pikaard 2003). Despite this peculiarity, mutation discovery in polyploidy crop plants
is challenging because polyploidy genome absorbs mutations at higher densities.
TILLING platforms are available for polyploidy (PolyTILLING) crop plants such as
Brassica (Gilchrist et al. 2013) and wheat (Uauy et al. 2009; Singh et al. 2015).
Hence, PolyTILLING provides well-suited implications for mutation discovery in



polyploids and facilitates the identification of large allelic series in target genes
involving screening of a relatively small number of individuals (Wang et al. 2012;
Chen et al. 2014).
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TILLING for vegetatively propagated plants (VeggieTILLING) such as apples,
bananas, citrus, cassava, grapevine, hops, and potatoes is important for global
economies and also for food security in developing nations. Sugarcane is a yet
another unique crop plant which has a high ploidy genome and is very often
propagated vegetatively. Tissue culture mutagenesis can also be considered in
facultative vegetatively propagated species where seed propagation is possible.
Development of TILLING platforms for banana and cassava is being established
(Wang et al. 2012). Therefore, under the current scenario of lack of whole genome
sequence for sugarcane, attempts of TILLING for mutation discovery are challeng-
ing but future endeavors are progressive and scintillating. Once desired mutant
alleles are identified and isolated, it can be easily introgressed into different genetic
backgrounds or the mutagenesis itself can be developed in advanced genetic
material.

21.5 Mutagenesis Through Genome Editing in Sugarcane

Being a polyploid, sugarcane crop has several interesting complexities which often
pose difficulties for improvement through conventional breeding methods
(Thirugnanasambandam et al. 2018). Techniques of genome editing (GE) have
revolutionized the improvement of crop plants, and in sugarcane, there has been a
steady progress in optimizing the tool-box for editing traits of agronomic and
industrial importance (Meena et al. 2020; Mohan et al. 2022). The technique can
enable a speedy mode of introduction of specific mutations on both single and
multiple genes precisely (Mohan et al. 2022). Initial successful attempts have been
made using TALEN (transcription activator-like effector nuclease) by Jung and
Altpeter (2016) to generate target (lignin content) mutations in COMT (caffeic
acid O-methyl transferase) gene upto 99% in 74% of transgenic lines which showed
29–32% reduction in lignin content. Oz et al. (2021) developed CRISPR/Cas9-
mediated co-editing method enabling precise targeting of multiple alleles in sugar-
cane. Authors observed specific nucleotide substitution in the acetolactate synthase
gene in the GE lines. In another study, multiallelic editing of magnesium chelatase
subunit I was successfully achieved in sugarcane to develop a scorable phenotype
based on the CRISPR/Cas9-mediated targeted mutagenesis of magnesium chelatase
alleles and reduced chlorophyll content in GE lines (Eid et al. 2021). Using the
TALEN-mediated GE method, Kannan et al. (2018) further observed up to 19.7%
lignin reduction in the field-grown mutant lines and higher (43.8%) saccharification
efficiency. Genome editing mediated mutagenesis has shown considerable interest
and more studies are underway to capitalize on the potential of this technology to
functionally validate genes of agronomic and industrial interest in sugarcane.
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21.6 Conclusions

The isolation and deployment of mutations can be augmented through the use of
in vitro cell and tissue culture techniques in vegetatively propagated crops while
molecular biological tools can aid in the rapid genotyping of the mutational events.
There have been substantial technological developments in the in vitro techniques,
mutation induction, screening and utilization of mutants. With the expansion of
genome resources and techniques for modifying specific genes, the area of muta-
genesis is passing through a phase of resurgence. In addition, induced mutation
technology offers a way to avoid biosafety and socio-ethical concerns associated
with the use of transgenic methods. Sustained research and awareness about the
potentials of mutagenesis will let researchers realize the increasing potential of
induced genetic variation in sugarcane crop improvement. Future advancements
are indeed necessary for overcoming some of the technical and practical hurdles
and perceive the potentials of conventional and advanced mutagenic tools in
sugarcane.
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Induced Mutations for Developing New
Ornamental Varieties 22
M. Tütüncü, K. Y. Kantoğlu, B. Kunter, and Y. Y. Mendi

Abstract

The ornamental plant industry is a dynamic and diverse sector worldwide. Plant
breeders develop a great number of new cultivars each year to increase production
and supply market demands of the ornamental plants. Mutation breeding is a
highly effective method for creating genetic variability in ornamental plants with
desirable characters expected within a given species’ genetic scope. A mutation
creation is called induced mutagenesis of which results are varied according to
mutagens and the type of the technique and it is a random process. The target-
selected mutagenesis including the random mutagenesis and selection of mutants
at a selected locus belongs to this category. By the present, mutations were
induced by treatments with physical and chemical mutagens and sometimes
their combination. However, biotechnological approaches such as transposable
elements, disrupting the gene through the insertion of a DNA fragment and using
molecular techniques to create a mutation at a defined site in a DNA molecule
have been used to obtain mutations since the development of recombinant DNA
technology. There are about 720 ornamental mutant cultivars developed by
mutation breeding studies that have been accelerated with tissue culture
techniques since the 1970s. In vitro mutagenesis provides for the isolation of
chimeric tissues and the propagation of irradiated tissues in mainly vegetatively
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propagated plants. In addition, in vitro techniques can be supported to the
breeding program before, after, and during the mutagen treatments, allowing
the scientist to perform the studies timeless and independently of environmental
conditions. In vitro techniques have been commonly used in mutation breeding
since in vitro technologies were extensively developed. This chapter presents a
brief history of mutation breeding in ornamentals and in vitro mutagenesis
strategies in ornamental plants.
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22.1 Introduction

The ornamental plant industry is very active and has many kinds of sectors that
comprise cut flowers and cut foliage, flower bulbs, potted flowering as well as
foliage plants and bedding plants. Ornamental plant production areas worldwide
have increased by 17.75%, reaching over 1.7 million ha in the last 9 years between
2009 and 2017. The production value has increased by 46.44% in the same period,
and it reached approximately 65.2 billion Euros. Among the ornamental crop
groups, outdoor ornamental plants have the highest production area, with more
than 1.9 million ha. In contrast, cut flowers and indoor ornamental plants have the
highest production value with 35.5 million euros (Kazaz et al. 2020).

Plant breeding aims to change and improve the genetic structure of plants
considering its economic benefits. Plant breeders develop plenty of new flower
varieties, altering plant traits such as pigmentation, flower shape, or prolonged
shelf life because of market demands each year (Tutuncu et al. 2017; Datta 2020).
Genetics became a fundamental science of plant breeding after Gregor Johann
Mendel discovered the laws of heredity in the nineteenth century. However, further
advancements in plant breeding took place when the hybridization methodology was
developed (Oladosua et al. 2016). New genetic variability in plant breeding is
formed via hybridization among parental lines in their genomic structure’s face of
desired traits. The breeders aim to combine these traits from different sources and
then selection of individuals is performed considering breeding targets (Schum
2003). Various conventional methods such as selection and hybridization methods
are used in plant breeding programs. Selection is the oldest technique among
conventional breeding, and it has still been widely used for crop improvement. It
is accomplished primarily based on visual appearance. Armed with a mental picture
of the target trait, the person conducting the operation visually discriminates among
the available variability based on appearance to identify and select desirable plants
(Acquaah 2015; Datta 2020).

Variability is highly essential to allow the breeders to select cultivars considering
the following criteria: (a) more adapted to environmental changes, (b) more efficient
in utilizing nutrients, (c) more tolerant to diseases and pests, and (d) improved in



yield and quality (Donini and Sonnino 1998). The variability attributed to genes that
encode specific traits and can be transmitted from one generation into the next is
described as a genetic or heritable variation. There are three ways in which genetic or
heritable variability originates in nature; gene recombination, modifications in
chromosome number, and mutations. The significant fact to note is that, rather
than wait for them to occur naturally, plant breeders use various techniques and
methods to manipulate these three phenomena more and more intensively, as they
generate a genetic variation for their breeding programs (Acquaah 2007; Datta 2020;
Nelka et al. 2021).
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Mutation breeding is a sophisticated process with specific jargon known at the
beginning of the mutation studies. A mutation is a term used for the heritable
changes that occur suddenly in the DNA in a living cell. These changes in the
DNA are not caused by genetic segregation or genetic recombination
(Roychowdhury and Tah 2013; Hernández-Muñoz et al. 2019). Mutations have
been shown as a way of procreating variations in a variety (Çelik and Atak 2017).
Although spontaneous mutation can be found in nature, it is not easy to distinguish.
The results of spontaneous mutation and recombination in populations interact with
environmental factors as genetic variations (Novak and Brunner 1992). The fre-
quency of spontaneous mutation is shallow (1 × 10-6) (Suprasanna et al. 2017), and
the usage of spontaneous mutations in plant breeding programs is not possible
(Lönnig 2005; Oladosua et al. 2016; Suprasanna et al. 2017).

The mutation can also be formed via experimental tools that are termed mutagen.
The process of mutation creation is called mutagenesis of which results are varied
according to mutagens and the type of the technique. “Induced mutagenesis” and
“mutation induction” have common meanings for the process of mutation induction
using physical and chemical mutagens, and it is a random process. In addition,
target-selected mutagenesis including the random mutagenesis and selection of
mutants at a selected locus belongs to this category. Newer biotechnological
approaches such as transposable elements, disrupting the gene through the insertion
of a DNA fragment (insertional mutagenesis) and using molecular techniques to
create a mutation at a defined site in a DNA molecule (site-directed mutagenesis)
have been used to obtain mutations since the development of recombinant DNA
technology (Forster and Shu 2011; Spencer Lopes et al. 2018). Mutations are
broadly classified based on the effects of an organism. The first mutations were
applied successfully and observed mutants were described based on their
phenotypes. Classification of the mutations at the genotypic level can be mainly
divided into intragenic or point mutations (occurring within a gene in the DNA
sequence), intergenic or structural mutations within chromosomes (inversions,
translocations, duplications, and deletions), and mutations leading to changes in
the chromosome number (polyploidy, aneuploidy, and haploidy) (Pathirana 2011).
Plant breeders mainly target point mutations (recessive) because more extensive
chromosome mutations have several adverse effects like reduced fertility of male
and female flower parts. However, reduced fertility in vegetatively propagated plants
is not prominent and sometimes is even desired (Kharkwal 2011).
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Mutation breeding is one of the techniques in conventional breeding systems that
mutagenesis is used during the processes by breeders. In ornamental plant breeding,
phenotypic mutations are valuable tools to produce new cultivars for the breeders.
Unlike improvement of fruit or vegetable cultivars through mutation breeding
techniques, ornamental plants are superior experimental materials for mutation
breeding studies because deviant leaf/flower color or shapes can be approved as
the economically important traits in ornamental plant markets by the consumer.
Additionally, high mutation frequency can be seen in ornamental plants due to their
heterozygous nature (Suprasanna et al. 2017). However, vegetable or fruit cultivars
having abnormal fruit shapes or colors may not be approved quickly by the markets
due to consumers’ consumption patterns.

22.2 A Brief Mutation Breeding History of Ornamental Plants

The use of mutant plants for human welfare has been presumably started from the
beginning of agriculture. Spontaneous mutation and mutant plants were used to
improve new cultivars and enlarge genetic diversity in a population by the breeders
for the centuries. The history of plant mutation traced back to 300 BC with reports of
mutant crops in China (Muller 1927). Although there are early examples in plant
breeding through mutation breeding, spontaneous mutant “morning glory” (Ipomoea
nil) in Japan in the late seventeenth century is a significant milestone of spontaneous
mutations for ornamental plants. In 1741 and following years, Carl Von Linnaeus
described various mutants. In the late nineteenth century, while the Dutch scientist
Hugo de Vries was experimenting on the “rediscovery” of Mendel’s laws of inheri-
tance, variations were found in evening primrose (Oenothera lamarckiana) and
snapdragon (Antirrhinum majus). This variation differed from others in that it did
not follow Mendelian patterns of inheritance (3:1), but it was nevertheless heritable.
For the first time, mutation as a mechanism of creating variability was identified in
1901. The mechanism of heritable changes was distinct from recombination and
segregation (Muller 1927).

At the beginning of the twentieth century, Dutch scientist Hugo de Vries
suggested using X-rays for mutation induction after discovering X-rays. This sug-
gestion has opened a new door for mutation breeding studies. X-ray was improved
nearly 25 years later to induce mutation in barley (Stadler 1928a) and other plants
(Stadler 1928b; Broertjes and Van Harten 1988; Van Harten 1998).

The history of mutation breeding in ornamental plants started with the first
observation on mutation studies in evening primrose and anthurium plants. How-
ever, this attempt was mainly based on the variations and their heritance. It did not
aim to improve any genetic material during the first years of experimental mutation
induction studies. The fundamental studies on mutation breeding have led to under-
standing the practical significance of mutation, especially in vegetatively propagated
ornamental plants that are very suitable for applying mutation breeding. A new
useful mutation obtained from vegetatively propagated crops can easily be
maintained by clonal propagation. The work of Naylor and Johnson on African



violet (Saintpaulia ionanthä) in 1937, has historical importance in mutation breed-
ing in vegetatively propagated crops. They observed that the adventitious buds were
originated from a single (epidermal) cell origin when the petiole base of cut leaves of
African violet was cultured. These findings proved to be of great practical signifi-
cance for mutation breeding, and similar observations were made in other plant
species later (Broertjes and Van Harten 1988; Datta 2020).
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Tulip cultivar “Faraday” is the first mutant commercial ornamental plant obtained
via irradiation method in 1949. The cultivar differed from its parent in terms of
altered flower color (Van Harten 2002; Schum 2003). The cooperation of FAO
(Food and Agriculture Organization of the United Nations) and IAEA (International
Atomic Energy Agency) is another milestone in plant mutation breeding. In 1964,
FAO and IAEA created the Joint FAO/IAEA Division as a strategic partnership to
mobilize the talents and resources of both organizations and hence to broaden
cooperation between their Member States in the peaceful application of nuclear
science and technology safely and effectively to provide their communities with
more, better, and safer food and agricultural produce while sustaining natural
resources (IAEA 2018a; Spencer Lopes et al. 2018). The Mutant Variety Database
was also established under the division by FAO and IAEA to document officially
released mutant varieties from the member countries worldwide (IAEA 2018b).
FAO and IAEA’s established division and database allow us to follow effective
plant breeding programs using induced mutation and their outcomes.

The first mutant ornamental plant, the tulip cultivar Faraday was officially
approved in 1949. It was developed by irradiation with X-rays that improved
attribute of mutant variety is flower color. In 1954, the second tulip mutant cultivar
Estella Rijnveld developed by irradiation with X-rays, was approved. It was mainly
improved the attribute of mutant variety is flower color.

Another mutant population creation can be done by using ion rays. Ion rays,
including proton, helium, and more heavily charged particles, accumulate high
energy locally than gamma rays or X-rays. The biological effect of ion rays has
been investigated in detail with studies since the 1960s, and it has been found that
ion rays show higher relative biological effect (RBE), lethality, and cell inactivation
compared to low LET (linear energy transfer) radiation such as gamma rays and
X-rays (Tanaka et al. 2010). While it was determined that ion rays mainly affect
single or double-stranded DNA breaks with low reparability, the precise effects of
ion rays on mutation excitation have not been fully clarified with the studies
conducted in those years, whether they provide an advantage over gamma rays
and chemical mutagen applications. However, as a result of the advancements in
the use of ionizing radiation in different areas, studies on the usability of proton,
helium, and carbon-based ion beams in plant breeding have been carried out more
effectively since 1991. Many countries, especially Japan, have begun to conduct
serious research on this subject. Studies have been carried out intensively in many
plant species, especially in vitro and in vivo mutation breeding studies in ornamental
plants. Many mutant varieties are produced in this way. Ion rays have been used
intensively for cut flowers, potted plants, and bedding plant breeding programs for
the last two decades (Tanaka et al. 2010). So many mutant varieties were generated



by in vitro and in vivo mutation studies by using this kind of irradiation sources in
carnation (Okamura et al. 2012), chrysanthemum (Tanaka et al. 2010; Tamaki et al.
2014), rose (Yamaguchi et al. 2003), cyclamen (Ishizaka et al. 2012), Saintpaulia
ionahta (Zhou et al. 2006), lily, Limonium spp., Gypsophila spp., Gentiana spp.,
tulip, Delphinium spp., hydrangea, petunia, begonia, Dendrobium spp., and Cym-
bidium spp. (Hase et al. 2012; Yamaguchi 2018).
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In mutation breeding studies, it is crucial to determine the effective mutation dose
(EMD 50) and lethal dose (LD 50) values for the genetic material to be studied,
regardless of the plant species to be studied, and to establish the mutant population,
especially based on the effective mutation dose. This point, which seems like a small
detail for many researchers, has a significant effect on the study’s success. If the
correct physical or chemical mutagen dose is applied and the breeding work is
started, it will be beneficial to increase the diversity of the variation created by
ensuring that the mutation frequency is captured at a higher rate. For this reason, it is
important to determine the effective mutation dose by trying at least seven doses,
depending on the characteristics of the material to be studied (seed, vegetative
material, in vitro plantlet, etc.) (Anonymous. 2018; Haspolat et al. 2019; Kantoğlu
and Kunter 2021).

According to the “Mutant Variety Database,” 3365 officially released mutants in
about 225 species are listed (IAEA 2021). Seventy-two member states of the
database introduced these mutants, and the usage category of the mutants is
illustrated in Fig. 22.1. By 2021, China has the highest number of mutant varieties
among countries with more than ten percent of the total mutants, and Japan and India
follow it. The rest of them are distributed among other countries (Fig. 22.2). By
2021, there were 720 ornamental mutant varieties documented in more than
20 countries (Fig. 22.3). Holland releases the highest number of ornamental mutants,
and it is in parallel with the activity of the countries in the ornamental plant market.
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Chrysanthemum sp. is defined as a model plant for mutation studies due to high
susceptibility to mutation breeding and mutational differences in flower morphology
can be obtained very easily. On the other hand, it is also an important commercial
flower produced with mutation breeding using gamma rays and X-rays (Datta 2014;
Yamaguchi 2018). In addition, chrysanthemum is a valuable ornamental plant
species in the market due to its natural flower colors and plant habitus (Fig. 22.4).
Considering the officially released mutant number among ornamental plant species,
it is the most common ornamental plant species (Fig. 22.5).

In 1960, after 4 years of the mutant tulip varieties released, two rose mutants,
“Pink Hat” and “Paula,” were officially approved. These were the first ornamental
mutants of the USA. Both mutants were improved with gamma irradiation, and
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Fig. 22.4 “Brandevil” a commercial cultivar of chrysanthemum and mutant types with different
flower colors and plant habitus induced by gamma irradiation of original variety. (Courtesy of
Dr. K.Y. Kantoğlu and Dr. B. Kunter, Turkish Energy Nuclear and Mineral Research Agency,
Nuclear Energy Research Institute, Ankara, Türkiye)
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mainly flower colors of the mutants differed from their parents. In 1961, the mutant
variety of Antirrhinum Juliva was obtained in Germany. It was developed by
hybridization with X-rays irradiated mutant A. divaricata. The first carnation mutant
was obtained from irradiated rooted cuttings with gamma rays in the USA. The main
improved attributes of mutant variety were fewer ray flowers staying longer after
cutting. In 1960, the mutant variety “Izetka Kopenicker Barbarossa Goldkissen” and
“Izetka Kopenicker Barbarossa Rotstern” of chrysanthemum, which has the highest
number of the mutant variety at present, were developed by treatment with X-rays
(10–25 Gy) in Germany (IAEA 2018b).
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In the late 1960s, chemical and physical mutagens were started to use for
inducing mutant varieties. The streptocarpus was the first species used as a material
to induce mutation with both chemical and physical mutagens. The mutant variety
“Purple Nymph” was developed by irradiating detached leaves with X-rays and
colchicine. The main improved attributes of mutant variety were a giantflower,
purple flower color, plant sturdier, and the rest of genotype unchanged. An exciting
example of the mutant ornamental plants was the “Raymond Smith” semi-cactus
mutant variety developed by irradiating dormant tubers with X-rays (20 Gy) in 1970.
The listed mutants were mainly improved in agronomic and some of the plant
morphological characteristics, while the mutant variety “Raymond Smith” had a
new physiological trait as semi-cactus. In the 1980s, in vitro techniques such as
meristem and anther culture were used to start induced mutations in ornamental
plants. In 1983, Barton et al. (1983) successfully transferred an exogenous DNA into
a tobacco plant using Agrobacterium tumefaciens as a vector. It opened the door to
transgenic technology that enables the transfer of genes to host plants from any
source. However, transformation efficiencies are generally low, and protocols are
dependent on species or even cultivar dependent (Donmez et al. 2013). Then, several
ornamental plants have been engineered for flower color modifications (Kishi-
Kaboshi et al. 2018). Petunia, unable to produce pelargonidin-derivatives as a
pigment, was the first genetically modified ornamental plant for flower color. A1
gene from maize transferred into RL01 and intermediate pelargonidin biosynthesis
provided by Meyer et al. (1987). Additionally, rose and chrysanthemum do not have
violet or blue varieties due to lack of flavonoid 3′,5′-hydroxylase which is a key
enzyme in the synthesis of delphinidin, and purple/violet and blue flower in rose and
chrysanthemum were produced by transferring the A3′5′GT gene. At present, more
than 50 ornamental plants have been genetically modified (GM) via gene transfor-
mation but, most of them are not on the market due to a lack of regulatory approval
(Boutigny et al. 2020). In the International Service for the Acquisition of Agri-
biotech Applications (ISAAA) GM Approval Database, 23 GM events of
19 carnations, 2 petunias, and 2 rose are listed in 2022. In these GM studies,
A. tumefaciens was used to transfer genes responsible for flower color, herbicide
tolerance, and vase life to carnation, petunia, and rose (Table 22.1).

In parallel with the improvement of genetic transformation, somaclonal variation
has been used to obtain mutants. In 1986, the mutant variety “CapliLuluby” of
geranium was the first officially developed mutant by somaclonal mutation through
anther culture. It was followed by “Gold On” a mutant Orchid variety developed by
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Table 22.1 Common genes were introduced to ornamental plant species via A. tumefaciens and
their functions (ISAAA 2022)

Species Gene Source Product Function

Carnation dfr Petunia
hybrida

Dihydroflavonol-4-
reductase (DFR)
hydroxylase enzyme

Catalyzes the production of
the blue-colored
anthocyanin pigment
delphinidin and its
derivatives

hfl
(f3′5′
h)

Petunia
hybrida

Flavonoid
3′,5′-hydroxylase (F3′5′
H) enzyme

Catalyzes the production of
the blue-colored
anthocyanin pigment
delphinidin and its
derivatives

surB Nicotiana
tabacum

Herbicide-tolerant
acetolactate synthase
(ALS) enzyme

Confers tolerance to
sulfonylurea herbicides and
other acetolactate synthase
(ALS) inhibiting herbicides

bp40
(f3′5′
h)

Viola
wittrockiana

Flavonoid
3′,5′-hydroxylase (F3′5′
H) enzyme

Catalyzes the production of
the blue-colored
anthocyanin pigment
delphinidin and its
derivatives

sfl
(f3′5′
h)

Sage (Salvia
splendens)

Flavonoid
3′,5′-hydroxylase

Involved in the biosynthesis
of a group of blue-colored
anthocyanins called
delphinidins

dfr-
diaca

Carnation
(Dianthus
caryophyllus)

Dihydroflavonol-4-
reductase enzyme

Functions in the
biosynthesis pathway of the
pink/red-colored
anthocyanidin 3-O-(6-O-
malylglucoside) pigment in
carnations

cytb5 Petunia
(Petunia
hybrida)

Cytochrome b5 Cyt b5 protein acts as an
electron donor to the Cyt
P450 enzyme and is
required for total activity of
the Cyt P450 enzyme
Flavonoid 3′,5′
hydroxylase in vivo and the
generation of purple/blue
flower colors

acc Dianthus
caryophyllus

A modified transcript of
1-amino-cyclopropane-
1-carboxylic acid (ACC)
synthase gene

Causes reduced synthesis of
endogenous ethylene
through a gene silencing
mechanism and thus
delayed senescence and
longer vase life

Petunia uidA Escherichia
coli

Beta-D-glucuronidase
(GUS) enzyme

Produces blue stain on
treated transformed tissue,
which allows visual
selection



somaclonal mutation by mericlone culture in 1995, the mutant variety Sumi-takara
was of chrysanthemum developed by somaclonal mutation through anther culture in
1991, “Cocktail Dress” and “Sherley Baby White” variety of Cymbidium sp. and
Oncidium sp., respectively, in 1997, “Kishu Kasumi 1 Gou” mutant variety of
Gypsophila elegans M. Bieb. in 2000, and so on. In 2010, “Abhimanyu” variety
of Bougainvillea sp. is a spontaneous mutant detected as a mericlinal chimera in a
very old and injured plant of gamma-ray induced mutant “Arjuna.” The spontaneous
mutant has been isolated in pure form by the air layering method and released as a
new cultivar (Yamaguchi 2018).
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Table 22.1 (continued)

Species Gene Source Product Function

Rose 5AT Torenia sp. Anthocyanin
5-acyltransferase (5AT)
enzyme

Alters the production of a
type of anthocyanin called
delphinidin

bp40
(f3′5′
h)

Viola
wittrockiana

Flavonoid
3′,5′-hydroxylase (F3′5′
H) enzyme

Catalyzes the production of
the blue-colored
anthocyanin pigment
delphinidin and its
derivatives

The developments in molecular approaches involve to detection mutational
events can be characterized by using molecular marker-based tools such as cDNA-
amplified fragment length polymorphism (AFLP), single-strand conformational
polymorphism (SSCP), serial analysis of gene expression (SAGE), microarray,
differential display, TILLING (Suprasanna and Jain 2017). For instance, TILLING
is one of the valuable techniques to detect random point mutations in populations
created by chemical mutagen such as EMS (Simsek and Kacar 2010). This tech-
nique, in 2021, is evaluated as low efficient to discriminate mutations in a complex
genome or multiple gene family members. They are now evolved combining with
sequence technology such as from TILLING to an optimized high-throughput
TILLING by target capture sequencing technology, or TILLING-by-Sequencing+
(TbyS+) (Lakhssassi et al. 2021).

Afterward, development in gene transformation technologies and other genomic
approaches lead to precise or targeted genetic modification tools such as engineered
homing endonucleases or meganucleases, transcription activator-like effector
nucleases (TALENs), and clustered regularly interspersed short palindromic repeats
zinc finger nucleases (ZFNs) and CRISPR-Cas9. These novel tools allow efficient
and directed modification introduced into cultivated varieties while taking advantage
of existing natural genetic variation or through induction of mutations (Suprasanna
and Jain 2017). However, the use of these modern tools is minimal due to inadequate
optimized gene transformation protocol for the ornamental plant species, little DNA
sequence information, and the expensive cost of the procedures compared to the
older method used in ornamental plant breeding through mutation induction (Melsen
et al. 2021).
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By the present, mutations were induced by treatments with physical mutagens
(mainly X-rays, gamma rays, and ion rays), chemical mutagens (mainly EMS-ethyl
methanesulfonate, DMS-dimethyl sulphate, Colchicine) and sometimes their com-
bination considering listed ornamental mutant varieties at the FAO/IAEA database.
These mutant varieties have been modified for traits such as flower shape, flower
color, stem length, leaf size, plant height, flowering and harvest time and resistance
to edaphic factors.

22.3 The Role of In Vitro Techniques in Mutation Breeding
of Ornamental Plants

The mutation induction studies have been experimentally performed over 70 years to
produce mutant cultivars by the developing agronomic and botanical characteristics
of the plants (Jain 2005). The most common mutagens used are chemical (alkylating
agents)-ethyl-nitrosourea (ENH), methyl-nitroso-urea (MNH), sodium azide (SA),
ethyl-methane-sulphonate (EMS), and physical agents–X-rays, gamma rays, fast
neutrons, ultraviolet, and laser (Jain 2000, 2005). Since induced mutation has
begun to study in crops, it has already been evaluated for ornamental crops by
in vitro techniques (Broertjes and Van Harten 1988; Oladosua et al. 2016; Pathirana
2011; Datta 2012, 2014, 2020). Ion beams irradiation is a common technique to
induce mutation in ornamental plants. Ion beams consist of ion particles that are
accelerated by a cyclotron. The resulting high linear energy transfer (LET) radiation
has greater biological effects on plants than low LET radiation, such as gamma rays
and X-rays. The mutation induction via ion beam irradiation in ornamental plants has
been well documented by Yamaguchi (2018).

In the 1970s, the improvements of in vitro technology led scientists to use it in
experimental mutation studies to assist mutation breeding programs. In later studies,
it has been determined that higher mutation rates can be obtained using in vitro
techniques and radiation applications (Suprasanna et al. 2015). At present, these
techniques have become powerful tools in breeding ornamentals such as alstroeme-
ria, begonia, chrysanthemum, carnation, dahlia, and streptocarpus. Mutation induc-
tion in in vitro, called in vitro mutagenesis, refers to creating mutation by treating
explants or in vitro cultures (protoplasts, cells, tissues, and organs) with a mutagen,
followed by mutant screening/selection and characterization (Suprasanna et al.
2012). In vitro cultures such as organogenesis, meristem culture, anther culture or
ovary culture, and somatic embryogenesis in conjunction with mutation breeding
significantly contribute to improving new crops and new varieties (Maluszynski
et al. 1995; Çelik and Atak 2017; Abdulhadi et al. 2019).

Initial in vitro mutation studies had focused to use adventive shoot tips on
Streptocarpus sp. (Broertjes 1969), Achimenes sp., and Saintpaulia sp. (Broertjes
1972), Begonia sp. (Brown and Harney 1974), Kalanchoe sp. (Nakornthap 1974),
and Chrysanthemum morifolium (Broertjes and Roest 1976) species. Using multi-
cellular structures such as shoot tips as explant resources in in vitro mutagenesis
leading to form chimeras is a significant problem in plant regeneration after



treatments. However, somatic embryogenesis prevents chimeras because it consists
of a single cell origin, and a whole mutant plant can be formed from mutagenized
somatic embryo cells. On the other hand, the low germination rate of somatic
embryos limits commercial production of mutant plants, so the combined use of
somatic embryogenesis and organogenesis can be suitable for mutation induction
and mass propagation (Suprasanna et al. 2012).
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The main advantages of in vitro mutagenesis compared with in vivo are that
mutagens can be treated to many homogenous individuals, developmental patterns
of explants can be synchronized, in vitro mass selection is possible, and reproducible
results can be obtained (Suprasanna et al. 2012). Explants can be uniformly treated
with physical and chemical mutagens, be grown in a uniform cultural environment,
and conducted with large populations within a limited space and at any time of the
year (Datta and Teixeira da Silva 2006; Haspolat et al. 2019).

In addition, the breeding program can be accelerated by in vitro selection,
propagation of mutants or mutant candidates and expression of induced mutations
in the pure homozygote obtained through microspore, anther, or ovary culture can
enhance the rapid recovery of the desired traits. On the other hand, the induced
mutation combined with in vitro culture techniques can be the only method of
improving an existing cultivar in some vegetatively propagated species
(Maluszynski et al. 1995; Su et al. 2019).

22.3.1 The Factors Affecting In Vitro Mutation in Ornamental Plants

The development of highly efficient tissue culture protocols must be optimized to
combine mutation breeding. Therefore, several factors such as plant material, in vitro
techniques, culture condition, choice of genotype, mutagens affect the processes. By
2018, tissue culture application in ornamental mutants that have been developed by
somaclonal mutation through tissue cultures such as anther culture or petal culture
alone or irradiation with X-rays and gamma rays directly tissue cultured explants
(Table 22.2).

When starting in vitro mutation breeding studies, the factors that will affect the
outcome should be considered. Limitations and advantageous factors are presented
below.

The advantages of in vitro mutagenesis are:

1. High mutation rate
2. Homogeneous mutation treatments
3. Use of single cell systems and application of selective agents to homogeneous

cell population
4. Requirement of less space to handle large population within a short time and

keeping the plant material disease-free and dependent on seasons
5. It allows controlling and monitoring all steps of in vitro cycles
6. It offers a broader choice of explants for mutagenic treatment such as root

segments, cuttings leaves, apical and axillary buds, anthers, tubers, microspores,



(continued)

682 M. Tütüncü et al.

Table 22.2 The mutant varieties developed by induced mutation techniques in combination with
tissue culture techniques (data source: Joint FAO/IAEA Mutant Variety Database)

Variety name Year Common name Description Improvement

Loncerda 1983 Carnation Irradiation of in vitro
culture with chronic
gamma rays

Resistance to
Fusarium oxysporum
and flower color
change to cherry red

Chaichoompon 1983 Carnation Irradiation of tissue
culture with gamma
rays (10 Gy)

White flower color
with pink strikes on
petal

Baiogiku
rainbow
yellow

1985 Chrysanthemum Irradiation with
gamma rays. Tissue
cultured from petal

Changed flower color
from red to yellow

CapliLuluby 1986 Geranium Somaclonal mutation
through anther culture

Changed flower

Golden
Cremon

1987 Chrysanthemum Irradiation of tissue
culture with gamma
rays (10 Gy)

Golden yellow ray
florets with anemone
disc florets

Capli Ice 1988 Geranium Somaclonal mutation
through petal culture

Hae-no-Hatsu-
yuki

1990 Chrysanthemum Irradiation of tissue
culture with gamma
rays

Yellowish white
flower color

Hae-no-
Kurenai

1990 Chrysanthemum Irradiation of tissue
culture with gamma
rays

Purple, pink flower
color

Hae-no-
Kirameki

1990 Chrysanthemum Irradiation of tissue
culture with gamma
rays

Yellowish orange
flower color

Hae-no-
Miyarabi

1990 Chrysanthemum Irradiation of tissue
culture with gamma
rays

Pale yellowish pink
flower color

Hae-no-
Yuugure

1990 Chrysanthemum Irradiation of tissue
culture with gamma
rays

Altered flower color

Hae-no-
Kagayaki

1990 Chrysanthemum Irradiation of tissue
culture with recurrent
gamma rays and
X-rays

Bright yellow flower
color

Ivory Memory 1992 Lily Irradiation of tissue
culture with gamma
rays

Pale orange yellow
petal color

Mei Wako 1993 Scotch broom Irradiation of tissue
culture with gamma
rays

Extremely short plant
and altered flower
color: pale yellow;
brown, deep purple
pink
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Table 22.2 (continued)

Variety name Year Common name Description Improvement

Mei Hiro 1993 Scotch broom Irradiation of tissue
culture with gamma
rays

Improved flower
color, outer standard
ground color:
rainbow; outer wing
color: deep reddish
brown

Mei Lord 1993 Scotch broom Irradiation of tissue
culture with gamma
rays

Brown outer keel color
and wide keel

Seto-no-otome 1994 Aster Irradiation of meristem
culture with gamma
rays

More ligulose flowers
and deep flower color

Mei Eve 1994 Scotch broom Irradiation of tissue
culture with gamma
rays

Extremely short plant
and flower color:
pinkish white, brown
reddish purple

Daifura
Lavender

1995 Statice Irradiation of tissue
culture with gamma
rays

Bright reddish purple
sepal color

Gold One 1995 Orchid Somaclonal mutation
by mericlone culture

Improved flower color

Daifura Pink
Super

1996 Statice Irradiation of tissue
culture with gamma
rays

Bright purple sepal
color and a smaller
number of floral stalks

White Lineker
OW-1

1996 Chrysanthemum Irradiation of in vitro
culture with X-rays

White flower color

Dai-lady Rose 1996 Statice Irradiation of tissue
culture with gamma
rays

Vivid yellowish green
petal color

Dai-lady White 1996 Statice Irradiation of tissue
culture with gamma
rays

Pinkish white sepal
color

Yellow Prism 1997 Chrysanthemum Irradiation of tissue
culture with gamma
rays

Erect flower petal and
bright yellow petal
color

Pearl Prism 1997 Chrysanthemum Somaclonal mutation
through anther culture

Erect flower petal and
more transparent petal

Cocktail Dress 1997 Boat orchids Somaclonal mutation
through tissue culture
(mericlone)

Improved petal color
and shape

Sherley Baby
White

1997 Orchid Somaclonal mutation
by mericlone culture

Improved flower color

Amazon 1998 Chrysanthemum Irradiation of tissue
culture with gamma
rays

Deep orange red
flower color

Royal
Wedding

1998 Chrysanthemum Somaclonal mutation
through tissue culture

Deep purple pink
flower color
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Table 22.2 (continued)

Variety name Year Common name Description Improvement

Kopurosu 1998 Japanese
lawngrass

Irradiation of meristem
culture with X-rays

Better spring vigor,
earlier green color of
leaf, and no browning
in winter

Mei Sum 1998 Scotch broom Irradiation of in vitro
culture with chronic
gamma rays

Dwarfness and altered
flower color: yellow
and deep red

Kirinade
Salmon

1999 Carnation Irradiation of tissue
culture with X-rays

Improved flower
surface and vivid pink
flower color

Garden-Spice
carnation
Marble
(Kirinade
Marble)

2000 Carnation Irradiation of tissue
culture with X-rays

Improved flower
surface and pinkish
white with vivid
purple red stripe
flower color

Kirimaji
Cherry Red
(Cherry Red
Wave)

2000 Petunia Irradiation of tissue
culture with X-rays

Vivid red monotone
flower color

Kishu Kasumi
1 Gou

2000 Annual baby’s-
breath

Somaclonal mutation
through meristem
culture

More wax on the leaf
surface and top of the
petal V-shape

Nazerea Grace
White

2001 Abelia Irradiation of callus
with gamma rays
(10 Gy)

Improved flower color
and form

Nazerea Soft
Pink

2001 Abelia Irradiation of callus
with gamma rays
(10 Gy)

Improved flower color
and form

Chikugo-
midori

2001 Mat rush Somaclonal mutation
from meristem culture

More long stems,
higher weight of total
long stems

Mrs. Elegant 2001 Carnation Somaclonal mutation
by tissue culture

Smaller number of
flowers per flower
stalk

Etenraku 2001 Chrysanthemum Somaclonal mutation
by tissue culture

Shorter stem

Pretty
Wedding

2001 Chrysanthemum Irradiation of in vitro
culture with X-rays

Bicolor outside pink
inside white flower
color

My Comfort 2001 Creeping bent
grass

Somaclonal mutant
from tissue culture

Taller plants

Pink Purple 2001 Melastoma Irradiation of callus
with gamma rays

Spot on the leaf and no
luster on the leaf

Boh-red 2002 Carnation Somaclonal mutation
through tissue culture

Vivid red flower color

Kirikami Red 2002 Carnation Somaclonal mutation
through tissue culture

Deep orange red
surface of flower
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Table 22.2 (continued)

Variety name Year Common name Description Improvement

Misty Pink
Vital Ion

2002 Carnation Irradiation of
regenerating callus
with C ion beam

Altered flower color
and petal shape

Red Vital Ion 2002 Carnation Irradiation of
regenerating callus
with C ion beam

Bright red flower color

Ion-no-Kouki 2003 Chrysanthemum Irradiation of in vitro
petal culture with
20 Gy C ion beams

Complex with light
yellow and pink

Ion-no-Mahou 2003 Chrysanthemum Irradiation of in vitro
culture with Ne ion
beams

Altered flower color
(light orange on
adaxial, dark yellow
orange on abaxial
side)

Hae-no-
Eiokou

2003 Chrysanthemum Irradiation of in vitro
petal culture with
50 Gy gamma rays
chronic

Mild orange flower
color

Hae-no-
Myoujou

2003 Chrysanthemum Irradiation of in vitro
petal culture with
50 Gy gamma rays
chronic

Bright yellow flower
color

Hae-no-
Yumeguruma

2003 Chrysanthemum Irradiation of bud and
petal cultures with
75 Gy gamma rays
chronic

Yellowish white color
and smaller flower size

Hae-no-
Awabeni

2003 Chrysanthemum Irradiation of in vitro
culture (leaf culture)
with 30 Gy gamma
rays acute

Light pinkish white
flower color

Princess
Kagawa

2004 Chrysanthemum Irradiation of in vitro
culture with X-rays

Reddish purple stem
color and petal color

Yua-red 2005 Carnation Somaclonal mutation
through meristem
culture

Vivid red flower color,
suspended flower, and
large flower

Dark Pink
Vital Ion

2005 Carnation Irradiation of
regenerating callus
with C ion beam

Altered flower color
and petal shape

Sunny Sky 2005 Larkspur Somaclonal mutation
by tissue culture

Shorter plant and
shorter inflorescence

Dong-i 2005 Cymbidium
orchid

Irradiation of in vitro
culture with gamma
rays (30 Gy)

Short plant and
marginal stripe ion
leaves

Emi-akari 2006 Chrysanthemum Irradiation of in vitro
culture with soft
X-rays

Irregulate petal color:
pale greenish yellow
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Table 22.2 (continued)

Variety name Year Common name Description Improvement

ARTIpurple 2011 Dendranthema
grandiflorum
(Ramat.)
Kitamura

Irradiation of young
in vitro plants

Unspecified

ARTIqueen 2011 Dendranthema
grandiflorum
(Ramat.)
Kitamura

Irradiation of young
in vitro plants

Unspecified

Yellow Sun 2014 Chrysanthemum Irradiation of ray floret
cultures with ion
beams

The smaller flower
head size

Majestic Pink 2014 Chrysanthemum Irradiation of ray floret
cultures with ion
beams

The shorter plant and
light pink flower color

KeenaPearl 2014 Orchid Protocorm-like bodies
(PLBs) of matured
self-pollinated seeds
exposed to gamma ray
at dose 35 Gy

Easy to grow and free
blooming with long
spike

KeenaPastel 2014 Orchid Protocorm-like bodies
(PLBs) of matured
self-pollinated seeds
exposed to gamma ray
at dose 35 Gy

Long and broad lip
with curled at the
edges of flower

Golden Eye 2014 Chrysanthemum Irradiation of ray floret
cultures with ion
beams

The flower has smaller
ray florets which are of
incurved type

Cream Marble 2014 Chrysanthemum Irradiation of nodal
cultures with acute
gamma (35 Gy) rays

Orangish red flower,
yellowish cream/green
variegated leaves,
medium height plant

ovules, callus, and suspension cells which are more suited to mutation induction
techniques as compared to in vivo structures.

Limitations and problems of in vitro mutations are:

1. Problems of regeneration capacity due to cell culture studies do not give positive
results for all types

2. Different gene sets that are hidden in cells
3. The inability to select the hereditary material of agronomic importance in the cell

culture stage and the loss of the desired material.

Considering all these factors, in vitro mutation studies are very effective in the
study’s success. The main factor affecting the success of in vitro mutation breeding



and other tissue culture techniques is the choice of genotype and explant source. The
responses of the selected genotype and explant source vary depending on the
regeneration capacity of the explant, mainly dependent on the donor’s genetic
structure. The regeneration capacity of the explant differs among species cultivars,
even in genotypes (Segui-Simarro and Nuez 2008; Tutuncu et al. 2017; Datta 2020;
Kantoğlu et al. 2021). Therefore, using a model plant with high regeneration
capacity provides high yielded outcomes in vitro.
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The use of meristematic, embryogenic tissues or embryos is a more appropriate
explant source than differentiated tissue in terms of genetic uniformity. Similar
advantages may gain with using explants from a young donor (IAEA 1983).

The mutagen treatments and choice of appropriate mutagen are crucial for
mutation induction. In the beginning, the scientists were hopeful that using chemical
and physical mutagens would be possible to induce gene-specific mutations. How-
ever, it was unrealistic due to the structure of DNA (Maluszynski et al. 1995).
Therefore, the choice of mutagen depended on the type of tissue to be treated, type
of mutation desired, and availability of mutagen and safety considerations (Harun
2001). In in vitro mutation induction studies, the following parameters were
investigated to establish procedures for experiment standardization; dose, pH,
chemical or physical properties of the agent, interaction with the culture medium.
The aim was to develop methods giving the highest rate of gene mutations with the
lowest chromosome and physiological damage (IAEA 1983; Van Harten 2002).

Additionally, the advantages and disadvantages of the selected mutagen should
be considered. The physical mutagens (ionizing radiation and UV) have high
reproducibility and high penetration in multicellular systems. However, they have
a possibly high degree of sterility in plants regenerated from treated culture. Some of
the difficulties occurred in reproducibility, which may be overcome by standardizing
application methods. On the other hand, chemical mutagens (ENUA, MNUA, EMS,
DES) result in predominately point mutation (Abdulhadi et al. 2019), less chromo-
some damage, high mutation rates, and possibly different mutation spectra compared
with physical mutagens. However, penetration of the chemical mutagens isn’t stable
in multicellular systems. Therefore, some difficulties can occur in standardizing
application methods. Most of the chemical mutagens have carcinogenic properties
(IAEA 1983).

The somaclonal variation is another way to develop plants in in vitro. The genetic
variation in tissue in vitro cultured plants is called somaclonal variation. Since
discovering the somaclonal variation, it has been great enthusiasm among plant
breeders and raised high hopes of exploiting such variations either directly or by
in vitro selection. Somaclonal variation can be observed as the changes in plant
qualitative and quantitative characteristics. However, the frequency of the variation
and its result on treated plants varied depending on genotype-specific. Somaclonal
variation in ornamental plants has been well reviewed by Jain et al. (1998).

The post-treatment handling and selection of mutant genotypes are crucial steps
after the in vitro mutagenic treatments. Mutated explants are cultured properly in
optimized culture media to continue growth and development to form the whole
plant, and then, desired mutant plants are selected. In the period from explants to



plant formation, a series of the subculture are needed depending on species, explant
type, and the way of plant regeneration. In the first vegetative period (M1V1) of
mutated material, screening mutations are not recommended because chimeras may
mask mutations. If the functional mutants are discovered at an early stage, the
stability of the mutants should be tracked in later generations, up to M1V4 or
M1V6 (Suprasanna et al. 2015). The selection of mutants is the final stage in
mutagenesis to identify and select desired mutant plants. In ornamental plants,
mutant selection based on visual characters such as leaf or flower color and morpho-
logical changes can be easily performed growing plants in field or greenhouse
conditions (Ibrahim et al. 2018). Additionally, desired traits such as disease resis-
tance or abiotic stress tolerance can also be selected in field conditions comparing a
control group. However, in vitro selection provides early selection choice adding an
inhibitor or an anti-metabolite into the culture medium and observing mutated cells
survival (Suprasanna et al. 2012; Kantoğlu et al. 2021).
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22.4 Conclusion and Prospects

The induced mutation was applied to many species from the beginning of the
experimental mutation induction studies. About 3365 officially released mutants in
225 species were successfully obtained and listed in FAO/IAEA database. There are
about 720 ornamental mutants in the database induced by treatments with physical
mutagens (mainly X-rays and gamma rays) and chemical mutagens (mainly EMS,
DMS, Colchicine). The improvements of in vitro technology have led to scientists
using it in experimental mutation studies to assist mutation breeding program that
has been accelerated with the usage of tissue culture techniques since the 1970s. The
isolation of chimeric tissues and the development of radioactively mutated tissues in
primarily vegetatively propagated plants are both made possible by in vitro muta-
genesis. In addition, in vitro techniques can be supported to the breeding program
before, after, and during the mutagen treatments, allowing the scientist to perform
the studies timeless and independently of environmental conditions. At present,
mutation breeding combined with mutation induction has been routinely applied to
ornamental plants to supply market demands, improve existing cultivars, and enlarge
variation in a genetic pool.

On the other hand, rapid and giant development in recombinant technology
provides novel biotechnological techniques such as gene transformation via
Agrobacterium sp. and genome editing with ZFNs, TALENs, TILLING,
kompetitive allele specific PCR (KASP), next generation sequence (NGS), and
CRISPR-Cas9 to breed plants toward a specific target. The usage of modern tools
in ornamental plants is limited due to inadequate optimized gene transformation
protocols for species, little DNA sequence information, and high cost. Besides novel
genomic editing techniques, modern tools are combined with classical mutation
techniques, and they are efficiently used to screen mutations in a genetic pool. At
present, mutation induction in combined with in vitro techniques still contribute to
developing new cultivars and modern biotechnological approaches may become



more convenient tools in ornamental plant breeding as the development of more
protocols specific to species, reducing the cost of process and sequencing genome
information in different species near future.
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Abstract

Genetic improvement of fruits for increasing production and productivity in the
era of climate change requires the desirable genetic variation, which is lacking
and hampers the breeding of fruit crops. Mutation breeding played a pivotal role
in crop improvement of already established genetic backgrounds as well as
generating desirable allelic variations for screening against improved horticul-
tural traits and tolerance against abiotic and biotic stresses. According to the
Mutant Variety Database (MVD) of fruit crops, mutants of fruit crops were
registered with many useful traits affecting plant size, blooming time and fruit
ripening, fruit color, self-compatibility, self-thinning, and resistance to
pathogens. Radiosensitivity studies prior to starting of large-scale mutagenesis
along with the application of in vitro technique significantly increase the muta-
genic efficiency and effectiveness. Resultant pre-breeding stock from various
radiation-induced mutagenesis programs in different fruit crops produced
mutants having improved horticultural traits, and abiotic and biotic stress toler-
ance. Further, the advent of molecular techniques interplays a significant role in
the characterization of genetic variation at early stages, to obtain desirable
mutants.
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23.1 Introduction

Climate change will have profound effects on the production and quality of fruit
crops. Most important issues concerning local and global climate change are the rise
of temperature, elevated atmospheric CO2 concentration, and greenhouse gases
which will directly or indirectly affect fruit crops, salinity and drought conditions,
leading to an impact on soil quality and thereby affecting overall crop production.
Floral phenological shifts, changed pollination scenario and population dynamics of
pollinators, insect-pest (extra generation and more period of activities of insect-
pests), as well as outbreak of new pests and diseases along with increased physio-
logical disorders, inferior fruit qualities, changed suitability and availability of
cultivars for current and future production, extreme heat-wave events, frost damage,
reduced availability of irrigation water, negative effect on soil due to extreme rainfall
and temperature are most important factors which can be associated with the impact
of climate change on fruit crops.

Mutation breeding is advantageous over conventional and transgenic breeding
because it precludes segregation progenies, and free from regulatory issues while
improving the genetic makeup of already established backgrounds by altering or
improving one or few traits. Spontaneous mutations have been exploited in past
decades for the improvement of different fruit crops, such as in apple, citrus (Liu
et al. 2007; Xiao et al. 2009; Latado et al. 2012), pear (Predieri 2001), grapes (Zhao
et al. 2015; Walker et al. 2006) etc., simply by selection of superior somatic mutants.
A large number of present-day commercial cultivars of fruit plants have their origin
as natural bud sports, but these are relatively rare events and the frequency of
spontaneous mutation is quite low in nature (Foster and Aranzana 2018). This pre-
vent the breeders to exploit them in a straightforward manner, that is why attempts
have been made to accelerate their rate artificially with the mean of certain
compounds. Induced mutagenesis has the ability to broaden the genetic background
of the elite crop cultivars. Mutagenic compounds are broadly categorized into two
main groups (Fig. 23.1).

Irradiation breeding played a prominent role to increase the desirable alleles in the
elite lines of various fruit crops. Various mutants of fruit cultivars with a wide range
of traits have been isolated and utilized for breeding programs, which are high yield,
plant size, blooming time, fruit ripening, fruit color, self-compatibility, self-thinning,
and showing resistance to pathogens, drought, and salinity.
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Fig. 23.1 Different types of mutagens used for in vivo and in vitro mutation breeding programs

23.2 Physical Mutagens

Different mutagenic agents such as X-rays, alpha (α), beta (β), and gamma (γ) rays
having nature of radioactivity grouped under physical mutagens category serve as
sources of radiation for past and on-going present mutational experiments on crop
plants (Sharma et al. 2020; Sharma and Thakur 2021). Physical mutagenesis was
more preferred over chemical mutagenesis in fruit crops, because of the difficulty in
treating the vegetative propagules in a reproducible way with chemicals. Of the
ionizing and non-ionizing radiations, the ionizing radiations (X- and γ-rays) have
been more efficient and frequently used for mutation induction in fruit plants, due to
their nature of scattered ionization in the tissue causing more physiological impact
than non-ionizing radiation type (Mba et al. 2010, 2012). The production sources of
X- and γ-rays are different, but they are allied to each other with respect to their
effect on biological material. However, Gray et al. (1943) reported the lethality order
of 1.5:1.0 at equivalent doses of X- and γ-rays. So, it is suggested to be differences
lie in their densities, thereby X-rays are more lethal. Recent four decades have
witnessed a lessening in the use of X-ray technology, while mutagenesis employing
gamma rays as a source has increased significantly owing to its safer use and
versatility. Another fact for the overwhelming use of gamma rays in fruit breeding
is highest number of fruit crop mutants 46 were registered under the Mutant
Varieties Database (MVD) under this category.

23.2.1 Fast Neutron Mutagenesis

Fast neutrons generally cause deletions ranging from a few hundred to a million
bases. Fast neutron-induced mutagenesis is an exceptional technique among the
other physical mutagenesis tools being employed in crop science in relation to higher
impact. Fast neutron was not previously as common as other physical mutagens in
fruit crops-mutagenesis, until the release of three Clementina cultivars



(López-García et al. 2012, 2015), and somewhat success in banana (Hautea et al.
2004), while the efficiency of thermal neutrons for apricot and grapefruit improve-
ment is reported as early in 1970–1980.
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23.2.2 Ion Beam Mutagenesis

Heavy-ion beams having high LET and RBE can effectively alter one or few traits
without disturbing the remaining genetic background of irradiated material and
induce a variety of mutagenic effects as compared to low-LET gamma irradiation
(Tanaka et al. 2010). Ion-beam mutagenesis technique has gained popularity in
Japan and China to produce mutant varieties of field, ornamental, and vegetable
crops (Yamaguchi 2018). To the best of our knowledge, few reports pertain to
ion-beam mutagenesis methodology on fruit crops with the release of one mutant
of Sour cherry in 2011 (Sattar et al. 2021; Anonymous 2021). Twigs of fruit trees
smeared with low melting point wax and sealed in plastic foam leaving only the
bud-tip, that is to be implanted, are exposed.

23.3 Mutagenic Efficiency, Effectiveness, and Dosimetry

23.3.1 Mutagenic Efficiency and Effectiveness

The efficiency of mutagen employed for experimental mutagenesis is the proportion
of certain desired mutagenic alterations relative to biological damage. Mutagenic
efficiency reflects the usefulness of mutagen because induced mutagenesis creates
favorable mutated alleles accompanied along undesirable effects, sterility, and
lethality. In experimental mutagenesis, mutagen yielding multiple mutations is
considered as undesirable, as drastic alterations affect plant genetic background.
The mutagenic effectiveness is a measure of the frequency of mutations induced by
unit mutagenic dose.

The aim of each mutation breeding program should be to obtain a greater number
of desirable genetic changes per 100 treated propagules. Factor of effectiveness
(FE) was calculated using number of variations and number of treated explants.
Frequency of variants depends on genotype and dose of mutagen. The highest FE
was obtained for dissected shoot apices of banana at 0.8 krad (Bhagwat and Duncan
1998). In vitro mutagenesis technique has been shown to produce higher frequency
of solid mutants on lower dosages of gamma irradiation as compared to high
irradiation dosages in banana (Garcia et al. 2002; Karmarkar et al. 2001), grapevine
(Kuksova et al. 1997; Patil and Patil 2005), and strawberry (Murti et al. 2013).
Similarly, the genotypic specificity for mutation effectiveness was observed in pear
(Predieri et al. 1997; Predieri and Zimmerman 2001), strawberry (Weimin et al.
2009), and grape (Dev et al. 2021). Dev (2014) found that the frequency of in vitro
mutation was highest in Pusa Navrang (40%) followed by H-76-1 (37.5%) and



Julesky Muscat (37.5%) each. The lowest mutation frequency was noted in Pearl of
Casaba (30%).
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In vitro mutagenesis techniques significantly improve the effectiveness of muta-
tion induction, especially by handling a large number of regenerated plants (Jain
2000; Jain and Maluszynski 2004), and offer a wide choice of plant material for
mutagen treatment, e.g., shoot tips (Broertjes and van Harten 1988), and provide
healthy starting plant material (Kulkarni et al. 2007). It appears that the lower dosage
of some mutagenic compounds can induce high mutation frequency in the genotypes
with highly mutable allelic sites and, further increase in the dosage of these mutagens
adds to their frequency.

23.3.2 Dosimetry

The radiosensitivity analysis is the most important requirement for large-scale
mutagenesis-based breeding programs that has to be planned in future. It is assayed
by growth inhibition, lethality, somatic mutation, and chromosome breakage.
Radiosensitivity of higher plants is influenced by a number of physical, chemical,
and biological factors. The radiobiological responses are influenced by the cell
division stage. Mitotic cells are more sensitive than cells in the G1 phase, while
cells in the S stage and G2 stage had intermediate sensitivity to resistant. Further,
radiosensitivity is also associated with chromosome number, size (Interphase Chro-
mosome Volume), ploidy level, and nuclear factors. Genotype specificity is reported
by the number of workers; this is most probably due to the genetic make-up
(chromosome morphology, chromosome number, nuclear volume, or DNA content)
of the treated material (Bowen 1962). Young or fresh seeds are less susceptible to
radiation than aged seeds. Radiosensitivity tends to be decreased in dormant condi-
tion, which is due to lesser mitotic activity in this period that resulted in lower
nuclear volume. Monoembryonic seeds were more tolerant to radiations than poly-
embryonic seeds (Spiegel-Roy and Padova 1973; Spiegel-Roy and Vardi 1990).

Radio sensitivity increases if plant propagules were pretreated with chemicals like
hydrogen peroxide, potassium cyanide, etc. Environmental conditions modifying the
physiological status of the material can subsequently influence irradiation effects.
There are different opinions regarding the relative mutagenic efficiency of various
doses. Since mutation frequency and radiosensitivity (dosimetry) have been
influenced by a number of physical factors. Temperature influences breakage and
restitution of chromosomes at the treatment time. Low temperature at the time of
X-ray treatment leads to greater aberrations than high temperature. Cellular water
content is the prime site for radiation to act, which indirectly effects via the
production of hydroxyl and alkoxy radicals, and there is a direct relationship
between radiosensitivity and moisture content. So, it would be necessary to equili-
brate the seed moisture content prior to ionization. Oxygen content acts as a modifier
of radiosensitivity. The presence of oxygen in targeted tissue at the time of irradia-
tion strongly determined the frequency of chromosomal aberrations and is a must for
the irradiation to be effective. Dust, fibers, biological agents, and extraneous sources



of hormones must be excluded from irradiation setups, to ensure reproducibility of
results. Effects of irradiation are modified when the germination of seeds is delayed.
Post-irradiation storage for a few weeks results in increased seedling injury and
chromosomal aberrations. Mutagenic dose was standardized in various fruit crops
for their improvement (Table 23.1).
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23.4 In Vitro Mutagenesis

In vitro mutagenesis has several advantages, including an increased mutation rate,
homogenous mutagenic treatment, requirement of less space and time for regenera-
tion and evaluation of large mutated populations, and opportunity to keep the plant
material disease-free. The main restrictions of fruit crop mutation breeding are the
formation of chimera due to the involvement of multicellular cell lines. This
enhanced the time frame of the selection process to several generations for dissocia-
tion of chimeras, or isolation of non-chimeric mutants. In vitro mutagenesis permit-
ted the use of single cell lines as a plant propagule for irradiation treatment, and this
ensures the induction of homo-histonts (non-chimeric mutants). Screening of large
mutagenic population to select the variant/mutants before regenerating a whole plant
can enhance the success of mutagenesis (Table 23.2).

In vitro mutagenesis applications provide an opportunity for plant breeders to
selection of desired mutant in a controlled environment. There are two types of
in vitro selection: single step and multistep. In a single-step selection technique, the
inhibitor agent is added to the cultures and subcultures, while in multistep technique,
the selective agent dose below than the lethal dose is added to culture environment
and concentration of selection agent is gradually increased in subcultures. The
selected mutant by this method has been defined as more stable than the selected
via other methods. Meanwhile, duration of the culture and the selective traits that
mutated are the main factors that affect the outcome of in vitro mutagenesis. In fruit
crops, in vitro mutagenesis has been successfully performed for abiotic stress and
biotic stress tolerance by using different selective agents such as mannitol and
polyethylene glycol for drought tolerance (Al-Mousa et al. 2016); NaCl for salt
tolerance (Motha et al. 2018; El-Sabagh et al. 2011; Miri et al. 2019); changing the
temperature of the cultures to select cold/high-temperature-tolerant plants (Majd
et al. 2009), and using artificial inoculum or culture filtrates for selection against
particular diseases (Damasco et al. 2019; El-Sayed et al. 2011; Pathirana et al. 2016).

23.5 Impact of Mutation-Assisted Breeding on Fruit-Quality
Traits

Negative consequences of global warming at the mid-hill areas resulted in depriva-
tion of required winter chilling units, changed content of bioactive compounds, and
non-uniform coloration of sub-tropical fruits. Developing climate-resilient apple
genotypes is one of the best strategy suggested for mid-hill areas having warmer



winters. Mutagenesis breeding has the ability to alter one or few traits of elite
genotypes performing already in areas witnessing climate change. Neto et al.
(2011) started induced mutation breeding program on apple cv. Fuji for color

23 Improvement of Fruit Crops Through Radiation-Induced Mutations. . . 699

Table 23.1 Standardized dosages of physical mutagens used for in vivo propagules in various fruit
crops

Species Cultivar Plant material Dose References

Grapes Red Globe Hardwood cutting 18.49 Gy Surakshitha et al.
(2017)Muscat 17.02 Gy

Pembe
Çekirdeksiz

15.00 Gy Ekbic et al. (2017)

Isabella 48.80 Gy Alyanak (2019)

Alphonse
Lavallée

24.80 Gy

Pusa Navrang 10.00 Gy Dev (2014)

Guava Safeda Budsticks 60.00 Gy Zamir et al. (2009)

Shweta Buds 18.25 Gy Singh et al. (2018)

Arka Amuyla 25.08 Gy Maan and Brar (2021)

Punjab Pink 24.20 Gy

Arka Amuyla Seeds 84.79 Gy

Punjab Pink 82.46 Gy

Lalit 57.81 Gy Singh et al. (2021)

Shweta 57.42 Gy

Strawberry Fortuna Runners 62.00 Gy El-Oualkadi et al.
(2019a)

Amla Kanchan Scion 1.00 Gy Selvi et al. (2007)

Fig Morocco Buds 62.00 Gy El-Oualkadi et al.
(2019b)

Mango Peach Scion 19.95 Gy Kumar et al. (2018)

Bappakai 21.37 Gy

Peach Seed kernel 27.54 Gy

Bappakai 23.44 Gy

Lemon Fino 49 Budwood 50.00 Gy Pérez-Jiménez et al.
(2020)Mandarin Nova 50.00 Gy

Lime Bearss 50.00 Gy

Sour
orange

Seeds 156 Gy

Papaya Ranchi Local Pre-soaked seeds 28.35 Gy Sahu et al. (2019)

Arka Surya 33.13 Gy

Ranchi Local Seeds immersed in
water

24.05 Gy

Arka Surya 23.78 Gy

Carambola 30.00 Gy Vos et al. (2009)

Cherimoya 30.00 Gy

Pitanga 45.00 Gy

Jaboticaba 7.90 Gy



Species Cultivar Plant material References

improvement in warmer areas of Brazil, and succeeded in selection of two early
maturing mutants having superior fruit quality traits (fruiting habit, fruit shape, fruit
size, and fruit color). Similarly, 32 mutants performed superiorly to their parent
cv. Amasya regarding fruit skin coloring (Atay et al. 2018), whereas Campeanu et al.
(2010) reported that some of the mutants showed superior value over parent apple
genotypes, rest are inferior for particular traits. Reig and Agustí (2007) reported a
new ever-flowering loquat variant, i.e., “Piera” with increased fruit weight, acidity,
and hunter coordinates (L*, a*, b*). In the MVD database, most of the mutants of
fruit cultivars were registered with improved horticultural traits over well-
established parent cultivars, those were lacking particular trait of interest. This
success of irradiation breeding initiates the breeders to take up mutagenesis breeding
of different fruit crops with the aim of improving fruit-quality traits. Nhat and Chau
(2010) reported the superiority of four mutants in terms of fruit weight and fruit
quality (TSS) of Papaya cv. “Dai Loan Tim.” Kumar et al. (2017) and Pujar et al.
(2019) stated the efficiency of lower dosage for fruit attributes (fruit length, fruit
girth, fruit weight, and pulp thickness) in papaya, while the central cavity was
observed with direct relation in gamma irradiation dosages. Khalil et al. (2011)
reported a mutant of “Kinnow” with non-significant depression in physical and
physio-chemical fruit characteristics. Similar outcomes of non-significant altered
physio-chemical attributes via induced mutagenesis in different citrus species
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Table 23.2 Standardized dosages of physical mutagens used for in vitro propagules in fruit crops
for mutagenesis

Dose
(Gy)

Avocado Duke-7 Zygotic embryos 28.00 Coto et al. (2014)

Catalina 21.00

Hass 27.00

Lemon Fino 49 Nodal segments 25.00 Pérez-Jiménez et al. (2020)

Verna 51

Lemon Protoplasts 200.00 Helaly and Hanam El-Hosieny
(2011)

Grapes Red Globe Nodal segments 18.00 Surakshitha et al. (2017)

Fig Roxo de
Valinhos

Shoots (>2.5 cm) 30.00 Ferreira et al. (2009)

Kiwi Hort 16A Callus 30.00 Pathirana et al. (2016)

Mandarin Limau madu Embryogenic
callus

30.00 Agisimanto et al. (2016)

Banana Tanduk Shoot meristem 37.00 Abdulhafiz et al. (2018)

FHIA-23 Micro shoots 30.00 Qamar et al. (2016)

Basari Multiple shoot
culture

30.00 Mishra et al. (2007)

Chakkarakela

Rasthali

Strawberry Akihime Buds 177.00 Murti et al. (2013)

DNKW001 177.00



(Aderdour et al. 2019; Bermejo et al. 2011, 2012; Goldenberg et al. 2014; Arisah and
Mariana 2017), whereas, Mariana et al. (2018) reported the mutant of pummelo
having increased juice volume. Zamir et al. (2009) reported the most favorable doses
for guava were between 0.15 and 0.2 kGy, and it leads to mutations such as: highest
fruit size (59 mm) and highest fruit weight (128.38 g). Zheng et al. (2009) developed
sweeter taste mutants of Indian jujube. Induced mutagenesis successfully impacted
the banana improvement with some superior mutants for bunch related traits, and
selection of earlier clones (Ganapathi et al. 2016; Nandariyah et al. 2019;
Jamaluddin 1994; Reis et al. 2015). Kunter et al. (2012) reported the superiority of
three mutants of cherry for fruit traits and cracking tolerance over its parent cv. 0900
Ziraat. El-Mageid and Al-Kfrawey (2018) reported the chemical composition of
mutated seedling of avocado cv. “Duck” by increasing irradiation doses. Liang et al.
(2011) reported a large fruited variant of A. chinensis with average fruit weight of
138.25 g (the control 115.93 g) with average axis ratio of length to width 1.91 and
sugar content 21.23% (the control 1.31% and 14.45%, respectively). Predieri (2002)
reported the variants of different pear genotypes having increased sugar content with
extended shelf-life. Zanol et al. (2011) reported a different berry skin color mutant
(differently colored chimeric sectors) of grapes.
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23.6 Impact of Mutation-Assisted Breeding on Seed-Related
Traits

Fruit quality of different fruit crops also depends upon seed content of fruit. Breed
new cultivars with seedlessness trait and/or low seed content is one of the major
objectives in fruit breeding programs, among the different fruit crops, irradiation
breeding is well known for creating seedlessness traits in citrus genotypes. Induction
of seedless trait in citrus through mutagenesis has been reported since as early as
1935 in several mandarin breeding programs (Hearn 1984; Hensz 1971; Spiegel-Roy
1990; Vardi and Spiegel-Roy 1988; Vardi et al. 1995). A number of seedless or
low-seeded clones of different citrus cultivars developed through irradiation such as
in “Kinnow” mandarin (Altaf 2007; Khalil et al. 2011; Rattanpal and Sidhu 2015),
Pineapple, sweet orange (McCollum and Bowman 2005), “Early Pride” mandarin
(Stover et al. 2008), “Murcott” mandarin (Bermejo et al. 2012), “Orri” mandarin
(Vardi et al. 2003), “Tango” mandarin (Roose and Williams 2007), “Mambangan”
pummelo, “SoE” and “Garut” mandarin (Sutarto et al. 2009). Khalil et al. (2011)
developed a sparse-seeded mutant of “Kinnow” (5 ± 3 seeds/fruit) through an
exposure of 20 Gy (showed stability up to mV5). Froneman et al. (1996) via
irradiating budwoods of grape fruit and Valencia oranges have a higher frequency
of branches with seedless fruits, and one seedless nova tangelo mandarin mutant.
Cimen et al. (2019) evaluated the 73 mutants of “Robinson,” and the seed number of
the mutagenic population ranged between 0 and 3.55 seeds per fruit, and 29% of the
evaluated genotypes had been described as low seeded (≤1 seed) and two of them
were completely seedless. One completely seedless mutant was isolated from the
M1V2 plants (50 Gy) of citrus cv. “Israeli Villa franca” (usually contained up to



25 seeds), and almost all mutants give fruits with at most one seed (Spiegel-Roy and
Vardi 1990). Aderdour et al. (2019) reported that 96% of the irradiated clones (out of
which 2% mutants showed an average number of 1.28 seeds) had few seeds as
compared to wild-type “Fremont” (4.33 seeds), while 83.33% mutants had a seed
number per fruit (SNF) ranged between 2 and 4 seeds, and 8.33% mutants have an
SNF ranged between 1 and 2 seeds. Goldenberg et al. (2014) reported that the
irradiation reduced average fruit seed number of several mandarin cultivars by
70–92%. Bermejo et al. (2012) reported that the irradiated clones presented lower
seed numbers (from 0.23 to 2.47 seeds per fruit), whereas the wild-type “Murcott”
showed an average number of 9.03 seeds per fruit. Somsri et al. (2008) found that
two (M1V4) “Khao Thong Di” pummelo mutants irradiated with gamma rays
through chronic irradiation procedure with 9.51 and 32.45 krad have fruits with
seedless trait. Also, six (M1V3) and five (M1V4) tangerine plants treated with acute
irradiation procedure by 4–8 krad have fruits with less seeds. Kafa et al. (2015)
analyzed the bud-irradiated mutants of “Clementine,” “Nova,” and “Robinson”
mandarin and reported that the budwood irradiation decreased seed number in
mutant plants. Montañola et al. (2015) selected 164 seedless selections and
14 individuals from mutagenized population (including hybrids) of lemon and
mandarin, respectively. Vardi et al. (2008) conducted an experiment with the aim
of inducing complete seedlessness, or a low number of seeds, in mandarin cultivars
“Murcott,” “Orah,” “Yafit,” and Michal (local Israeli cultivar), and selected some
mutants with up to 40% seedlessness. Mariana et al. (2018) developed a mutant of
“Pamelo Nambangan” (40 seeds/fruit) named “Pamindo Agrihorti” through gamma
irradiation having 10 seeds/fruit on average. Huang et al. (2017) reported that the
seed numbers per fruit in the seedless mutant were significantly decreased, compared
to the wild type. Sutarto et al. (2009) reported that the plants obtained from 20 Gy
irradiated pummelo budwoods bore completely seedless fruits. In case of mandarins,
11 and 9 fruits checked were seedless (0–5 seeds per fruit) in 20 and 40 Gy gamma
irradiation treatment, respectively. Some fruits were completely seedless in “Keprok
Soe.” Gamma irradiation on mandarin also produced nearly seedless fruits (47 and
9 seeds at 20 and 40 Gy, respectively).
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Neto et al. (1998) reported that the average minimum number of seeds per fruit in
the “Pera” was 6.63, as compared with 0.86–2.70 in the mutants. Atay et al. (2018)
reported the three apple mutants showed markedly low seed numbers. Kumar et al.
(2017) reported the mutated seedlings obtained through 20 krad produced minimum
number of seeds per fruit. El-Mageid and Al-Kfrawey (2018) recorded the lowest
values of seed weight at higher irradiation dosages, i.e., 40 Gy and 30 Gy in “Fuerte”
and “Hass” avocado, respectively. Zamir et al. (2009) reported that the highest
number of seeds (300) and 100 seed-weight (2.29 g) were recorded at 0.05 kGy
while the lowest number of seeds (167) and the lowest 100 seed-weight of 1.56 g
was observed in the 0.30 kGy treatments. There was a gradual decrease in the
number of seeds and seed weight per fruit with an increase in radiation dose.
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23.7 Mutation-Assisted Breeding for Biotic and Abiotic Stress

At present, fruit crops are facing a serious threat from climate change, which is
predicted to result in reduced growth, and their productivity. Fruit crops are
challenged by different encountered biotic and abiotic stresses, which limit their
growth and development, and lead to reduced yield and productivity. Therefore,
increasing the resilience of crops to climate change represents a critical component
toward ensuring food and nutritional security, which could be achieved through
induced mutagenesis strategies.

23.7.1 Abiotic Stress Tolerance

Induced mutagenesis is an efficient tool to address the challenges of increased
temperature, heat wave, extended periods of cold or freezing, reduction of water
resources (drought) and arable land on the growth, yield and adaptive behavior of
fruit crops. Fruit cultivars with tolerance to abiotic stresses such as soil salinity,
drought, waterlogging, and climatic adverse conditions showed adapted responses in
the era of climate change (Sattar et al. 2021). Supernova mutant cultivar of almond
having more tolerance to frost damage is officially registered in 1987, developed
with 30 Gy gamma irradiation. Mandarin mutant Hongju 420 is officially registered
as having resistance to low temperatures. Radiation breeding in the past yielded
some promising mutants of different fruit crops with potential of abiotic stress
tolerance. Al-Mousa et al. (2016) reported increased drought tolerance of grape
mutants (M1V3) using polyethylene glycol (PEG) as selection agent. Fuentes et al.
(2009) evaluated the M1V3 progenies of different cultivars of avocado using in vitro
selective procedures and reported that the mutant showed field performance under
severe salinity conditions. Majd et al. (2009) showed that the radiation treatment was
able to produce mutant genotypes having cold tolerance in tangerines. In vitro
mutagenesis along with NaCl as selection agent for the evaluation of different
genotypes of grapes for salinity tolerance yielded some promising results (Motha
2016; Motha et al. 2018). Kepenek (2016) described the methodology of gamma
irradiation to the identification of new strawberry cultivars resistant to NaCl within a
relatively short period of time. El-Sabagh et al. (2011) observed elevated salinity
tolerance response of M1V5 generation of apricot cv. Canino. Miri et al. (2019)
regenerated the M1V3 generation of Dwarf Cavendish, showing tolerance to artificial
NaCl stress. In vitro mutagenesis technique along with artificial selection method to
generate salinity tolerance has been well established in pineapple (Osei-Kofi et al.
1997). Lokko and Amoatey (2001) derived 54% of the irradiated Sugar Loaf plants
survived prolonged drought.
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23.7.2 Biotic Stress Tolerance

Climate change affects population dynamics, shift in seasons, cropping patterns, and
disease scenarios. Climate change and CO2 are likely to alter important interactions
between horticultural plants, and insect disease. The use of irradiation breeding
accompanied with in vitro protocols for evaluation is an efficient technique for
regeneration and/or evaluation for biotic stress tolerance mutants. The gamma
irradiation-induced “Gold Nijisseiki” pear cultivar with a tolerance to black spot
disease was a widely planted variety in Japan and is the classical example of role of
irradiation breeding in the development of biotic stress tolerance in already-
established genetic backgrounds. Mutants of pear, i.e., Osa Gold and
Fuxiangyanghongdli are registered with resistance to black spot disease and bacterial
diseases, respectively. Mori-hou-fu 3A and McIntosh 8F-2-32 mutants of apple were
officially registered with improved resistance to Podosphera leucotricha and
Venturia inaequalis. Pathirana et al. (2016) used epiphytotic conditions of Pseudo-
monas syringae pv. actinidiae to screen 400 putative mutant plants for resistance of
kiwi cv. Hort16A under field conditions. In Banana, BMV and BBTV resistant
mutant lines had generated through gamma irradiation coupled with in vitro
techniques and showed stability for resistance under field trails (El-Sayed et al.
2011; Damasco et al. 2007, 2019). The role played by gamma irradiation in
developing Fusarium wilt resistant cultivars with acceptable agronomic traits is
well documented (de Beer et al. 2001; Mak et al. 1996; Hwang and Ko 1990; Jain
2010; Tang et al. 2000; Jain and Swennen 2004). Pirama 1 mutant of banana
developed with gamma irradiation technology showed tolerance to fusarium wilt
disease (TR 4). Rocha et al. (2021) summarized that 4% role is played by in vitro
mutagenesis in the obtainment of plants resistant to Fusarium wilt. Smith et al.
(2006) reported that the mutant lines of banana developed with 20 Gy have shown a
high degree of resistance to Fusarium wilt, as well as equal industry standard to
commercial cv. Williams. Several putative mutants tolerant to Bayoud disease in
date palm (Jain 2012), and mutants of banana for tolerance to Fusarium wilt, and
black Sigatoka were isolated (Jain 2010). NIAB Kinnow mutant of citrus
cv. Kinnow showed moderate to high resistance to Citrus canker, scab and wither-
tip diseases as well as low incidence to major insect pests. IAC 2014 registered
mutant of sweet orange cv. Pera IAC Sweet orange showed greater tolerance to citrus
canker (in leaves and fruits). On the basis of biochemical attributes, Kumar et al.
(2012) vividly indicated the presence of resistance and tolerance against nematodes
in the in vitro-derived mutants of banana. Vos et al. (2009) succeeded in the
obtainment of nematode tolerance up to some extent in guava mutants generated
through X-ray irradiation. Similarly, Chan (2009) reported that the 1.7% mutants of
papaya showed resistance even after the third inoculation of PRSV, and M3 putative
mutants also showed very good resistance to malformed top disease. Litz (2009)
performed the irradiation of embryogenic cultures of mango cultivars and used
culture filtrate of Colletotrichum gloeosporioides Penz as a selection agent for the
obtainment of anthracnose tolerance.
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23.8 Impact of Mutant Cultivars

Irradiation breeding was a very successful technique in producing fruit cultivars with
improved genotypic and desirable phenotypic traits. This mutagenesis technique has
not faced intellectual property rights (IPR) and regulatory issues of transgenic
breeding. About 89 mutant fruit cultivars belonging to 22 different fruit species
have been released in more than 20 countries of the world (Sattar et al. 2021).
Irradiation mutagenesis contributed to more than 54 mutant fruit cultivars, out of
which 20 mutant fruit cultivars were released by China, Canada released 11, Japan
released 9, and India released 2 mutants including PAU Kinnow-1 (citrus), and Pusa
nanha (Papaya) (Fig. 23.2). Further, a massive amount of variability at genetic level
generated through irradiation breeding is significantly employed for modern geno-
mic studies, and furnish as a basic resource in hybridization programs. This
generated mutants and/or variability offer improved quality, disease-resistant, higher
productivity, resilient to environmental swings, and a huge impact on boosting up
the economic status of different countries. The impact of mutant cultivars on the
national economy of different countries was measured in terms of billions of dollars,
and additionally improvement of rural economy, nutrition, and helping in sustain-
able food security. Despite the small number of mutant fruit cultivars, some of them
had a significant economic impact. Japanese pear cv. “Gold Nijisseiki” developed
through chronic method of gamma irradiation of its parent “Nijisseiki,” showed
more resistant to black spot disease, has a significant impact on the pear fruit industry
of Japan, and according to farmers’ group cooperative calculations, this cultivar
generated US$ 30 million additional annual incomes. “Osa-Nijisseiki” and “Osa-
Gold” mutants of pear with improved disease resistance, and self-compatible nature,

Fig. 23.2 Country-wise distribution of officially released mutant fruit varieties through physical
mutagenesis



ultimately reduced the need for pollinizing agents. In Japan, the economic contribu-
tion of pear and peach has been estimated a worth of 31.2 million US dollars in 1997.
The economic impact of colored variants of grapefruits, i.e., “Star Ruby” and “Rio
Red” derived through thermal neutron irradiation is well documented and replaced
the commercial cultivars grown in Texas and in other grapefruit growing areas
(covered 75% of total area) of USA, and their fruits are sold under the trademark
“Rio Star” (Ahloowalia et al. 2004). Data on monetary terms is not much available,
but the direct and indirect impact of mutants fruit cultivars is high. MVD-IAEA
database depicted that the mutants of commercially important fruit crops developed
through irradiation breeding showed improved plant architecture, blooming time,
self-compatibility and self-thinning, maturity and fruit ripening, fruit color, quality-
related traits besides yield and resistance to various pathogens (Sattar et al. 2021).
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23.9 Molecular Tools to Distinguish Mutants

Traditionally, mutated genotypes were distinguished based on morphological
markers. The recent development of DNA marker-based technologies has hastened
opportunities to utilize by plant breeders to differentiate the mutated progenies and
parental lines, and/or characterization of generated variation at the DNA level.
Nowadays, in-depth analysis of mutational variations was performed using different
high throughput genomic platforms such as single-strand conformational polymor-
phism (SSCP), cDNA-amplified fragment length polymorphism (AFLP), random
amplified DNA polymorphism (RAPD), differential display, microarray, high-
resolution melt (HRM) analysis and targeting induced local lesions in genome
(TILLING). Among these molecular tools, SSR (simple sequence repeats), RAPD,
AFLP, and inter simple sequence repeat (ISSR) have been frequently used in
genomic characterization of the fruit crop mutants. Theoretically, mutants differ
from their parents by only 5 per million base pairs and frequency varies with
mutagens and dose. RAPD markers were used in earlier studies of mutant character-
ization in different fruit crops (Table 23.3) (Martin et al. 2006; Venkatachalam et al.
2007; Bapat et al. 2007). Ganapathi et al. (2008) used RAPD profiles to distinguish
gamma (5–30 Gy)-mutants of banana cv. Giant Cavendish. Sales and Espino (2008)
reported that banana plants irradiated with gamma rays revealed variation among the
clones using RAPD markers. Khawale et al. (2006) identified 11 solid mutants
(36.6%) of Pusa Seedless grape with 7 RAPD primers. A study on genetic diversity
amongst 21 induced tolerant mutant clones with one non-irradiated sensitive clone of
banana cv. Dwarf Cavendish (AAA) to salinity was conducted using morphological
and RAPDmarkers (Miri et al. 2019). Dev et al. (2021) identified 13 solid mutants of
grape cv. Pusa Navrang, H-76-1, Pearl of Csaba, and Julesky Muscat with 6 RAPD
primers. Yang and Schmidt (1994) used the RAPD analysis to differentiate mutants
developed by X-rays treated cherry leaf plants RAPD assay performed for the
identification of 14 in vivo and 1 in vitro lemon mutants in comparison with a
known zygotic origin genotype (Deng et al. 1995). Munir et al. (2015) through
RAPD analyses indicated that the plantlets subjected to gamma irradiation had a
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great genetic variation as compared to the grape cv. Sundar Khani. Zayan et al.
(2020) evaluated the genetic variations among mutants of different rootstocks of
grape and Thompson seedless by using the RAPD technique, and clustered into two
groups; one cluster contained unirradiated five genotypes and irradiated Freedom
with 10 Gy, while the second cluster included the rest of irradiated genotypes
indicating their higher genetic distinctness between irradiated and unirradiated
genotypes. The effectiveness of AFLP markers for monitoring the genetic variation
induced by γ-irradiation in persimmon “Rojo Brillante” is described by Naval
et al. (2013).
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IRAP markers are another class of molecular markers that showed utility in the
genetic variability estimation of gamma irradiation-generated lines in banana. Kemal
et al. (2018) used IRAP analysis for the genetic characterization of gamma-induced
mutants of banana cv. Tanduk, and 10 Gy was suggested as suitable dose for
inducing morphological and molecular variation.

ISSR markers are easy to apply, inexpensive in nature, reliable, and more
informative than RAPD (Wu et al. 2011; Devarumath et al. 2002). The information
obtained from ISSR analysis is more reliable than RAPD to provide supplementary
data on the genetic variations of the mutants from the non-overlapping genome
regions. Al-Mousa et al. (2016) observed unique bands in mutants developed with
20 Gy and concluded the utility of ISSR primers for initial characterization and
selection for drought tolerance in grape. Khatri et al. (2011) elucidated the genetic
similarities of mutants of banana cv. Basrai and GCTCV-215 were determined by
ISSR analysis and observed a similarity index between 38.5% and 89.8% with
37 total bands produced by 11 primers. Pestana et al. (2011) evaluated genetic
dissimilarity among putative “Preciosa” banana mutants generated by gamma-ray
irradiation, using morpho-agronomic characteristics and ISSR markers. They found
that genetic distances between the putative “Preciosa” mutants varied from 0.21 to
0.66. El-Sayed et al. (2011) used ISSR analysis to find out three BMV-resistant
mutants of banana cv. Grand-Nain. Görkem et al. (2020) found the effectiveness of
ISSR markers over SSR and SSCP markers for mutant characterization of mandarin
and lemon.

SSRs had the choicest marker system in fruit crops due to co-dominant, ease of
automation, reproducibility, genomic abundance (average frequency about one
every 6.04 kb in plant genomic), and amenable to high throughput, which make
them better than other markers for the evaluation of genetic variation. Miri et al.
(2014) used microsatellite markers to investigate genetic variability within gamma-
irradiated mutants of Cavendish banana for resistance to salinity and observed the
absence of two alleles (240 and 280 bp) in irradiated clones, that appeared consis-
tently in non-irradiated susceptible clones. Similarly, Hautea et al. (2004) distin-
guished the irradiated and non-irradiated clones with SSR primer (Ma 1/3), and
detect variation between mutants generated with 40 Gy gamma rays and 3 Gy fast
neutron. Dev et al. (2021) identified 13 solid mutants, among the initially selected
36 putative mutants of grape cv. Pusa Navrang, H-76-1, Pearl of Csaba, and Julesky
Muscat with 11 SSR primers, and suggested the utility of SSR primers for mutant
identification. Mallick (2014) discriminate the mutants of Kinnow and its clones



using SSR markers and pointed out the scope of primers showing a high rate of
polymorphism toward their further utilization for the characterization of Kinnow
variants. Using SSR analysis, Singh (2016) discriminates the mutants of guava
cv. Shweta and Lalit, and mutants showed varying degrees of dissimilarity with
their respective parents. Polat et al. (2015) identified the genetic differences in the
two mutants of Yerli Yuvarlak lemon using SSR markers. Motha (2016) identified
eight solid mutants of different grape cultivars with EST-SSRs, and maximum
mutants for salinity were identified at 10 Gy dose. The highest number of mutants
was observed in Salt Creek and 140 Ruggeri indicating their ability for mutation.
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SNPs are new generation markers, mostly biallelic in nature, easy to analyze,
PCR-based, reproducible, and amenable to automation and high-throughput
genotyping. SSCP technique was originally developed for rapid analysis of
mutations (Orita et al. 1989; Hayashi 1991), high precision and success reaches up
to 70–95% (Sunnucks et al. 2000). SSCP analysis is mostly single loci and employed
for analysis of genetic variation in mutants of mandarin and lemon (Görkem et al.
2020).

23.10 Limitations

Irradiation breeding has the advantage of being simple to implement and does not
necessitate complex procedures or a huge laboratory infrastructure. The successful-
ness lied on the ability to screening of mutant individuals for desired traits.

1. Most of the fruit crops are commercially propagated through vegetative means of
propagation, i.e., multicellular tissues. Therefore, after a mutagenic treatment, a
few generations are required to dissolving and stabilization of the chimeric
sectors before mutant selection.

2. High-throughput mutagenesis in fruit crops is challenging due to big stature, long
juvenile phase and absence of pre-selection criteria, heterozygous nature, fruit
dropping, and longer maturity period.

3. Screening of larger populations for mutagenesis to select desirable mutation is
one of the basic pre-requisites of mutation breeding,

4. Most of the mutations are recessive (Detection in Clonal and polyploidy species
difficult), and the frequency of desirable mutants is very low (0.1%). Often
mutations produce pleiotropic effects (Mutant × Elite variety).

5. Desirable mutations are commonly associated with undesirable side effects (other
mutations, chromosomal aberrations), and mutations in quantitative or polygenic
traits are usually in the direction away from the selection history of the parent
variety.

6. Identification of micro-mutations, which are more useful to a plant breeder, is
usually very difficult.

7. Most of the gamma irradiations mutations are unstable and undesirable.
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23.11 Conclusion and Future Perspective

Changing climate is a threat to fruit cultivation leading to a reduction in crop
production and quality deterioration. Past success of radiation-induced mutation
breeding depicted their potential of resolving the elicited issues of climate change
by altering the genome sequences of already established as well as generation of
genic variability. Irradiation breeding yielded several superior mutated fruit
genotypes with respect to improved productivity, quality parameters, nutraceutical
properties, and resistance to insects-pests. Various experimental mutagenesis
programs pertaining to the generation of pre-breeding stock, and their molecular
characterization could help to shorten the breeding cycle as well as development/
identification of novel variations, required to resolve the question of climate change.
In vitro mutagenesis has edge over in vivo mutagenesis to shorten the breeding
cycle, increase the mutation rate, effectiveness of mutagenic treatments, allow
production of homo-histont, selection and evaluation of large number of mutated
populations. For the development of climate-resilient fruit crops, radiation-induced
in vivo and in vitro mutagenesis is an ideal alternative.

In-depth studies are required in the field of non-directed mutagenesis in vegeta-
tively propagated fruit crops. A pre-selection index at the morphological, physiolog-
ical, and molecular levels is required to the identification and validation of mutants at
early stages. Irradiation with optimal doses and regeneration of irradiated material
through plant tissue culture techniques has assumed a new dimension (Ahloowalia
and Maluszynski 2001). If cell suspension systems can be developed from haploid
plants derived from microspore cultures, the probability to obtain recessive mutants
in homozygous conditions would be enhanced many more times. A combination of
the existing techniques of anther and microspore culture, cell suspension culture,
irradiation of haploid cells, chromosome doubling, and regeneration of doubled
haploid plants could be used to obtain the desired genotypes in a short duration.
The identification and analysis of mutants are based on the use of molecular
techniques of DNA fingerprinting and mapping on PCR-based markers (SSR,
RAPD, AFLP). Site-specific insertion of a single base into a targeted gene by
using chimeric RNA/DNA oligonucleotides as demonstrated in field crops, and
mutant tagging shall bring a new dimension to gene technology. Already, mutations
can be linked to changes in DNA sequences for some plant traits, and to establish
molecular maps in the structural and functional genomics of crop plants. These in
turn would lead to a rapid enhancement of crop yields and quality.
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Banana is one of the most important crops grown in many parts of the world and
thus contributes to the economy of many developing countries. However, with
changing climatic scenario and the evolution of new pathogenic races, the
cultivation of banana crops is under severe threat. Though transgenic approaches
have been carried out to address such problems in banana cultivation; however,
their limited acceptability by the general public has hindered progress in increas-
ing banana productivity. Most of the elite cultivars of banana are sterile and
polyploid in nature despite those efforts toward the genetic improvement of
banana has gradually been carried out through induced mutagenesis approaches.
This chapter discusses the existing limitations in the genetic improvement of
banana and the approaches for mutant development in banana. The chapter
further details the various mutants in banana and their improved characteristics
observed during analysis and the suitability of different plant materials for
different aspects of mutation induction. Despite significant efforts being put
into banana improvement by induced mutations, only four improved mutants
have till now been registered in the “IAEA Mutant variety database.” With the
advent of a novel pathogenic race of the dreaded Fusarium oxysporum (Foc)
having the ability to infect all existing cultivated banana varieties, there is a
greater need to isolate novel mutants of banana. Concerted efforts by scientists
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worldwide are required for the isolation and identification of mutants having
disease resistance, improved stress tolerance, and superior yield.
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24.1 Introduction

Banana andMusa spp. plantains are a prominent source of economy from agriculture
for many countries. Across tropical and subtropical areas of the globe, banana serves
as a source of nutrition and energy for millions of people (FAO 2018). Moreover,
banana is considered a cash crop and holds paramount importance for food security
in many countries owing to their year-round cultivation and wide acceptance for
consumption among people. Banana improvement is a challenging task due to its
polyploid nature and vegetative propagation limiting the genotypic variability which
can be generated through breeding approaches. Genetic variations in banana are
introduced by spontaneous mutations or can be triggered by transgenic approaches
or inducing mutations through physical and chemical mutagens (Roux 2004; Jain
et al. 2011). Induced mutations can break the barrier in generating genetic diversity
in absence of sexual recombination and assortment and its combination with high-
throughput techniques for precise identification of molecular changes in mutants can
result in rapid genetic improvement of banana.

In nature, banana produces a small number of propagules which limits the
separation of desired mutants from chimeras and rapidly increase the time toward
achieving the desired goal in induced mutagenesis experiment. Hence, induced
mutagenesis in combination with in vitro propagation can rapidly lower the time
required for the separation of novel mutants of elite banana cultivars. Induced
mutations of embryogenic cell suspension which are derived from somatic embryos
can be revolutionary in obtaining novel mutants from banana as they practically
circumvent the tedious process of chimera separation and reduces the population size
for screening of phenotypic and other agronomic traits in field (Roux et al. 2001; Jain
2010). Generating novel mutants through in vitro mutagenesis in banana will require
a comprehensive knowledge of banana tissue culture and regeneration and mutagen-
esis followed by post-mutagenesis handling of plant material. Chemical mutagens
such as ethyl methanesulfonate induce point mutations and hence are easy to identify
and have a better effect on generating novel variations in protein functions while
physical mutagens such as gamma irradiation can induce an array of mutations
ranging from point mutations to variable insertions or deletions which can have a
spectrum of effects and are thus tedious to identify and map (Jankowicz-Cieslak and
Till 2015). However, only four mutants of banana have been registered as per the
mutant variety database and these were derived using gamma irradiation of banana
explants suggesting the applicability of physical mutagens in the genetic



improvement of banana (MVD 2021). The lower number of improved varieties of
banana registered with mutant variety database indicates the hurdles associated with
banana improvement such as tissue culture-based propagation, polyploidy, hetero-
zygosity, problems of chimera separation, and requirement of a large field for
evaluation which is further aggravated by lower number of scientists associated
with banana improvement through mutagenic approaches. The different facets of
in vitro mutagenesis in agriculture research and crop improvement are highlighted in
Fig. 24.1.
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Fig. 24.1 The different facets of in vitro mutagenesis in agriculture research and crop improve-
ment. In vitro mutagenesis is the easiest mutagenesis technique which leads to the development of
new crop varieties in vegetatively propagated crops. Different phenotypes are observed in plants
after inducing mutation. When in vitro mutagenesis get coupled with advanced sequencing tech-
nology it could marshal the identification of new genes and their function corresponding to the
phenotype. After mutation induction, small mutations are observed across the genome leading to
SNPs. SNPs observed in improved varieties could open a new avenue toward crop improvement
research. Varieties developed by in vitro mutagenesis are sometimes agronomically superior than its
wild varieties and identification of QTL associated with these agronomic traits could be used for the
betterment of the same or related crop species

24.2 Problems in Cultivation of Banana

Various stress-causative agents severely affect the productivity of banana world-
wide. During its life cycle banana can be targeted by many disease-causing agents
belonging to fungi, viruses, bacteria, and nematodes. Among these disease-causing
agents, the biggest reduction in banana cultivation has been caused by fungus
Fusarium oxysproum f. sp. cubense (Foc) which causes Fusarium wilt disease or
panama disease. Four races of Foc have been classified and race1, race2, and race4
are highly infectious to banana plants and once infected can lead to complete



productivity loss in the field (Robinson 1996). Foc race1 emergence led to the
complete destruction of the productivity of elite banana cultivar Gros Michel during
the 1950s and was then replaced with Cavendish cultivars which were Foc race1
resistant (Dale et al. 2017). However, the recent reports on the emergence of Foc
tropical race4 (TR4) which can even infect the now popular Cavendish cultivars has
posed a threat to the economy of millions of farmers cultivating banana worldwide
(Zheng et al. 2018). Bacteria Xanthomonas campestris pv. musacearum is another
wilt-causing agent in banana plantation and the disease (BBW; banana bacterial wilt)
progression can result in a complete loss of productivity in field (Shimwela et al.
2016). Disease of banana originating from viruses such as banana bunchy top virus
(BBTV), banana streak virus (BSV), and banana bract mosaic virus (BBMV) also are
significant hurdles in the productivity of banana plantation (Kumar et al. 2015).
Nematodes such as Radophilus similis, Meloidogyne spp., and Helicotylenchus
multicinctus also limit banana cultivation resulting in a significant loss in productiv-
ity (Gowen and Queneherve 1990). Stress conditions of abiotic nature such as
drought, high salinity and cold are major impeding factors in banana growth and
yield, and the conditions are further aggravated by the inherent physiological and
phenotypic nature of banana plants such as high transpiration rate due to huge
canopy area and narrow root organization (van Asten et al. 2011). Such inherent
limitations of banana plants lead to huge water requirement for satisfactory banana
cultivation and has been reported to be in the range of 2000–2500 mm of rainfall
distributed year-round (Vanhove et al. 2012). There is a dearth of research studies on
the loss of productivity after drought exposure to banana plants; however, a signifi-
cant loss in banana yield was reported in Tamil Nadu after reduced water availability
in 2001–2004 (Surendar et al. 2013). Similarly, high-salinity encounters to the roots
of banana can reduce plant growth as indicated by a substantial reduction in canopy
area and weight ofMusa cultivar Calcutta 4 after growth in 100 mM NaCl stress for
21 days (Gomes et al. 2001). Lodging during the fruiting stage due to heavy bunch
weight and when plants of tall stature encounter heavy winds is another serious
problem in increasing the productivity of banana crop (Haiyan et al. 2018).
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24.3 Induced Mutagenesis Studies in Banana

Induced mutagenesis studies have been carried out on seeds and rhizome of diploid
banana cultivarMusa balbisiana Colla and parthenocarpic cultivar Gros Michel and
their radiation sensitivity was analyzed (Stotzky et al. 1964; Agarwal 1984).
Radiosensitivity of corms of Musa cultivar Gros Michel has been studied in an
attempt to induce resistance toward Sigatoka and panama disease (Azzam and
Linden 1965). The use of ethyl methanesulphonate (EMS) to induce novel mutations
through mutagenizing seeds of diploid cultivars of banana Musa acuminata and
Musa balbisiana has been attempted in prior studies (Menendez 1973). Banana
shoot tips were used to regenerate shoots in vitro and gamma irradiation of explants
resulted in plants with better phenotypic characteristics such as improved girth,
height, number of suckers, and higher number of hands and fingers (De Guzman



et al. 1980; Guzman et al. 1982). One of the earlier studies demonstrated the
regeneration of viable shoots from irradiated suckers of banana; however, some of
the regenerated plantlets showed growth reduction, chlorosis, and other abnormal
characteristics (De Guzman et al. 1976). Shoot apices of different cultivars of Musa
spp. such as those of dessert banana, plantain, and bluggoe cooking banana exposed
to gamma irradiation revealed differences in radiosensitivity, and one early
flowering mutant of Grand Naine was finally isolated from regenerated plantlets
(Novak et al. 1989). Later developments resulted in the standardization of method-
ology such as explant nature, type and dosage of mutagens, resolving chimera issues,
and mass screening of mutagenized population which helped researchers in attempts
to isolate novel mutants in banana plants (Roux 2004). Mutagenized population of
six cultivars of banana (AAA, AAB, ABB, and BB genotypes) produced by gamma
irradiation of in vitro shoot cultures resulted in the establishment of dose regime and
identification of some morphological variants in different banana cultivars (Kulkarni
et al. 1997). Efforts on genetic improvement of Indian cultivars of banana through
radiation-induced mutations of in vitro shoots were initiated at Bhabha Atomic
Research Centre, India (Bapat et al. 2007). Dwarf and early flowering mutants
were isolated after field trial of gamma irradiated population of important Musa
cultivar “Giant Cavendish” and were then characterized for DNA polymorphism
through RAPD analysis (Ganapathi et al. 2008). An extra dwarf cultivar of
Cavendish having strong resistance toward subtropical race4 of Fusarium
oxysporum was gamma irradiated and one mutant line (DPM25) was isolated
showing Foc race4 resistance and improved agronomic characteristics (Smith
et al. 2006). Three different clones of banana (GCTCV-215, Yangambi KM-5, and
FHIA-23) were irradiated at different doses of gamma irradiation and responses of
in vitro cultures were monitored to determine the optimal dose regime for mutation
induction in these varieties (Qamar et al. 2016). GN-60A is an early flowering
mutant of banana cultivar Grand Naine and was designated as “Novaria” obtained
after gamma ray treatment and field assessment was performed in Australia,
Honduras, Malaysia, and South Africa which demonstrated an earliness of
10 weeks compared to parental clone (Mak et al. 1996). KlueHom Thong KU1 is a
novel mutant isolated after 25 Gy gamma irradiation of parental clone Hom Thong in
Thailand and is recognized for its large bunch size (Roux 2004). In Sudan, a
significantly high-yielding variety of banana cultivar “Williams” was developed at
“agricultural research corporation” (ARC) of Sudan and was released with the name
Albeely (Ali et al. 2008). In Indonesia, a novel mutant of banana cultivar, Ambon
Kuning, with improved characteristics such as fusarium wilt resistance and higher
vitamin C content was developed by gamma irradiation of in vitro cultures (MVD
2021). Resistance to penetration of Foc was developed in Musa spp. AAA Group
cv. Highgate by gamma irradiation and chemical mutagenesis and some of the
selected lines showed significantly reduced corm discoloration with no apparent
external symptoms (Bhagwat and Duncan 1998a, b). Improvement in agronomic
characteristics of a Foc race4 resistant extra dwarf Cavendish cultivar “Dwarf
Parfitt” was observed in terms of improved height and fruit yield (Smith et al.
1995). Recently through gamma irradiation of multiple shoots, a dwarf mutant of
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banana cultivar “Giant Cavendish” has been isolated at Bhabha Atomic Research
Centre, India, and is currently being assessed by multilocation location trials to
confirm its utility in preventing yield losses due to lodging (Unpublished data). The
list of different novel mutants isolated and identified in banana is provided in
Table 24.1.
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Table 24.1 List of identified and reported banana mutants

S. No. Mutant Parent Improved trait Mutagen Country

1 Novaria Grand
Naine

Early flowering Gamma
irradiation
(60 Gy)

Malaysia

2 ALBEELY Williams Higher yield Irradiation Sudan

3 KlueHom
Thong KU1

Hom
Thong

Higher yield Gamma
irradiation

Thailand

4 Pirama 1 Ambon
Kuning

Fusarium wilt resistance
and vitamin C fortified

Gamma
irradiation

Indonesia

5 GN35-I to
GN35-VIII

Grande
Naine

Resistance to
Mycosphaerella fijiensis

Gamma
irradiation

Austria
(IAEA)

6 Embul-
35 Gy

Embul Early flowering Gamma
irradiation

Sri Lanka

7 SH-3436-
L9

SH-3436 Reduced height Early
flowering

Gamma
irradiation

24.4 Resolving Chimera Occurrence

Utilization of multiple shoot culture or multicellular meristematic culture such as
shoot tip generally results in the generation of chimeric plants hence, repeated
segregation of chimeric sectors in mutagenized population is required through
vegetative propagation. However, the number of multiplication rounds on shoot
multiplication medium to successfully segregate chimeric sectors can vary in each
experiment. Even then some of the studies have pointed out that the chimeric sectors
are successfully resolved after M1V6 generation in in vitro propagated banana plants
(Jain et al. 2011; Roux et al. 2001; Jankowicz-Cieslak et al. 2012). Even then, the
lack of ease to distinguish mutated cells from wild-type cells, large sample size of
mutagenized population, laborious and costly analysis have considerable impact on
the choice of explant selection in utility of mutation induction in banana.

24.5 Embryogenic Cells as Explant for Mutation Induction

The utility of cells derived from somatic embryos and therefore having embryogenic
potential (embryogenic cells) for mutation inductions has opened the avenues to
generate novel mutants free of chimerism issues (Roux et al. 2004). Somatic
embryos are derived from single cells and can further produce secondary embryos



which further strengthen the chances of obtaining mutant plants free of chimerism
issues (Grapin et al. 1998). The single-cell origin of somatic embryos is further
proved by genetic transformation studies on embryogenic cell suspension indicating
the generation of transgenic banana plants free of chimeric sectors (Ganapathi et al.
2001). The single-cell origin of somatic embryos in banana was further proved by
the failure of the appearance of mixoploid plants from colchicine-treated embryo-
genic cells (Roux et al. 2003). A schematic description of generating novel mutants
through gamma irradiation is depicted in Fig. 24.2.
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Fig. 24.2 Generation of mutagenized population through gamma irradiation of embryogenic cells.
(a) Somatic embryos are derived from the meristematic tissue such as male flower bud of elite
banana cultivars. Somatic embryos are then used to generate embryogenic cell suspension in an
appropriate culture medium. (b) Embryogenic cells are exposed to gamma rays and then immedi-
ately cultured on fresh embryo development medium. (c) Embryogenic cells filtered on a glass fiber
filter and cultured on embryo development medium. (d) Continuous culturing on embryo develop-
ment medium resulted in the development of somatic embryos which are then converted into shoots.
(e) Independent shoots emerging from irradiated embryogenic cells are then multiplied individually.
(f) Different clones of independent lines are then rooted for further analysis. (g) The plants are
acclimatized in controlled conditions of a glass house before field analysis. The acclimatized
mutagenized population are then further screened for improved agronomical characteristics or
disease resistance in a field evaluation
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24.6 Commonly Employed Mutagenic Agents and Their Utility
in Banana Improvement

The choice of mutagen for induction of mutations in plant material depends on
various factors such as type of explant, species of plant, breeding objectives,
screening methods, and ease of availability. Broadly, mutagens have been classified
into chemical mutagens and physical mutagens (Ahloowalia 1998). A comprehen-
sive list of categories of mutagens is provided in Table 24.2. However, most of the
studies on mutation-based improvement of banana have utilized gamma rays as a
source of mutagen (Roux 2004). In most of the experiments on banana plants either
using in vitro shoots or embryogenic cells, the optimal dose of gamma irradiation for
the generation of mutant plants generally falls in the range of 30–50 Gy
(Roux et al. 2003). However, the dearth of studies utilizing different mutagens on
genetic improvement of banana has hindered to provide a detailed picture of
spectrum of mutants that can be obtained by different mutagenic agents.

Table 24.2 Commonly used mutagens in mutation breeding experiments

Effect on
genome

1 Gamma rays Physical Point mutations
and small
deletions

Electromagnetic radiations

2 Fast Neutron Physical Translocations,
and major
deletions

Neutral subatomic particles

3 X-rays Physical Single and
double strand
breaks

Electromagnetic radiations

4 Alpha particles Physical Single and
double strand
breaks

Helium nucleus

5 Beta particles Physical DNA lesions Electron

6 Ion beams Physical Chromosomal
aberrations

Charged particle beam
produced generally produced
in accelerator

7 Ethyl
methanesulphonate
(EMS)

Chemical DNA damage
mostly point
mutations

Chemical

8 Sodium azide Chemical DNA damage
mostly point
mutations

Chemical

9 Dimethyl sulfate
(DMS)

Chemical DNA damage
mostly point
mutations

Chemical

10 Ethyleneimine (EI) Chemical DNA damage
mostly point
mutations

Chemical
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24.7 Molecular Analysis of Novel Mutants

Mutations induced by physical and chemical mutagens are random and one of the
widely used transgenic-free approaches. Though isolation of mutants with novel
characteristics is easy but screening, identification, and mapping of the underlying
mutations is a mammoth job. It involves several steps such as (1) visual screening for
phenotypic changes, (2) screening using pathogens/abiotic stress for identification of
disease-resistant or abiotic stress-resistant mutant, (3) identification of the mutated
genes in the chromosome, and (4) validation of the mutation for the mutant trait
(Sahu et al. 2020). The last two steps of this process involve extensive molecular
analysis. The classical method of identification was through linkage mapping and
other physical mapping techniques. Recent advancement in genomic research has
developed many DNA- and RNA-based approaches for the identification and
mapping of the mutation in a mutant plant. In the following section, we have briefly
discussed the recent molecular techniques used for screening and mapping of the
mutation in in vitro mutagenesis.

24.8 DNA-Based Markers

DNA-based markers are the most widely used markers for the screening of the
mutants in vegetatively propagated crops as they help to identify the presence of a
particular locus in a mutant population. The most widely used DNA markers are
“Restriction fragment length polymorphism” (RFLP) and “Random amplified poly-
morphic DNA” (RAPD)s (Suprasanna et al. 2015). Both these markers have their
pros and cons as discussed below. RFLP is a codominant marker and requires huge
efforts and involves hazardous radioactive labeling for identification and on the other
hand, RAPD has reproducibility issues. These problems lead to the development of
“Variable number tandem repeats” (VNTRs) dependent fingerprinting in plants.
VNTRs are short tandemly repeated sequences present across the genome and they
can be identified using PCR-based methods (Gupta et al. 1996). VNTRs have
genome specificity and their assays do not depend on hybridization methods.
Another molecular marker which is similar to the VNTRs is “Simple Sequence
Repeats” (SSRs). SSRs are small repeat sequences present across the genome and
they have an advantage over VNTRs as they are present across the genome even in
the coding regions while VNTRs are mostly present in the noncoding genes (Zalapa
et al. 2012). SSRs can be easily used as tagged sites to identify coding regions in
plants with no or little sequence information. The SSR present in coding region is
known as expressed sequence tags. AFLP (Amplified fragment length polymor-
phism) is used as a replacement for RFLP and RAPD as this technique allows
selective amplification of restriction enzyme digested fragments. AFLP helps in
the detection of marker deletion induced due to external mutagens and it is a
promising technique for the screening of induced mutants (Blears et al. 1998).
SNPs (Single Nucleotide polymorphism) are the most used maker of recent times
and involve the identification of a single nucleotide change in a locus and hence



Principle Application

SNPs hold great for plants with known genomic information. In SNPs-based identi-
fication, the marker density can be measured at kilo base pairs level while in other
markers the density is measured at the level of megabases. The higher abundance of
SNPs presence in the genome makes it a good candidate for marker-assisted
selection, high-resolution gene mapping, and other studies related to the assessment
of genetic diversity (Cuenca et al. 2016). However, the mutants can be identified on
the basis of various other molecular markers such as CAPs, ISSR, SCAR, STS, etc.
A list of various DNA markers for identification of novel mutations is provided in
Table 24.3.
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Table 24.3 Various DNA-based molecular markers useful for identification of mutations

DNA-based molecular
markers

Restriction fragment
length polymorphism
(RFLP)

Restriction digestion
followed by southern
hybridization

Comparative mapping,
Fingerprinting

Random amplified
polymorphic DNA
(RAPD)

PCR amplification with
random primers

Marker assisted selection

Microsatellites PCR amplification of small
repetitive sequences

Marker assisted selection, Frame
work mapping, Fingerprinting

Cleaved amplified
polymorphic sequences

Restriction digestion of
amplified PCR product

Marker assisted selection, Frame
work mapping

Amplified Fragment
length polymorphism
(AFLP)

Restriction digestion and
selective PCR amplification

Marker assisted selection,
specific locus identification

24.9 RNA-Based Molecular analysis

Advancement in genome sequencing technology has promoted the mining of
sequence information resulting in sequence resources for a huge number of crops.
The RNA-based sequencing approach is very convenient in mapping the mutations
in the coding region when an altered phenotype is observed and the sequence
information is available. It is useful in identifying the possible miss-sense and
non-sense mutations, expression changes, and variation in the post-transcriptional
processes (Miller et al. 2013). The benefits of this approach are less amount of
sequencing data for analysis, analysis of molecular mechanism is easier as it comes
with the benefit of quantitative measurement of the change of expression (Weber
2015). Recently, it has been used in understanding the D-genome-specific chromo-
somal marker in wheat (Nishijima et al. 2018).
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24.10 Next Generation Sequencing-Based Approach of Mutation
Detection and Mapping

NGS technologies are now one of the most popular approaches for mutation
detection and mapping in plant breeding. The easy sequencing technology pipelined
with sophisticated and user-accessible computer programming makes it an easy and
labor-effective process. These technologies are very useful in identifying molecular
markers, transcriptome sequences, and expression analysis. The ability of
resequencing of the targeted genomic regions makes it an evident method for the
identification of genes involved in the maintenance of economically important
agronomic traits in plants (Varshney et al. 2012). The NGS-based techniques have
reduced the timing of sequencing in weeks or days while earlier it took years of
struggle to sequence a plant genome. The NGS approach coupled with classical
mapping approaches helps in the direct mapping of mutation in plants. The most
used approaches for mutation identification are whole-genome resequencing and
Exome sequencing.

24.11 Whole-Genome Resequencing

This is the easiest way of identifying the mutations in the genome. In this technique,
the genome of the mutant plant is sequenced in the NGS platforms and compared
with its reference genome to identify the variation. The assay is facilitated as
sequence information for the whole genome of most of the crop have been
deciphered. Through this approach, it is easier to identify SNPs, insertion deletion
mutations, gene losses, and conversions. It is very popular among breeders due to its
multifarious application.

24.12 Exome Sequencing

Exome sequencing is the sequencing of cDNAs obtained from transcripts. This
technique considers only the coding region of the genome for analysis and thus
helps to identify the proteins involved in the phenotypic traits. It is very useful in
identifying QTLs as exemplified in sorghum where many QTLs have been identified
using this approach (Gelli et al. 2016). Hence, the above-mentioned techniques are
the most commonly used technologies for the identification of the causal mutations
for a phenotypic trait.

24.13 Recent Advances in Mapping

The field of “induced mutation for crop improvement” is rapidly growing with the
advancement in genome sequencing technology. Though in case of banana crop, the
advancement of induced mutagenesis has not been routinely applied in comparison



Principles Scope of application

to cereals like rice, wheat, and barley, advanced genomics technologies can be
applied for banana improvement. The most popular advanced gene mapping
technologies which could be useful to study the mapping of in vitro mutagenized
plants are: (1) Exome capture mapping (Mo et al. 2018), (2) Simultaneous Identifi-
cation of Multiple Causal Mutations (Yan et al. 2017), and (3) Needle in the k-Stack
(Nordström et al. 2013). A list of recent techniques for mapping of mutations is
provided in Table 24.4.
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Table 24.4 Advanced techniques for mapping of mutation

Name of the
technique

Exome capture Only coding region of the genome
is analyzed to avoid complexity
and repetitive sequences.

Applicable to all plants where
genomic information is available.

Needle in the
K-stack

Small subsequences of the whole-
genome sequence of two related
organisms are compared for
mapping.

Applicable for all especially for
the plant species where reference
genome is not available.

Next generation
mapping

Casual mutations are detected
using reference genome.

Applicable to all plants where
genomic information is available

RNA sequencing-
based mapping

Used in bulk segregant analysis. Applicable to all plants where
genomic information is available.

Simultaneous
Identification of
Multiple Causal
Mutations

Multiple casual mutations are
identified simultaneously without a
wild-type reference genome.

No need of genomic information
applicable for all plant species.

24.14 Conclusions and Future Prospective

Generating novel mutants through in vitro mutagenesis in banana is dependent on
well-optimized tissue culture, plant regeneration, and mutagenesis followed by post-
mutagenesis handling of plant material. In vitro mutagenesis of banana shoots pose
issues of chimera formation and this requires a detailed and laborious examination of
developed mutants. Isolation of pure mutant lines in banana can be speeded up by
using embryogenic cell culture-based induced mutagenesis system. However, the
protocols for the development of somatic embryos in most elite cultivars are still to
be optimized and further studies in this direction can significantly revolutionize the
genetic improvement of banana. Although the efficacy of gamma rays has been
proved to be useful, the spectrum of various mutations induced by a combination of
physical and chemical mutagens should be explored to isolate useful mutants.
Popularization of identified novel mutants in banana should be taken on a priority
basis worldwide to educate farmers about the improved traits. Moreover, attempts to
characterize the genetic basis of mutations in improved varieties should be
undertaken so as to harness the benefits of the same for the improvement of other
species. Techniques such as next-generation sequencing, mapping, and



transcriptome profiling which have proven useful to identity genetic basis of
mutations in many species will have to be studied for their application in banana.
Combining such techniques with classical in vitro mutagenesis could lead to the
development of disease-resistant, stress-tolerant, and biofortified banana varieties in
near future.
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Abstract

Date palm (Phoenix dactylifera L.) is one of the oldest fruit crops grown in the
arid regions of the Arabian Peninsula, North Africa, and the Middle East. The
date palm fruit is pivotal of the economy and the social life of the date palm
producing regions. Currently, there are various challenges opposed date palm
development, processing, and marketing such as the presence of low-quality
cultivars, poor farm management, insect and diseases pest infestations control,
deficiencies in harvesting, processing, shortage of qualified and national trained
staff and laborers, insufficient research and development activities. To overcome
these challenges, there is a need for alternative approach to conventional plant
breeding. Genetic enhancement of the date palm by radiation induced mutagene-
sis represents a major opportunity since it increases the genetic variability to
sustain food security. Gamma-irradiated date palm callus regenerated plants
resistant to Bayoud toxin isolated from the causal fungus Fusarium oxysporum
f.sp. albedinis. Several selected putative mutants resistant to Bayoud disease have
maintained resistance underfield conditions. This chapter presents an overview of
induced mutation and their application date palm improvement.
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25.1 Introduction

Date palm (Phoenix dactylifera L.), is a monocotyledonous fruit tree belonging to
the family Palmaceae (Arecaceae), which inhabit tropical and subtropical habitats
where the majority of palms are found. It is an economically important fruit crop
widely cultivated in arid and semi-arid regions including the Middle East and North
Africa (Al-Khateeb 2006). More than 5000 date palm cultivars are spread worldwide
differing in nutritional value, morphological and genetic attributes, although com-
mercial cultivars are limited in number (Abul-Soad et al. 2017). According to FAO
statistics (FAOSTAT 2018), the world’s largest producer was Egypt ranking first
with a total production 1,501,799 metric tons (mt), followed by Iran (1,083,720 mt),
Saudi Arabia (1,065,032 mt), Algeria (848,199 mt) and Iraq (6828 mt).

Date palm production faces serious problems such as low yields as well as
marketing constraints. These include diseases like Bayoud (Fusarium oxysporum
f.sp. albedinis) and insect pest infestations like red palm weevil (Rhyncophorus
ferrugineus) and inadequate integrated pest management (Al-Khayri et al. 2018).
Furthermore, there are problems as well as deficiencies in harvesting, processing,
and marketing practices, shortage of qualified and national trained staff and laborers
in addition to insufficient research and development activities (Erskine et al. 2003).
The major causes of low date productivity are the large number of the old trees, the
existence of many low-quality and undesirable cultivars, lack of sufficient number of
offshoots to establish new orchards or even renew the old ones, and the increase in
cost of offshoots of good-quality cultivars (Abul-Soad et al. 2017).

Since the spontaneous mutation rate is very slow, induced mutation is crucial to
improve the rate of genetic diversity so that breeders can develop the diverse
varieties in plant breeding programs (Jatt et al. 2019; Aly et al. 2019).

Mutation breeding is based on the fine art of selecting the “one” genotype, which
can bring solution to a given situation, such as tolerance and/or resistance to drought,
high salinity content, diseases, and pests. Mutagenesis is method by which sudden
heritable changes in the genetic material of an organism induced by mutagens such
as chemical, physical or biological agents (Bradshaw 2016; Roychowdhury and Tah
2013). Mutations can be induced at a higher frequency by exposing cells to
mutagens (Foster 1991; Miler et al. 2021).

This chapter provides an overview of conventional breeding limitation in date
palm and the role of mutation technology. In addition, it presents a case study of
mutation induction, date palm in vitro improvement for resistance to Bayouddisease
and mutant assessment.

http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=semi-arid
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25.1.1 Limitations of Conventional Breeding

The date palm is a diploid, cross-breeding species, where male and female
inflorescences develop on separate trees. It is conventionally propagated both asex-
ually (vegetatively) and sexually (seeds). The main advantage is the simplicity of its
application and in obtaining a great morphological and genetic variation, thus
producing a huge number hydrids and creating a massive reservoir of genetic
diversity (Jain 2012). Therefore, this technique is very practical in genetic enhance-
ment programs for the selection of genotypes resistant to abiotic and biotic stresses
as well as appreciable characteristics (Jain 2012; Hazzouri et al. 2020; Yatta El
Djouzi et al. 2020).

Seed propagation provides progeny comprising about 50% male and 50% female
(Yatta et al. 2013; Yatta El Djouzi et al. 2014; Abed et al. 2014). Nevertheless, this
method cannot be used to propagate elite cultivars with desirable traits or selected
genotypes due to high heterozygous characters of the date palm (Tisserat 1982). The
inconvenience of this method is long vegetative phase, 4–8 years for the first
inflorescences depending on cultivar and growth conditions. Only after the onset
of flowering the gender of the date palm tree can be identified and fruit quality can be
assessed following fruit maturation (Al-Khayri 2007; Naik and Al-Khayri 2016).
Farmers select among palm trees produced by seeds and produced the best dates. The
chosen clones are propagated vegetatively.

The process of vegetative propagation is initiated by the development of axillary
buds, arising base of the stem, which gives rise to offshoots (Al-Khayri 2007; Yatta
El Djouzi et al. 2014; Behnaz et al. 2018). However, the date palm produces only a
limited number of offshoots during its life on an average 10–40 offshoots depending
on the cultivar (Naik and Al-Khayri 2018, 2020).

This traditional technique remains slow and inefficient to meet the great demand
for the rapid expansion of palm groves. This method is also very slow and takes at
least 30 years to obtain a few thousand palms from offshoots plantation, and in
addition to that, offshoot constitutes a means of dissemination of diseases such as
Bayoud (Jain 2012).

The spontaneous mutations occur at low rate (varying from 10-5 to 10-8) which
is insufficient to be utilized for enhancing variability in crop improvement
(Suprasanna and Jain 2017). Induced mutagenesis using physical and chemical
mutagen treatment enhance genetic variability in crop improvement programs
(Jain and Suprasanna 2011).

25.1.2 Role of Mutation Breeding

Food security can be ensured by improving crop tolerance to different environmental
stresses (Suprasanna and Jain 2017). Traditional plant breeding techniques, muta-
genesis, and genetic engineering, have an essential role in harnessing available
germplasm resources to increase the genetic variability and to develop improved
Crops (Hallerman and Grabau 2016). Induced mutagenesis is very efficient tools for



the enhancement of crops (Ahloowalia and Maluszynski 2001; Maluszynski et al.
2004; Miler et al. 2021). It helps to expand genetic variation and crop diversity. It
contributes to increasing the potential of phylogenetic resources and allows breeders
to create more efficient varieties contributing to food security. For this, a large
number of mutagenized crop species have been released to farmers and
commercialized, thus indicating the economic value of this approach (Suprasanna
and Jain 2017). Genomics tools and bioinformatics could be helpful to select suitable
mutagenesis techniques heavy ion beams comparing with physical mutagen can be
used to create new cultivars with selected target traits without troubling exist
characters of parent cultivar (Suprasanna et al. 2015). Precise confirmation
individuals and screening of mutants with desirable traits are most importants points
in variation breeding (Suprasanna and Jain 2017). Mutant screen is a way for
detecting desired selection criteria in putative mutants. Mutant reevaluation and
their confirmation need a large mutated population under a restricted environment.

738 D. Yatta El Djouzi et al.

Mutagenesis technique has advantages to obtain mutants in genomic variation
with the trait of interest that may possibly be excellent to cultivate under the global
change in climatic conditions (Jain 2010).

The Food and Agriculture Organization of the United Nations/International
Atomic Energy Agency—Mutant Variety Database reports on the developed and
officially released mutants, a total of 3275 accessions from 225 species (FAO/IAEA-
MVD 2021).

25.2 Mutation Sources

25.2.1 Somaclonal Variation

“Somaclonal variation” has been used to refer to genetic variation found in
“somaclones” of plants regenerated from any type of tissue cultured in vitro. This
concept has been extended to all genotypic and phenotypic alterations occurring
during tissue propagation processes. However molecular markers were used to
detect variability and screenpositifs variants. They are therefore neutral indicators
of genetic variabilty which make it possible to identify polymorphism between spe-
cies, varieties, populations and even between individuals. Its helps to increase
genetic variation and crop diversity. Its contributes to allow breeders to produce more
efficient varieties contributing to food security.

In date palm, somaclonal variation and in vitro mutation induction make it
possible for select genotypes with new agronomic traits, stress tolerance or quality
characteristics (El-Hadrami et al. 2011; Ahloowalia and Maluszynski 2001; Jain
2001; Jain and Maluszynski 2004; Bradshaw 2016), allows the expansion of the date
palm genetic base, using micropropagation and tissue culture.

The high rate of desired somaclonal variant can be obtained by introducing
selection gents to the tissue propagated in vitro (Jain 2014; Bradshaw 2016). During
in vitro tissue propagation, several factors produce genetic variability in these plant
tissues. These changes depend on genotype, origin explant, age the culture and



number of subculture cycles used; growth regulators concentrations, in vitro multi-
plication technique type, ploidy level (Jain 2011; Krishna et al. 2016). In date palm,
the growth regulators depend on genotypes, and sensitivity to certain auxins often
trigger variations during in vitro tissue regeneration (Jain 2012). Cytogenetic Studies
have reported different number of chromosome pairs and karyotype also reveals
changes structure of chromosomes. Various research in date palm have shown that
the chromosome number ranging from 2n= 26, 32, 34, 36 (Al-Salih et al. 1987; Jatt
et al. 2019).
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However, the information available on these variants remains unknown, sparse,
and inconclusive. It is therefore complex to estimate the percentage of this genetic
variability and to verify its impacts on this species (El Hadrami et al. 2005). No
comparison between these two in vitro techniques has been made due to the long
method of tissue cultures (Bradshaw 2016). Note that some date palm cultivars can
produce a high rate of genotype conformity, whereas others are more prone to
variation. It has also been observed that certain cultivars propagated by tissue culture
present a certain level of recalcitrance; particularly for those with desired production
and resistance qualities (Bradshaw 2016).

25.2.2 Induced Mutation

Induced Mutation is used to enhance the probability of creating a favorable genetic
variation in plant improvement and the Mutants are generally obtained by mutagenic
agents (Mba et al. 2010; Bradshaw 2016; Miler et al. 2021). The concept of the
artificial induction of mutations by ionizing radiation began in the twentieth century,
and Mutations can be induced at a higher frequency.

It is used successfully for crop improvement and complements conventional
methods (Jain 2010; Amin et al. 2015). For this, several types of mutagens are
widely used for genetic variability creation for improving crops (Jain 2010, 2012).

Induced mutations involve exposing seeds, stem cuttings, buds, and tubers to
mutagens. The success of mutagenesis is dependent on the genetic purity of parental
lines. The intensity of the dose, the type, and the concentration of mutagen varies
according to plant material used (Suprasanna et al. 2015; Miler et al. 2021).

There are currently numerous chemical agents (e.g., alkylating agents, azide,
hydroxylamine, antibiotics, nitrous acid, acridines, and base analogs) capable of
inducing mutations in plant species; however, only a limited number have been used
in experimental plant mutagenesis and the selection of plant mutants (Wani et al.
2014; Feldman et al. 2017). The consequence of chemical mutagens on plants is
often observed as minimally invasive. Alkylating agents, azide, and hydroxylamine
react with bases by adding methyl or ethyl groups. The degradation of the alkylated
base can go as far as the production of basic sites to cause mutations through DNA
replication.

Nitrous acid causes oxidative deamination in which amino groups are converted
to ketone groups; cytosine residues are thus converted into uracil which can pair with
adenine rather than guanine. Similarly the deamination of adenines to Cytosine



rather than Thymine. Antibiotics are caused chromosomal aberrations and cytoplas-
mic male sterility. Acridines intercalate between the bases of the DNA, creating
deformations which can cause deletions or insertions leading to shifts in the reading
frame. Base analogs can be incorporated into DNA during replication. Thus bromo-
uracil, an analog of cytosine hybridizes preferentially to Adenine, and 2 aminopurine
an analog of adenine pairs with cytosine.
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The ratio of mutational changes to unwanted changes is usually higher for
chemical mutagens than for physical mutagens (Viana et al. 2019).

Since the discovery that physical radiation (such as gamma rays, X-rays, and UV
radiation, as well as particulate radiation, fast and thermal neutrons, α and β
particles) have mutagenic properties, interest in the use it has grown increasingly
to induce genetic variation in crop species.

The mutagenic dose applied is important in any mutagenesis program. The lethal
dose-50 (LD50) gives an inspiration of the optimal mutagenic dose which produces
the maximum number of mutations with the minimum risk. An overdose of
mutagens causes plants death, while a low dose will show lower mutation. The
mutagenic dose depends on the concentration, the time and the temperature during
the treatment.

The gamma radiation of radioactive cobalt (60Co) is widely used; the majority of
mutant varieties have been developed (Jain 2011; Suprasanna et al. 2015). Radiation
technology and colored polyethylene packaging are recommended for shelf-life,
sanitary and phytosanitary purposes of palm date (Mohammadzai et al. 2010) and
to for improving fruit quality of date palm (El-Beltagi et al. 2019).

In date, X-rays is used to enhance plant growth and also to improve understanding
of the physiological responses imposed by irradiation stress (Jain 2011; Al-Enezi
et al. 2012). In recent decades, ion beams have been widely used as replacements of
gamma and X-rays and neutrons (Jain 2011; Feldman et al. 2017). Radiation causes
chromosomal aberrations, lethality the damage caused by ion beams to double-
stranded DNA is less repairable due to the removal of DNA fragments of different
sizes (Feldman et al. 2017).

In vitro screening of mutants, usually the selection pressure varies and it is better
to determine LD50 dose (Jain 2010). Induced mutations in plant breeding changes in
the nuclear DNA, cells, organelles, resulting mutations which are interest to breeders
to choose useful mutant; In date palm induced mutations is possible at this time due
to a dependable plant regeneration system-induced mutations through somatic
embryogenesis and organogenesis.

In date palm, there is any publication done on mutation induction, excepting
FAO/IAEA Coordinated Research Project on development of date palm mutant
varieties resistant to Bayoud disease in North Africa (Jain 2005, 2006). In date
palm, mutant plants were selected in the greenhouse using isolated toxin from
Fusarium oxysporum f.sp. albedinis fungus causal agent (Patade and Suprasanna
2008; Jain 2006) and were transferred to infected field for evaluation, resistance
confirmation and selection of other agronomic traits, such as yield and date quality.
Actually only 1 mutant of cv. Deglet Nour of 14 putative mutants transferred to a
disease-infected field was found to be true resistant after 12 years in the field.
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For the putative mutants of cv. Teggaza, 11 vitroplants showing resistance to
artificial inoculation of the pathogen were transferred in to infested field planting at
INRAA Station, Adrar, Algeria. So far, they are growing very well.

25.3 In Vitro Selection

In vitro selection is among the biotechnology techniques frequently used in date
palm breeding for tolerance to different stresses, i.e., drought, salinity, cold and
diseases and pests (Jain 2011; Nikam et al. 2015; Schaart et al. 2016).

It can shorten the selection time for desirable characters in vitro and can comple-
ment field screening (Jain 2012).

Different in vitro culture tools such as suspension cultures and protoplast cultures
can be extensively chosen to have a genetic uniformity by adding the selective
agents reducing the growth to select tolerant plants.

Mutants have been induced and improved in several plant species (Viana et al.
2019). During in vitro selection, two selections strategies can be used (single-step
selection and multi-step selection) (Suprasanna et al. 2012a, b). In the single-step
selection, the minimum inhibitory concentration (MIC) is added into the culture
medium and cultures are maintained for several subcultures and then resultant
surviving tissues are isolated and plants regenerated. In a multi-step selection
method, the in vitro cultures exposed to sub-lethal concentration in order to develop
and in the following subcultures, a gradual increase in inhibitor level is maintained.

It has been argued, with this process, that selected mutant traits are frequently
stable, while variant cells are in stable exposure to improving levels of inhibitor.

25.3.1 Abiotic Stress Agents

Cold stress is the most important abiotic stresses that directly affect crop growth and
development. Heat stress has a direct impact on the crop resulting in a loss of yield
and quality at harvest. Indeed, Heat stress-induced affect the floral organs and the
formation of the fruit. Just as meiosis and the filling phase of the seed are sensitive to
the rise in temperature. High temperature stress influences the protein synthesis as
well as photosynthetic system dysfunction (Brar and Jain 1998; Akter and Islam
2017; Muhammad et al. 2020). Salt stress affects the reduction in the number of
leaves, stomatal conductance, protein synthesis, energy metabolism and photosyn-
thesis. The presence of NaCl in the culture medium limits the supply of the plant
with major cations, such as potassium (K+) and calcium (Ca2+). Bressan et al. (1985)
obtained salt-adopted tobacco cells, which were grown for at least 25 generations in
25 g L-l sodium chloride.

Using in vitro tissue cultures to study abiotic stress responses is based on the
information that in vitro cultivated cells behave correspondingly to cells of intact
plants subjected to abiotic stress situations such as water deficit and salinity stress
(Attree et al. 1991).
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In vitro culture selection induced by selection pressure alone or associated with
mutagenesis is a process to be exploited to enhance genetic variability allowing the
creation of new cultivars of cultures (Predieri 2001). This is based on the in vitro
culture of plant cells, tissues, or organs on a medium supplemented with selective
agents, making it possible to select genotypes one resistant to different abiotic
stresses (Pérez-Clemente and Gómez-Cadenas 2012). Drought stress has been
caused leaf wilting, a reduction in leaf area, and also raising the rate of photosynthe-
sis. Mainly cases, selection is applied to tissue cultures such as callus, cell suspen-
sion, protoplast cultures adding growth inhibitory levels of selection agent in culture
medium (Widholm 1972).

In vitro researches in the date palm were conducted to recuperate plants improved
tolerance to salinity and drought stress in arid areas. Al Mansoori et al. (2007)
examined the effect of sodium chloride (NaCl) on tissue callus issued from immature
embryos of local date palm cultivars and they concluded that salinity much affects
date palm immature embryos. Al-Mulla et al. (2013) utilized the cvs. Kasab, Barhee
and Khalas on in vitro plants to examine their tolerance to salinity under greenhouse
conditions. They concluded that both soil salinity and water stress affects date
quality and yield. Al-Rokibah et al. (1998) reported a difference in response to salt
stress among date palm cultivars grown in Saudi Arabia. Al-Khayri and Al-Bahrany
(2004) showed that in response to in vitro drought stress induced by PEG-8000,
endogenous free proline content of date palm callus increased gradually in response
to increase PEG-concentration. Further research is necessary to optimize in vitro
selection and plant regeneration processes to ensure the viability and conserve
selected cells totipotency issue from selected cell lines for tolerance to abiotic stress
(Al-Khayri and Ibraheem 2014).

Al Kharusi et al. (2017) suggested that there is variation in tolerance to high
salinity between different cultivars of date palm. Shoot Na+ exclusion, photosynthe-
sis, and membrane stability are apparently the main determinants of tolerance and
can be used in salinity tolerance selection of cultivars. Heat stress affects the growth
of plants and productivity in agricultural crops plants. Climate change is predictable
to lead to decrease date palm adaptation. This can be restored by escalating the
photosynthesis on a leaf area basis provided that the intercept of solar radiation does
not modify significantly. The phytohormone abscisic acid (ABA) plays a main role
through plant adaptation to different stresses (high salinity, drought, and extreme
temperature) (Jain et al. 1998; Zhu 2002).

25.3.2 Biotic Agents

Biotic stresses in plants are caused by various pathogens such as fungi, bacteria,
viruses, etc. diverse agents lead to plant death such as infections caused by fungi and
insects. Others affect photosynthesis per leaf area such as virus infections. Selection
systems to separate tolerant lines have been planned using screening with culture
filtrates, chemicals and toxins.
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Culture filtrates (CF) have been successfully used and corresponds a simple
process of selection by adding into the culture media at suitable concentrations.
Mutants resistant have been screened by using culture filtrate in vitro and disease
resistant plants have been regenerated in many crops (Molot et al. 1984; Ahloowalia
and Maluszynski 2001). First reported by Carlson (1973), in vitro selection was
conducted in tobacco against Pseudomonas syringae for disease resistance. Chawla
and Wenzel (1987) used callus cultures of barley and of wheat for selection against
Helminthosporium sativum and the screening with pathotoxins treatments showed in
6–17% of surviving calli. In vitro selection has huge possible for fast production of
helpful mutants resistant to biotic stress (Chandra et al. 2010). Callus and
regenerated plants were confirmed for resistance by contact to selection agent of
A. alternate.

Jain (2010) have been reported results on gamma ray irradiation of strawberries
grown in vitro using Phytophthora cactorum crude extract; where 5% of the plants
survived and they were able to resist drought for 5–6 days.

Jain (2006) have been noted that mutant plants of date palm were screened in the
greenhouse after infection with bayoud toxin isolated from fungus causal Fusarium
oxysporum f.sp. albedinis.

Bayoud disease is rampant in North Africa, whereas red palm weevil
(Rhynchophorus ferrugineus) devastates in the Middle East Asia and Mediterranean
regions (Jain 2012). In addition, 34 various fungal and Oomycetes have been found
to be associated with root diseases of date palm (Saaidi et al. 1981).

25.4 Mutation Induction in Developing Bayoud Resistance

The Bayoud disease, caused by the ascomycete imperfecta fungus Fusarium
oxysporum special form albedinis, is the most serious enemy of Date palm (Phoenix
dactylifera L.). It has disturbing impact lopsided the ecology of a number of areas
and posed serious problems of human, social, and economic problems. It has already
destroyed more than ten million palm trees in Morocco and nearly three million in
Algeria. The problem is aggravated by pathogen attack on productive cultivars and
high commercial values.

Various control strategies are implemented to deal with the disease. However,
genetic control remains the most recommended way to reduce or stop the progres-
sion of this Fusarium. This source of resistance can be found in varieties currently
cultivated or in natural populations or induced by gamma irradiation treatment.
Confirmation of this resistance must be evaluated by rapid and reliable tests such
as the use of toxins or culture filtrates or by artificial inoculations with F.o.a. fungus
in vitro cultured explants; and mutant evaluation in the glasshouse. Several selected
putative mutants were transferred in the field and have maintained tolerance to
vascular fusariosis under field conditions. Actually, the resistance is evaluated in
contaminated field to obtainBayoudresistant palms, with high-quality dates. Newly
developed date palm mutants with Bayoud resistance and high date fruit quality are
grown to repopulate the palm groves, devastated by the disease, in the South West



and center. The use of the mutants obtained in the repopulation of the affected and
threatened palm groves by Bayoud would contribute to the protection of the oasis
ecosystem, and increase in genetic diversity also they will contribute to the
strengthening of the employment policy and to the guarantee food security. The
date palm mutant development processes are shown in Table 25.1.
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Table 25.1 Date palm mutant development phases and procedural steps of each phase

Phase Procedural steps numbered in a consecutive order

Introduction of
offshoots for
callus induction
and irradiation

1. Obtaining
actively growing
callus

2. Irradiation 60 Cobalt
of Embryogenic
Cultures
(200 embryogenic
calluses/Dose)

3. Radio-sensitivity test
(Performed on
200 embryogenic
callus) (0, 10, 15, 20,
25, 30 Gy) for
determining optimal
mutagenic dose

Selection in vitro
using a culture
filtrate or toxin

4. Callus
Irradiation
(Minimum 1000
callus) with the
optimal dose
≤LD50

5. Callus proliferation
(1: M1V1, 2: M1V2, 3:
M1V3, 4: M1V4)

6. In vitro screening of
calluses against F.o.a.
with culture filtrate or
fusaric acid.

7. In vitro
selection of
somatic embryos
against F.o.a. with
culture filtrate

8. In vitro selection by
detached leaves

9. Regeneration of
putative mutants

Evaluation of
mutants
(Confirmation of
Resistance in vivo
and in field)

10. Transfer of
germinated
plantlets to the
acclimatization
phase

11. Greenhouse
Evaluation (Treatment
of mutant plants with
Fusarium toxin and the
F.o.a. culture filtrate at
35%)

12. Screening and
evaluation using flow
cytometric and
molecular markers

13. Field evaluation of the mutant plants (Confirmation of resistance in field
and selection of other agronomic traits (date quality and others))

Micropropagation
of mutant plants

14. Micropropagation of desired resistant
mutant plants exhibiting high date quality

15. Multi-site trials

25.4.1 Establishment of Embryogenic Cultures

Somatic embryogenesis is the most efficient way huge scale clonal propagation of
date palm. It has several supplementary advantages, such as the production of virus-
free plants, the capacity to produce large numbers of plants, facilities for change of
genetic material at different levels (national, regional, and international), automation
potential, opportunities for synthetic seed production, cryopreservation, and genetic
manipulations (Jain 2012; Yatta El Djouzi et al. 2014).
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Fig. 25.1 Date palm explants preparation. (a) Date palm offshoot isolated from mother plant, (b)
Removal of leaves and fiber sheets of the out layers, (c) Isolated shoot tip, (d) Disinfected shoot tip,
(e) Isolated explants from the shoot tip region, (f) Explants cultured on tissue culture medium.
(Photos by Al-Khayri JM)

Three date palm cultivars were tested including two cultivars obtained from Adrar
oasis, Southwest Algeria (cvs. Taquerbucht and Teggaza), the former is resistant to
Bayoud but have low fruit quality, whereas the latter is susceptible but has a good
fruit quality. The third cultivar was obtained from Touggourt, Southeast Algeria
(cv. Deglet Nour), which is known for high fruit quality but highly susceptible to this
disease. Eight healthy offshoots (Fig. 25.1a) weighing 3–5 kg were harvested per
cultivar from well-irrigated groves. Outer dry and fibrous leaf sheaths were removed
until the inner shoot tip is reached (Fig. 25.1b). Shoot tip region consists of apical
meristem bordered by white young leaves surrounding the meristem. The shoot tip
region was isolated using a curved knife and trimmed to approximately 10 cm long
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Table 25.2 Composition of culture medium used for callus initiation (M1 supplemented
100 mg L-1 of 2,4D) and (M2 contained 12.5 mg L-1 of Picloram) and for establishment of cell
suspension (M3 contained 5 mg L-1 of Picloram)

Media designation

M1 M2 M3

Murashige and Skoog macroelements salts (Murashige and Skoog 1962)

Ammonium nitrate NH4NO3 1650 mg L-1 1650 mg L-1 1650 mg L-1

Potassium nitrate KNO3 1900 mg L-1 1900 mg L-1 1900 mg L-1

Potassium phosphate monobasic KH2PO4 170 mg L-1 170 mg L-1 170 mg L-1

Calcium chloride CaCl2, 2H2O 440 mg L-1 440 mg L-1 440 mg L-1

Magnesium sulphate heptahydrate
MgSO4 7H2O

370 mg L-1 370 mg L-1 370 mg L-1

Murashige and Skoog microelements salts (Murashige and Skoog 1962)

Boric acid H3BO3 6.2 mg L-1 6.2 mg L-1 6.2 mg L-1

Cobalt chloride CoCl2 6H2O 0.025 mg L-1 0.025 mg L-1 0.025 mg L-1

Cupricsulphate CuSO4 5H2O 0.025 mg L-1 0.025 mg L-1 0.025 mg L-1

Manganese sulphate MnSO4 7H2O 16.9 mg L-1 16.9 mg L-1 16.9 mg L-1

Molybdic acid sodium salt Na2MoO4 2H2O 0.25 mg L-1 0.25 mg L-1 0.25 mg L-1

Potassium iodide KI 0.83 mg L-1 0.83 mg L-1 0.83 mg L-1

Zinc sulphate ZnSO4 7H2O 8.6 mg L-1 8.6 mg L-1 8.6 mg L-1

Iron (Fe-EDTA) source

Ferrous sulphate FeSO4 7H2O 27.8 mg L-1 27.8 mg L-1 27.8 mg L-1

Na2-EDTA 37.3 mg L-1 37.3 mg L-1 37.3 mg L-1

Vitamins MS (1962)

Thiamine 1 mg L-1 1 mg L-1 1 mg L-1

myo-Inositol 100 mg L-1 100 mg L-1 100 mg L-1

Plant Growth Regulators (Hormones)

Dimethylallylamino purine (2iP) 3 mg L-1 1 mg L-1 1 mg L-1

2,4-Dichlorophenoxyacetic acid (2,4-D) 100 mg L-1

4-Amino-3,4,6 tricloropicolinic acid
(Picloram)

– 12.5 mg L-1 5 mg L-1

Others additives

Monosodium phosphate NaH2PO4 170 mg L-1 170 mg L-1 170 mg L-1

Potassium phosphate monobasic KH2PO4 100 mg L-1 100 mg L-1 100 mg L-1

Ammonium citrate 200 g L-1 200 g L-1 –

Glutamine 100 mg L-1 100 mg L-1 200 mg L-1

Adenine 40 mg L-1 40 mg L-1 40 mg L-1

Activated charcoal 3 g L-1 0.2 g L-1 –

Polyvinyl pyrrolidones (PVP) 2 g L-1

Carbohydrates source

Sucrose 45 g L-1 45 g L-1 45 g L-1

Solidifying agent

Agar 7 g L-1 7 g L-1 –

pH 5.84 5.84 5.84

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22Monosodium%20phosphate%22%5bCompleteSynonym%5d%20AND%2023672064%5bStandardizedCID%5d


and 5 cm diameter (Fig. 25.1c). This tissue was disinfected in 3 g L-1 Benomyl
solution for 45 min, and then sterilized for 20 min in 12% sodium hypochlorite
(750 mL) solution containing 100 mg L-1 potassium permanganate and 2 mL L-1

Tween 20. The shoot tip was then rinsed with sterilized distilled water three times,
5 min each (Fig. 25.1d). Under aseptic conditions, a layer of the out-leaf tissue near
the shoot tip was detached and meristem region fragmented into 8–12 explants
approximately 1 cm3 (Fig. 25.1e). The shoot tip explants were cultivated on two
modified MS media (Murashige and Skoog 1962) designated M1 and M2
(Fig. 25.1f). Their compositions are listed in Table 25.2.
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Fig. 25.2 Compact embryogenic calli (a) and friable embryogenic calli exhibiting prolific growth
after 6 months the shoot tip explants cultured (b). (Photos taken in 2010 by Yatta El Djouzi D,
Khelafi H and Abed F)

The pH adjusted to 5.7 before autoclaving at 120 °C for 20 min. The cultures were
incubated in darkness under a thermoperiod of (28 ± 2 °C for 16 h and 22 ± 2 °C for
8 h) for six to eight subcultures at 5 weeks intervals until callus was produced.
Explants which have increased in volume were fragmented into several fractions.
The enlargement of the explants was observed between 5 and 9 weeks after their
cultivation. As soon as the explants presented small white lumps of a nodular
appearance, they were isolated from explant and transferred to new culture medium.
The duration of appearance of the first embryogenic strains for the cv. Deglet
Nourwas 9 months. The embryogenic calli obtained were of two types; compact
and friable (Fig. 25.2a, b).

25.4.2 Irradiation of Embryogenic Cultures

The first step in vitro mutagenesis protocols is to initiate the multiplying calli
cultures with high regeneration capacity. Gamma rays are ionizing electromagnetic
radiation used on calli culture to induce the mutations. The objective of this work
was to test the different doses of cobalt 60 on embryogenic callus of the Deglet Nour
and Teggaza cvs. of the date palm to define the threshold of radiosensitivity and
determine the optimal dose of irradiation. Embryogenic Calli (Minimum 1000
callus), 1–2 mm in size, were irradiated to diverse levels of gamma rays from a



Cobalt 60 source at dose of 0, 10, 15, 20, 25, and 30 Gy, which was conducted at
National Nuclear Center Research (CNRA), Algiers, Algeria. Each treatment
consisted of 200 embryogenic calli and 20 embryogenic calli non-irradiated were
used as controls. Instantly after irradiation, the embryogenic calli were placed onto
fresh solid culture medium (Fig. 25.3a).
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Fig. 25.3 Embryogenic callus irradiated (a) embryogenic callus necrosis with living calli in white
and dead in brown (b), proliferation of survival calli (c) and cell suspension cultures (d). (Photos by
Jain SM)

After 1 month, the LD50 was determined with counting the number and the
percentage of survival (white) and death (brown) calli (Fig. 25.3b, c). Cultivars
Deglet Nour and Teggaza varied in their percentage survival at various irradiation
doses (Fig. 25.4). The percentage survival was constantly elevated in cv. Teggaza
than cv. Deglet Nour. The survival rate of both cultivars decreased with dose
increases.

These strains were completely necrotic (95.84%) and were found to be incapable
of reacting with the exception of one single strain. At the 25 Gy dose, nearly half of
the strains do not survive (47.83%). For the 10, 15, and 20 Gy doses, browning of the
calluses is reversible and the majority of the strains survive (Table 25.3). We noted,
however, an irreversible necrosis of 7 strains at the10 Gy dose, 2 strains at the 15 Gy
dose, and 1 strain at a dose of 20 Gy, which respectively represents a mortality rate of
36.85%, 11.12%, 5.56%, 11.12% and 5.5%.
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Fig. 25.4 Percentage of survival irradiated embryogenic calli of Deglet Nour and Teggaza after
1 month of culture

25.4.2.1 Gamma Room Cobalt 60 Characteristic
The self-protected irradiator is suitable for processing samples for research and for
the calibration of dosimeters. This is type B01 equipment (Transelektro Ltd,
Budapest) integrating 24 Cobalt 60 source pencils with an overall activity of around
9604.65 Ci (at the date of irradiation), of a conveying system of the irradiation
container. An automatic device allows the irradiation duration to be programmed.
The flow dose and the transit reference point dose were determined by the reference
dosimeter of Fricke positioned at National Nuclear Center Research (CNRA),
Algiers, Algeria. The glass samples were irradiated at doses of, a distance of
20 cm and a dose rate of 11.21 Gy min-1 at room temperature. Dosimetry is
performed using ionization chambers of varying volumes connected to Fricke
Dosimeter. The instrument and ionization chambers are calibrated by the Instrument
Calibration Section of the Radiation Biology and Health Physics Branch, against
National Research Council of Algeria standards.

25.4.2.2 Post-irradiation
The multiplication of the irradiated calli was carried out on modified MS media of
the same composition as those of the induction step and placed in the dark.
Subcultures take place every 2 months, the time necessary to observe callus prolif-
eration. Four subcultures were carried out to arrive at the stage which was qualified
as M1V4, i.e., 8 months after irradiation (Table 25.4).

The Irradiation of multicellular structures such as seed, meristem tissue or
offshoots can lead to chimeras in regenerated plants which would require dissocia-
tion by plant multiplication up to the M1V4 generation (Jain 2012, 2010).

In the case of the palm tree, data about the next generation of irradiated sources is
not available at this time. In our experiment, we used callus proliferation, i.e., cell
divisions or cell proliferation from the irradiated mother cell as a generation. The
secondary callus could have been considered a generation, but it was only encoun-
tered in the case of the 30 Gy dose, where the necrotic strain.
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Irradiation
dose (Gy) first subculture

Particularity of the
calluses obtained
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Table 25.4 Proliferation of embryogenic calli from cv. Deglet Nour after fourth subculture

Number of Number of
initial
irradiated
calli

Number of strains
remaining at the

strains obtained
after
4 subcultures

0 16 16 30 Friable callus + or -
vitrified calluses

10 19 12 16 Heterogeneous calluses:
vitrified + or - friable +
nodular calluses

15 18 16 22 Heterogeneous calluses:
vitrified + or - friable +
nodular calluses

20 18 17 67 Friable and grainy
calluses

25 23 12 25 Friable and grainy
calluses

30 24 01 01 Loose-textured
secondary calluses

Source: Abed et al. (1999)

Fig. 25.5 Obtaining irradiated calli from Deglet Nour at stage M1V4 (a) Viable Calli of Deglet
Nour (b) and of Teggaza (c). (Photos by Yatta El Djouzi D)

25.4.2.3 Optimal Dose of Mutagen
In our mutagenesis process, first main step is to establish the suitable mutagen doses
to achieve best results. Dose 30 Gy can be considered as the lethal dose (LD100). At
the 25 Gy dose, half of the strains do not survive and is considered as the LD50. The
optimal dose for the irradiation of the strains is estimated at 20 Gy of gamma for
Deglet Nour and 25 Gy of gamma irradiation for cultivars Teggaza. Four subcultures
were carried out to reach the M1V4 (from stage, i.e., 8 months later irradiation).
After treatment with mutagenic, The viability of irradiated calli was assessed by
Fluorescein di acetate (FDA) under an inverted microscope (Fig. 25.5a–c). The
observation of these cellular masses reveals large cellular aggregates of variable
size. The irradiated calluses of more or less compact texture give rise to aggregates of
amyliferous cells capable of dividing and mixed with elongated non-amyliferous



cells. The increase in the number of cells and aggregates, and the maintenance of a
certain level of viability (80–99%) indicate the favorable action of the culture
medium used for cell multiplication.
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25.4.2.4 Proliferation of Irradiated Callus
The number of subcultures depends mostly on the genotype, LD50 dose and on other
factors, such as propagation calli rate. After their transfer to germination medium,
the well-differentiated embryos germinated and gave seedlings morphologically
identical to the control seedlings. Irradiation of embryogenic calli of date palm
made it possible to determine the threshold of sensitivity. After 1 month of culture,
the embryogenic calli irradiated at a dose 30 Gy were completely necrotic and
proved incapable of reacting except for one, which reveals that the toxic dose or
close to the lethal (LD100) is from 30 Gy. After the 25 Gy dose, half of the calli do not
survive. TheLD50 would be this dose. For doses 10 and 15 Gy browning of the callus
is reversible and the majority of the calli survive, which shows that the calli are
resistant to these doses. It was observed that different sensitivities of the embryo-
genic calli to the irradiation doses. On the doses 10 and 15 Gy the percentage of
mortality varied respectively from 36.85% to 11.2%, whereas for a higher dose
20 Gy 5.56% was recorded (Table 25.4). The proliferating irradiated callus appears
to be heterogeneous. These results obtained during the proliferation of irradiated
callus have shown that with dose 10 and 15 Gy, the proliferation rate is 1.3, whereas
with doses 20 and 25 Gy, the proliferation rate is respectively 36.85% and 11.12%.
This leads us to suppose that the irradiated callus exhibited heterogeneity in the
stages of cell differentiation. The sensitivity of the callus to decreasing dose can be
explained by different cell diversity, or by fact that some calli are in the multiplica-
tion phase or in the differentiation phase. Indeed, Devreux et al. (1986) showed that
protoplasts with high cell density are less radiosensitive than those at low density.
Furthermore their results also demonstrated unambiguously that differentiating
callus are more sensitive than those that are only actively multiplying.

25.4.2.5 Histological Analysis of Calli
Irradiated callus fragments were fixed in solution containing in 100 mL, 4 mL 25%
glutaraldehyde solution, 50 mL phosphate buffer at pH 7.2, 20 mL of 10% parafor-
maldehyde solution, 1 g caffeine, and 26 mL distilled water (Schwendiman et al.
1988). The fixation is carried out for 48 h with a passage of 2–3 h under vacuum to
facilitate the penetration of the fixer and eliminate the air contained in the tissues.
The samples are then rinsed and preserved in alcohol. Dehydration is an operation
that is done by successive passages of the calluses in alcohol baths at increasing
concentrations. Impregnation of the organs is done by placing the organs in an
impregnation mixture composed of 100% alcohol and toluene for 45 min. The
samples are then placed in three successive baths of toluene, 1 bath of toluene and
paraffin and 1 bath of paraffin. Impregnation of the organs is done by placing the
organs in an impregnation mixture composed of 100% alcohol and toluene for
45 min. The samples are then placed in three successive baths of toluene, 1 bath
of toluene and paraffin and 1 bath of paraffin. The samples are placed in molds



containing a quantity of approximately 1.5 mL of paraffin. Polymerization takes
place at room temperature overnight. The sections are made using a microtome
(Leica RM 2125RT) at a thickness of 10 μm and spread in the form of ribbons on
glass slides using a brush. The sections are dried on a plate set at 40 °C.
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Fig. 25.6 Histology of calli on the floral explants (a). Early stage of cell suspension (b). (Photos by
Yatta El Djouzi D and Abed F)

The sections are stained by a double stain with Periodic Acid Schiff (PAS) which
stains the polysaccharides of the walls in red, the mucus and the starchy reserves
(cellulose, pectic compounds, hemicelluloses, etc.) in purplish pink. Naphthol Blue
Black stains the cytoplasm (soluble proteins) light blue, the nucleus and nucleolus
dark blue and the protein bodies (protein reserves) dark blue. After 6 months of
culture in the Murashige and Skoog (MS) medium containing 100 mg L-1 of 2,4-D,
the histology shows that after culturing show the presence of compact granular calli
which consist of numerous independent spherical globules with a diameter varying
between 300 and 500 μm. They are meristematic and well individualized near the
vascular tissues. These meristematic cells of the nodules present a nucleus and a
dense cytoplasm very rich in protein reserves intensely stained in black by Naphthol
Blue Black (Fig. 25.6a). They are surrounded by dense cell layers that are visible on
the periphery of the nodules. These cellular areas are the place of numerous divisions
and function as a cambium (pseudo cambium) which is at the origin of the growth of
nodules. Nodules have three concentric cell layers—a central zone (ZC) formed of
meristematic cells, an intermediate zone made up of pseudo-cambial cells in active
division, a peripheral zone (ZP) formed of several less active cellular layers.
Compact calluses consist of the juxtaposition of more or less voluminous nodules,
linked together by inactive cells forming light mucilage which allows the cohesion
of the whole. They actively divide between the 6th and 12th month of culture, giving
rise to embryogenic stem calluses which are made up of embryogenic cells
containing large nuclei very rich in soluble proteins (Fig. 25.6a). These observations
are analogous to those already reported for palmaceae such as Elaeis guineensis
(Chwendiman et al. 1988). Callus proliferation near vascular tissues has also been
observed with leaf explants of Cocos nucifera (Buffard-Morel et al. 1992), and in
other species such as Gossypium hirsutum (Gawel et al. 1986).
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The histological sections made during the evolution of the embryogenic cell
masses. After 1 month of culture in liquid medium, made it possible to distinguish
single cells or groups of embryogenic cells surrounded by a thick outer wall
intensely colored in pink, and which allows them to be separated from the
surrounding degenerative tissues. These observations were also highlighted by
Verdeil et al. (2001). Also, the suspensions are accompanied by a significant
accumulation of reserve substances of a starchy and/or lipoprotein nature which
are good indicators of tissue development towards embryogenesis (Chwendiman
et al. 1988; Verdeil et al. 2001). Unlike the date palm, obtaining a friable callus is not
essential for the establishment of cell suspensions in some species. This is the case
for cassava and alfalfa. Cell suspensions can be directly initiated by transfer of leaf
fragments in liquid medium (Raemakers et al. 1993).

25.4.3 In Vitro Resistance Screening

25.4.3.1 Extraction and Fraction of Fusarium Toxin
The aggressive strain 133 of Fusarium oxysporum f.sp. albedinis was grown on
PDA medium (Potato: 250 g; 20 g: glucose and 15 g agar) for 5 days in the fungal
culture was flooded with sterile water to prepare conidial suspension and the
concentration was attuned to 106 spore mL-1. One millilitre of the conidial suspen-
sion was transferred into Erlen Meyer flasks containing 200 mL Czapeck medium
(2 g NaNO3, 1 g K2HPO4, 0.5 g KCl, 0.5 g MgSO4�7H2O, 0.01 g FeSO4 7H2O, 30 g
sucrose, 1000 mL distilled water) and shaken at 200 rpm on a rotary shaker at 25 °C
for 10 days. The cultures were filtered with Whatman N°1 filter paper, the filtrate
was centrifuged at 4200 g for 20 min, and the supernatant was used for further toxin
extraction. The extraction was performed on the F.o.a. culture filtrate according to
the method of Pringle and Scheffer (1963), modified by El Fakhouri et al. (1996).

Five liters of culture filtrate were evaporated under vacuum below 45 °C pending
its initial volume was reduced to 200 mL. An equal volume of methanol was added
and the mixture was placed at 4 °C for 48 h. After this time, the precipitated material
was removed by filtration, washed two times with a cold methanol/water (1:1, V/V)
mixture, and discarded. The resulting filtrate was vacuum-evaporated at 45 °C and
the entire volume was reduced to 150 mL. This liquid was poured on a glass column
(3 × 40 cm) of Norite mixed with Celite mixed and equilibrated with water. The
column was then washed with distilled water until the eluate was completely clear.
The absorbed fractions were then eluted by three successive steps of mixture of 10%,
30%, and 50% pyridine in water that generated three fractions: FI, FII, and FIII,
respectively (Sedra et al. 1993; El Fakhouri et al. 1996; Sedra and Lazrek 2011). The
fraction FII was used for the selection because it showed the most phytotoxic activity
during biological assays (Sedra et al. 2008).

The process of infecting a plant with a pathogen begins with the establishment of
contact between the two protagonists of the parasitic relationship. The pathogenic
agent may use several modes of action to penetrate into plant tissue to overcome
mechanical, chemical and/or physiological barriers of the host plant. Pathogenic



fungi often damage their host plants by producing toxic metabolites, which causes
various symptoms toxins these metabolites could be involved in the pathogenicity
(Berestetskiyis 2008). Phytotoxics are classified into two broad groups, those which
are nonspecific and those which are host-specific toxins. Some of the toxins have
general phytotoxic properties and are active on a wide range of plant species. These
are non-host-specific toxins. They contribute to the virulence or development of
symptoms of the disease in which they occur, but are not the primary determinants of
the host range. Other toxins are host specific and affect only certain plant varieties
(Osbourn 2001). Specific toxins play a role in determining the host range of
specificity of plant pathogens and can act as a virulence agent for these pathogens.
The majority of the special forms of Fusarium oxysporum and Fusarium species, in
general, produce toxins which are derived from primary or secondary metabolism,
the nature of which is very diverse: protein (Mussel 1972), terpenic (Casinovi 1972).
The first toxic substance, of peptide nature, which was isolated and purified from
cultures of Fusarium oxysporum f.sp. lycopesici is lycomarasmin (Messiaen and
Cassini 1968).
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The first work carried out on the toxins of Fusarium oxysporum f.sp. Surico and
Graniti (1977), who isolated fusaric acid and anydro-aspergillomasarin A and B. F.o.
a., secretes into a liquid culture media numerous substances like toxins (Mokhlisse
1987; Sedra et al. 1993, 1997); and enzymes (Amraoui et al. 2004). Some of them
have been chemically and biologically well characterized, such as fusaric acid and its
derivatives which were isolated from culture filtrates (Mokhlisse 1987; Sedra et al.
1993, 1997). Fusaric acid may play an important role in the early stage of date palm
infection by F.o.a. (Bouizgane et al. 2004; Sedra et al. 2008).

The extraction of secondary metabolites was performed on F.o.a. culture filtrates
according to the method of Pringle and Scheffer (1963). During extraction, the
adsorbed fractions were diluted by three successive steps of mixtures of 10%,
30%, and 50% pyridine in water (v/v) that, respectively, gave three collected
fractions labeled FI, FII, and FIII. These fractions were evaporated until dry and a
yellowish powder was obtained for FI, while whitish ones were obtained for the FII
and FIII fractions. However, the FII (F.o.a.) fraction contains the fusaric acid and
other toxic sub-fractions (H3, H4, H5 and H6).

25.4.3.2 In Vitro Selection of Irradiated Materials
In vitro screening of irradiated materials is based on the use of purified or crude
culture filtrates of the pathogen as a selective agent (culture filtrate from F.o.a.).
After the radio-sensitivity test, the irradiated calli were irradiated with a 20-Gy dose
for Deglet Nourand a 25-Gy dose for Teggaza, then were transferred in the same
fresh medium until they reach the M1V4 stage. In our experiment, we used callus
proliferation, i.e., cell division or cell proliferation from the irradiated calli as a
generation. The secondary callus could have been considered a second generation,
but it was only encountered in the case of the 30 Gy dose, where the necrotic
embryogenic callus screening of 500 calli using 10% F.o.a. filtrate culture. Surviv-
ing calli have been selected using a culture medium containing 10% culture filtrates
were transferred on liquid medium (Fig. 25.7).
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Fig. 25.7 Selection by using
filtrate culture at 10% on
callus. (Photos by Yatta El
Djouzi D)

25.4.3.3 Embryogenic Suspension Cultures
Cell suspension cultures are useful for date palm genetic enhancement based on
in vitro selection studies (Jain 2012). A number of researchers successfully obtained
in vitro plant regeneration using date palm embryogenic cell suspension cultures
(Al-Khayri 2012; Naik and Al-Khayri 2016). These studies proved that cell suspen-
sion culture is a prolific source of somatic embryos, suitable for mass propagation of
several date palm cultivars.

Embryogenic cultures of “Deglet Nour” and “Teggaza” were transferred in liquid
initiation medium in 125 mL Erlenmeyer flasks (40 mL medium per flask) on a
rotary shaker (110 rpm), and maintained as suspension cultures and sub cultured into
fresh medium at 2-week intervals.

A growth curve was established based on fresh weight of cell suspensions over
time. Weighing was carried out regularly before and after each subculture, and
estimate the increase of the fresh weight of cell suspensions. The Fig. 25.8 expresses
the growth cell suspensions development curve in two cultivars. From the beginning
time of suspension culture, the lag phase was indiscriminate and translated into a
latency phase, this is not observable. It started during first week of cell culture,
between the first and 6 days and embryogenic masses started to isolate from mother
callus tissue. The diameter of the particles varied from 2 to 3 mm. From the second
week in a liquid medium, the callus weight doubled. The exponential phase, where
the highest growth rate occurred, was started 1 week after culture initiation.

After 5 weeks, growth deceleration had occurred and lasted until week 10 and a
stationary phase that starts from sixth subculture. At this level, the growth appears
nil, this is due to a loss of activity where the multiplication rate is equivalent to that
of mortality.

After 3 weeks of the culture, the clusters formed were removed by sieving
through a 380 μm sterile sieve to keep only small embryogenic cell suspension.
The cultures were subculturing weekly by fresh liquid medium until obtain small
pro-embryonic cell aggregates. Embryogenic cultures of Deglet Nour and Teggaza



in suspension had similar morphologies, and consisted of small pro-embryonic cell
aggregates (heap retained on the filter>380 μm) (Fig. 25.9a). Suspension cultures of
Teggaza on the other hand, consisted entirely of pro-embryonic cells and small
aggregates of pro-embryonic cells (Fig. 25.9a, b).
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Fig. 25.8 Growth cell suspension evolution in two cultivars Teggaza and Deglet Nour.
(Constructed byYatta El Djouzi D)

Fig. 25.9 Somatic embryos (a) and pro-embryonic cell aggregates (b) obtained in liquid media
M3. (Photos by Yatta El Djouzi D and Abed F)

In date palm, several researchers successfully obtained in vitro plant regeneration
using cell suspension cultures (Bhaskaran and Smith 1992). These studies proved



that cell suspension culture is a productive source of somatic embryos, suitable for
mass propagation of several date palm cultivars.
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25.4.3.4 In Vitro Somatic Embryos Selection
Compact spherical nodules correspond to proembryos. They are maintained under
the same culture conditions. These nodules or proembryos evolve into small elon-
gated shapes, varying in size between 7 and 8 mm and are characteristic of somatic
date palm embryos. These latter can be isolated. 5200 embryogenic somatic embryos
obtained were transferred on a medium culture containing culture filtrates concen-
tration at 35% and 1800 somatic embryos have been selected (Fig. 25.10a–d). The
embryogenic somatic embryos are located on germination medium devoid of growth
substance at a photoperiod of 16 h. After 6 months of culture, the well-differentiated
embryos developed and gave rise to plants. At doses 10 and 15 Gy, the well-
differentiated embryos germinated to give green seedlings. Callus is observed
which evolves either in roots (46% and 45%) or completely necrosis without any
evolution (Table 25.5).

The synchronization of somatic embryo germination is observed for the control
cultures as well as for the treated samples. The green plants obtained are not
morphologically different from those obtained with the control. However, certain
abnormalities were observed during germination in embryos irradiated at different
doses. Forty-five percent of germinating somatic embryos gave roots only on doses
10 and 15 Gy, although this phenomenon was not observed at dose 30 Gy. Rooted

Fig. 25.10 In vitro selection of somatic embryos using the Fusarium culture filtrate at 35% (a–d).
(Photos by Khelafi H, Abed F and Yatta D)



Dose (Gy) germinating
and roots

fused cotyledons were 45% at dosages 10 and 15 Gy, 26% at dosages 20 and 25 Gy,
and 66.6% in the control. The 20 Gy dose was determined to be the optimal
irradiation dose for the irradiation of date palm callus.
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Table 25.5 Effect different irradiation doses on the germination of somatic embryos

Number of Green
Number of
somatic embryos

germinated
somatic embryos

shoots and
roots

Cotyledons Roots
only

N** %*** N % N % N %

0 15 10 66.6 9 60 1 66 0

10 15 08 53.3 9 60 7 46.6 7 46.6

15 22 10 45.5 7 31.8 10 45.4 10 45.5

20 50 20 40 20 40 13 26 0

25 15 10 66.6 10 66.6 4 26.6 0

30 01 0 0 0 0

Table constructed by Khelafi H
N.S.E.G: Number of somatic embryos germinating, N.E.S.G: Number of germinated somatic
embryos, P.V.R: Green plants + Root, C.R: Cotyledons + Roots, N**: Number of germinated
somatic embryos, %***: percentage of Number of germinated somatic embryos

Similar studies in vitro cultures of date palm in Morocco and Tunisia, on different
cultivars, different steps of differentiation, showed that the irradiation dose was
around 20 Gy (Jain 2011). Donini (1991) locate the irradiation dose at the Gamma
ray close to the LD50 dose, where 50% of the irradiated material survived, which
confirms the results obtained. The aim of this work is to arrive at determining the
radiosensitive dose, and to follow the effect of the irradiation doses on the stages of
somatic embryogenesis of Deglet Nour. The lethal dose in which irreversible
necrosis of all the embryogenic calli is observed is 30 Gy and represents the LD100.

The LD50 dose where half of the irradiated calli survive is 25 Gy. Remaining
strains proliferate and the germinating somatic embryos have given rise to whole
plants. Following these results, additional studies are to be carried out to improve the
process for obtaining homogeneous embryogenic strains and to monitor work aimed
at obtaining variants combining date quality and resistance to Bayoud.

25.4.3.5 Regeneration of Putative Mutants
The irradiated and selected calli gradually were transferred into the germination
medium to permit the induction of the somatic embryos and their germination. The
culture medium was used is the MS base medium (PGRs-free MS4) medium
supplemented with 60 g L-1 sucrose, 1 mg L-1 Thiamine HCl, and 40 mg L-

1adenine. The embryogenic strains are maintained in darkness under a thermoperiod
of 28 ± 2 °C for 16-h and 22 ± 2 °C for 8 h. The transfer to a new medium is done
2-months intervals. Somatic embryogenesis goes through three stages, namely:
somatic embryos induction, somatic embryos into seedlings and development of
the root system. The proembryos which are compact spherical nodules are
maintained under the same culture conditions. They then evolve into small,



elongated shapes and are typical of somatic date palm embryos. The proembryos
may appear separate or remain in clumps. The first somatic embryos appeared after
6 months of their transfer.
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Fig. 25.11 Somatic embryos Maturation and Embryos germination of Deglet Nour (a), somatic
seedlings (b) and seedlings shoot and roots (c). (Photos by Yatta El Djouzi D)

Embryos evolve and germinate under the same culture conditions. The cotyledon
and radical appear. There is a lengthening of the cotyledon which has at its base the
cotyledonary slit from which a first leaf emerges (Fig. 25.11a). Embryos evolve and
germinate under the same culture conditions (Fig. 25.11b, c).

25.4.3.6 In Vitro Selection by Detached Leaves
Leaves, 20–25 cm in size, were collected from 20 in vitro-plants, issued from
irradiated callus, and evaluated for their confrontation to Fusarium wilt. Two
concentrations, 25 and 50 μg mL-1 toxin fractions FII were used. Sterilized water
was used as a control. The standard concentration used to screen resistant from
sensitive materiel was 50 μg mL-1 (Sedra et al. 1993). This concentration can be
increased to 100 μg mL-1 if large size detached leaves are used. There is a relation
between the weight of leaves and the quantity of toxin used (Sedra et al. 1998). The
leaves were dried first using cotton, soaked with ethyl alcohol and then with sterile
water. They were immersed in test tubes containing 25 mL toxin fraction FII. For
each treatment, three leaves per concentration and per vitro-plants were used. For
each trial, the treatment is repeated three times. Tubes carrying leaves were
maintained under daylight, at an ambient temperature between 22 and 27 °C. The
symptoms were observed by measuring the progression of necrosis the petiole every
3 days for 22 days.

25.4.3.7 Test of Artificial Inoculation of Plants
Twenty vitro-plants, previously tested against toxin, were inoculated with 100 mL F.
o.a. conidia suspension, at the concentration of 106 sp mL-1. All tests were carried
out in the greenhouse. One Deglet Nourvitro-plant was used as a control, grown in
100 mL water. Weekly assessment was carried out on the mortality of inoculated



plantlets. From sensitive plants, re-isolation of the F.o.a. from roots was performed
on the P.D. A medium (Potato dextrose agar).
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25.4.3.8 Effect of Fraction FII of F.o.a. Toxin on Detached Leaves
of Vitro-Plants

Three days after immersion of the leaves in different concentrations of toxin, fraction
FII of F.o.a., browning was observed at the base of the petiole of all treated leaves
(Fig. 25.12a–c). This was a wound response to sectioning of the petiole. After
5–6 days, the necrosis progressed in leaves soaked in fraction FII of toxin.

At toxin concentration of 25 μg mL-1, the necrosis varied between 1 and 11 mm
in length, whereas it varied between 3 and 40 mm in response to 50 μg mL-1 toxin
fraction. In the control, necrosis did not exceed 2 mm in length (Table 25.6). The
response to the use of 25 and 50 μg mL-1 FII fraction of F.o.a. toxin on detached
leaves of 20 plantlets regenerated from irradiated callus of Deglet Nourcultivar
showed that the size of the necrosis increased with increasing dose of the toxin.

The differences in necrosis size varied between 1 and 37 mm in the presence of
toxin concentrations 25 and 50 μg mL-1. The necrosis size of vitroplants (M7, M12,
M13, M17, and M19) did not exceed 1 mm. Other five vitroplants (M9, M10, M14,
M15, and M16) had necrosis size between 2 and 5 mm. The size of detached leaves
of eight vitroplants (M1, M2, M4, M6, M8, M11, M18, and M20) varied between
7 and 15 mm. However, necrosis size was 19 mm for M5 and 37 mm for M3
vitroplants.

A correlation between vitroplants noted that showed resistance to artificial inocu-
lation andthe size of the necrosis caused by the treatment of FII fraction of F.o.a.
toxin on detached leaves (Fig. 25.13). The size of necrosis on detached leaves treated
with 25 μg mL-1 toxin varied between 1 and 7 mm in vitroplants that had resistance
to the fungus, whereas it varied between 3 and 17 mm in response to 50 μg mL-1

toxin.
The sensitive date palm vitroplants showing symptoms of Fusarium wilt after

artificial inoculation had a positive response to the toxin on their detached leaves for
both doses. The effect of toxin doses was clearer for the mutants tested. The size of
the necrosis varied between 2- and 11-min in the presence of 25 μg mL-1and

Fig. 25.12 Immersion of leaves (a), browning at the base of the petiole (b), Progression of necrosis
of leaves in the in the solution of FII toxin of F.o.a. presence of the fraction FII of F.o.a. toxin (c).
(Photos taken in 2015 by Khelafi H and Yatta El Djouzi D)



Lot

between 6 and 40 mm in the presence of 50 μg mL-1 toxin. This result is consistent
with the work obtained by Asnaghi et al. (2007) and Browne et al. (2005) using
detached leaves screening for rusts disease resistance (Xie and Mew 1998). In
addition, Twizeyimana et al. (2007) evaluated the detached leaves for selection
Musa species for resistance to black leaf streak.
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Table 25.6 Different responses of date palm mutants to F.o.a. based on resistance evaluation test
indicated by the size of necrosis developed at the base of the petioles (mm: millimeter) in response
to inoculums

Size of necrosis at the base of the petioles (mm: millimeter)
-10 μg mL 25 μg mL-1 50 μg mL-1

VM1 1 11 20

VM2 1 10 25

M3 1 3 40

VM4 1 1 12

VM5 2 11 30

VM6 1 1 10

VM7 2 12 30

VM8 1 6 17

VM9 1 7 10

VM10 1 3 8

VM11 1 4 11

VM12 2 4 5

VM13 1 5 6

VM14 1 3 6

VM15 2 1 3

VM16 2 6 8

VM17 1 2 3

VM18 1 2 15

VM19 1 5 6

VM20 1 2 15

Constructed by Khelafi H and Yatta El Djouzi D
This evaluation is made on the scale between 0 and 4 cm
1: -1 cm ; 2: <2 cm; 3: +2 cm; 4: 3 cm or larger

For all inoculated vitroplants, necrosis on detached leaves exceeded 11 mm
except two vitroplants where the necrosis did not exceed 6 mm when applying
50 μg mL-1 toxin. One month after artificial inoculation, leaves started drying in two
vitro plants. After 6 months, 9 vitroplants of Deglet Nour among toxin-treated
twenty plants sowed symptoms of Bayouddisease and decayed. The control
inoculated with water showed no symptoms of Fusarium wilt.

The roots of inoculated vitroplants showed the development of fine, curly salmon
pink mycelium after their transfer onto a culture medium. This confirmed wild form
F.o.a., which is responsible for fusarium wilt of date palm.

The most excellent approach to overcome Fusarium-wilt difficulty is to obtain
resistant palms trees. The mass production of plants using in vitro technique and



screening resistant cultivars was recommended for a long time (Louvet and Toutain
1973; Saaidi et al. 1981). It was noted that fusaric acid isolated from culture filtrate
of Fusarium oxysporum f.sp. albedinis (Amraoui et al. 2005), played an essential
role in early phases of date palm contamination by F.o.a. (Bouizgane et al. 2004).
The selection of mutants is done by detached leaf technique by using FII toxin of F.
o.a. The pathogen secrets in the medium several toxic substances of various kinds
including fusaric acid, anhydrous Aspergillomarasmine-B, and peptidic compounds.
These compounds from which, three toxin fractions FI, FII and FIII were determined
and the study of their toxicity. Fraction FII showed the most toxic for the date palm
(Sedra and Lazrek 2011; Sedra et al. 2008). Amraoui et al. (2005) also tested fusaric
acid on date palm leaves to examine its toxic effect with that of the FII (F.oxysporum
f.sp. albedinis) and HPLC—purified fractions. However, they established that
fusaric acid and some portions purified from FII (F. oxysporum f.sp. albedinis),
i.e., H (3), H (4) and H (5), were toxic on detached leaves. They showed that FII (F.o.
a.) fraction contains new toxins, different from enniatins or fusaric acid by their
specificity and their elution time in HPLC, respectively. These molecules could act
independently or synergistically with fusaric acid to induce the characteristic
symptoms of the Bayoud disease.
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Effect of 2 doses of F.o.a  toxin on detached leaves of vitroplants 
obtained from irradiated embryogenesis callus
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Fig. 25.13 Effect of two doses of filtration of F.o.a. toxin on detached leaves of vitroplants
obtained from irradiated embryogenic callus. (Constructed by Khelafi H and Yatta El Djouzi D)

For these biological tests, several researchers tested whole plants or only a
fragment of plant to study the effects of fungal toxins. Molot et al. (1984) used the
asparagus plantlets to evaluate the effect of toxins secreted by Rhizoctonia violacea.
Tomato plantlets were also used to evaluate the effect of toxins secreted by
Pyrenochaeta lycopersici while Pinon (1984) tested toxins Hypoxylum mammatum
on poplar leaves.
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25.5 Evaluations of Mutants

25.5.1 In Vivo Evaluation of Putative Mutants

Vitro plant acclimatization is an important step after in vitro cultivation. The
acclimatization conditions must be well identified to avoid the loss of valuable
plant material given the long time the date palm takes to react in vitro culture. The
seedlings from the first irradiations and the control seedlings were acclimatized and
raised in a greenhouse, in plastic bags containing a mixture of sand and compost in
equal volume (1/2). The irradiated seedlings chosen for the acclimatization stage
must have a robust structure and a well-developed root system, with at least four
roots of a minimum length of 10 cm.

Started drying in two vitroplants. After 6 months, nine vitro-plants among toxin-
treated 20 plant sowed symptoms of Bayoud disease and decayed. The control
inoculated with water showed no symptoms of Fusarium wilt.

The roots of inoculated vitro-plants showed the development of fine, curly
salmon pink mycelium (Fig. 25.14) after their transfer onto a culture medium.
Fourteen plants of Deglet Nour showed tolerance levels to toxins to the resistant
cultivars Taquerbucht. The plants were grown under sheltered shade until reaching
the optimal stage for planting in the field.

The infection symptoms development was observed much earlier on detached
leaves with the toxin was observed much earlier on detached leaves with the toxin of
F.o.a. than vitro-plants inoculated with the actual pathogen. The artificial inoculation
with liquid form of F.o.a. was most efficient in the selection of date palm where
concentration was 106 sp mL-1.

A similar artificial screening method was used by Ando et al. (1984) to choose
plants resistant to fusariosis using soil inoculation with a fungus suspension of
4 × 105 spores mL-1.

Also, the result shows the effect toxic of culture filtrate of the Fusarium
subglutinans to provide a process of in vitro selection cultivars of pineapple (Ananas
comosus) for resistance to the disease, as has already been tried in some other host-
pathogen system (Ludwig et al. 1992; Song et al. 1994).

Fig. 25.14 Development of
mycelium on PDA medium.
(Photo by Khelafi H)
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25.5.1.1 Acclimatization of Putative Mutants
In vitro selection of 70 seedlings putative mutant using the F.o.a. culture filtrates at
35% (Fig. 25.15a–c).

25.5.1.2 Greenhouse Evaluation
Inspection of the morphological quality of plants showed that the acclimatization
step went well and Seedlings issues from the first irradiations and control seedlings
grown vigorously. Indeed, the evaluation of the survival of the plants during the first
week of acclimatization showed that all Seedlings survived (100% survival). The
mutant plantlets selected and healthy adapted in vitro are evaluated in order to select
a solid mutant before transfer to the infested field. The screening pressure could be
applied 2–3 times to make sure that the preferred putative mutant are resistant
(Fig. 25.16a, b). The mutant plantlets were treated with toxin and the F.o.a. culture
filtrate at 35%. Ten mutant plants were selected from 70 seedlings putative mutant in

Fig. 25.15 Inoculation with F.o.a. (a, b) Selection with respect to the F.o.a. and development of
cultivars Teggaza (c). (Photos by Abed F)

Fig. 25.16 Artificial inoculation test on irradiated tissue culture plants obtained from embryogenic
callus. The mutant plants treated with Fusarium toxin and the F.o.a. culture filtrate at 35% (a). The
mutant plant infected and mutant plant tolerant after treated with F.o.a. culture filtrate (b). The
mutant plantlets selected tolerant before transfer to the field evaluation (c). (Photos by Team date
palm INRAA and Jain SM)



the greenhouse, which later on transferred in the contaminated field (Fig. 25.16c).
They showed tolerance levels to toxins similar to the resistant cultivars
cv. Taquerbucht. The plants were grown under sheltered shade until reaching the
optimal stage for planting in the field.
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25.5.1.3 Field Evaluation
Transfer plantlets (14 plants showed tolerance levels to toxins to the resistant
cultivars Taquerbucht) from irradiated calli, plantlets from non-irradiated calli,
(control), and resistant cultivar Taquerbucht (as control) to infested field in order
to confirm resistance of mutants, research of interesting agronomic traits and
Increase genetic variability of date palm.

However, the field screening of date palm is laborious, expensive, and site
specific. Consequently, selection should be increased by the development of mass
screening methods at the in vitro level.

The field evaluation of the mutant plants, based on survival rate and other
agronomical such as yield and date quality, was carried out in 2008. We choose
the Field planting (3 locations in Ghardaia). The controls are sensitive (Deglet Nour),
and resistant (Taquerbucht). After 1 year, only 8 plants from 14 plants showed
tolerance levels to toxins similar to the resistant cultivars Taquerbucht. We have
detected mutant infected by F.o.a. after 8 years transplantation in contaminated field
and M3 mutant of DN infected with Bayoud, confirmed the sensitivity after isolation
of F.o.a. from the sampled. The putative mutants of cv. Deglet Nour have been
transferred to a disease-infected field 12 years ago. Actually only 1 mutant of Deglet
Nour were found to be really resistant after 12 years in Farmer field (Fig. 25.17a–d).
This mutant show well development of the tree, emission of four offshoots, and
higher bunch with good quality of date palm fruit.

For the putative mutants of cv. Teggaza, in 2017 we have chosen the infested
Field planting in south at INRAA Station Adrar (Fig. 25.18a–f). Eleven vitro-plants
showing resistance to artificial inoculation of the pathogen were transferred to a plot
infested with Bayoud disease also we have transferred the sensitive Controls (Deglet
Nour), and resistant Controls (Taquerbucht) in order to study of the behavior of their
comportment against Fusarium oxysporum f.sp. albedinis. This confirmed wild form
F.o.a., which is responsible for Fusarium wilt of date palm.

Confirm resistance of mutants, research of interesting agronomic traits and
Increase genetic variability of date palm.

25.5.2 Molecular Characterization

Molecular approaches were used to understand the mechanisms within the process of
regeneration by, genetic stability of plantlets and also to discriminate the genetic
variability between the mutant and the mother plants through characterizing the
variations at DNA level. Random amplified polymorphic DNA (RAPD), amplified
fragment length polymorphism (AFLP), single-strand conformational polymor-
phism (SSCP), microarray, differential display, targeting induced local lesions in
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Fig. 25.17 Only 1 mutant of Deglet Nour were found to be resistant after 10 years in Farmer (a, b)
and mutant M2 fruit of Deglet Nour (c). Mutant infected by F.o.a. after 8 years transplantation in
contaminated field (d, e) (M3 mutant of DN infected with Bayoud, Confirmation of the sensitivity
after isolation of F.o.a.). (Photos taken byAbed F and Yatta El Djouzi D)

Fig. 25.18 Transfer in contaminated field of 13 Teggaza mutants selected in vitro and in the
greenhouse (a, b), Teggaza mutants after 1 year (c), inoculation technics in field (d, e) and Teggaza
mutants were found to be resistant after 30 months in contaminated field (f). (Photos by Yatta El
Djouzi D and Abed F)



genome (TILLING) and high-resolution melt (HRM) permi tquick and profoundly
analysis of mutational variations (Penna et al. 2012).
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Sianipar et al. (2015) have been used RAPD method to identify the genetic
variability between the mutant plantlets enhanced from physical mutagens rodent
tuber calli. They obtained 69 fragments from 11 mutant plantlets by using 10 RAPD.

ISSR technique was used to discriminate the drought-tolerant sugar beet mutant
improved using irradiated shoot tip explants by gamma radiation (Sen and
Alikamanoğlu 2012). These authors reported the presence 91 polymorphic bands
of 106 PCR fragments with 19 inter simple sequence repeat (ISSR) primers.

In coffee plants, after mutagenic treatment through sodium azide, the genetic
variability was determined using RAPD and AFLP markers (Vargas-Segura et al.
2019). They obtained 46 fragments with 12 RAPD primers of which 34 were
polymorphic bands (74%). The amplification with AFLP, 6 selective primer
combinations revealed detection of 36 polymorphic bands polymorphisms with a
percentage of 17.8. The study showed that both NaN3 and EMS induced genetic
variability within the DNA regions amplified with AFLP and RAPD markers.

In date palm, Quenzar et al. (2001) identified two circular plasmid-like DNAs
(S and R) in the mitochondria through a PCR-based approach; the presence of R
plasmid and absence of S plasmid showing that could be considered as a reliable
molecular marker of Bayoud disease resistance. Date palm has been spontaneous
mutation induced by mutagen treatments and selected for resistance to Bayoud
disease by magnetic fields (Jain 2011).

Molecular tools were used to understand the mechanisms within the process of
regeneration, genetic stability of plantlets and also to compare the ploidy level and
polymorphism mutant improved and control vitro-plants of the same variety
(Figs. 25.19 and 25.20). DNA was isolated form leaf tissues of the plantlet

Fig. 25.19 Portion of gel produced with the pairs of primers E-AAC—M-AAG, E-AAG—M-
AAG, E-ACG—M-ACG, E-AAC—M-AGT showing the specificity of the AFLP profiles in
putative mutant of Tgazza and their control vitro plants. M (putative mutant) and VPC (control
vitro plants). (Photo by Yatta El Djouzi D)



regenerated by somatic embryogenesis and their mother plants using the mixed
alkyltrimethylammonium bromide (MATAB) method (Gawel and Jarret 1991)
contained (0.35 M sorbitol, 0.1 M Tris, 1.25 M NaCl, 0.005 M EDTA, 0.5% Na
bisulfite, Matab to 4% pH 8). Amplified fragment length polymorphism (AFLP)
analysis to be performed in order to verify level polymorphism between irradiated
vitroplants of cvs. Deglet Nour, Teggaza and mother plants.
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Fig. 25.20 Portion of gel produced with the pairs of primers E-AAC—M-AAG, E-AAG—M-
AAG, E-ACG—M-ACG, E-AAC—M-AGT showing the specificity of the AFLP profiles in
putative mutant of Deglet Nour and their control vitro plants. M1 to M10 (putative mutant) and
VPC (control vitro plants). (Photo by Khelafi H)

Six primer pairs tested through 17 offered better readability in this study; these are
identified as follows: E-AAC—M-AAG, E-AAC—M-AGT, E-AAC—M-ACA,
E-AAG—M-AAC, E-AAG—M-AAG, E-AAG—M-ACT. Results of cv. Deglet
Nour showed the presence of systematic bands specific to vitroplants control with
two pairs of primers E-AAC—M-ACA, E-AAG—M-AAC, and bands specific to
irradiated vitroplants. The mutagen is a chemical or physical agent primers combi-
nation selected reveal polymorphic bands with a percentage of 35% for Deglet Nour
and 40% for Teggaza.

The electrophoretic profiles showed a number of monomorphic bands equal to
120 between the irradiated and control vitroplants, which corresponds to 65% for
Deglet Nour and 10% for Teggaza.

Mutants created by mutagen physic agent at 20, 30 and 40 Gy improved by
20 random primers showed a low polymorphism level compared with the control.
Other studies have also shown the efficacy of measure genetic polymorphism using
molecular markers for determining mutation procedures in date palm (Saker et al.
2006) and other species such as in peach (Hashmi et al. 2017), soybean (Gesteira
et al. 2008; Atak et al. 2004), and rice (Rashid et al. 2009).
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However, site-specific mutagenesis with the CRISPR/Cas9 system will allow
scientists to analyze the gene expression in date palm genome.

In date palm, CRISPR/Cas9 offers a number of benefits well-suited to modifica-
tion of dioecious tree crops (Kole et al. 2015), to discover genetic markers for sex
determination, to develop flowering, juvenility control and manipulation of fruit
ripening, fruit quality, nutritional value and production of biofuel from the date palm
wastes (Sabir et al. 2014). As well, CRISPR/Cas9 system can be also explored to
curtail phytoplasma diseases. The supplementary applications may help in regulating
secondary metabolites production from date palm fruits.

25.5.3 Flow Cytometric Analysis

Flow cytometry protocol was developed for polyploidy detection, dissociating
chimeras monitoring of cytochimera dissociation, and chromosomal stability. More-
over, application of DNA flow cytometry is quite straightforward. This technique is
based on the use of a specific DNA fluorochrome (propidium iodide) and on the
quantification of the relative intensity of the fluorescence of the labeled nuclei. DNA
content is correlated with ploidy level. During this experiment, Zea mays
L. (CE 777) (2C = 5.43 pg of DNA) was used as reference internal standards.

Samples for analysis of the quantity of nuclear DNA are taken from four types of
tissues leaves of vitroplants raised from irradiated callus of cv. Teggaza and their
(1 cm), vitroplants of cv. Taquerbucht (approx. 300 mg).

These samples were placed in a Petri dish held on an “ice block” containing 1 mL
of extraction buffer (Doležel et al. 1997) of the following composition: 15 mM
TRIS, 2 mM Na2EDTA, 0.5 mM spermine 4HCl, 80 mM KCl, 45 mM MgCl2,
30 mM sodium citrate and 40 mM Na2SO3 at pH 7.5. They were then chopped very
finely using a razor blade. The suspension, which includes isolated nuclei, is then
removed using a 3 mL Pasteur pipette and filtered using a 30 μm polyethylene sieve
(Partec Celltries). Propidium iodide (IP) at 330 μg mL-1 (IP4170; Sigma) is added to
the filtrate then the mixture vortexed and left to stand for 30 min in the dark before
analysis by flow cytometry (CyFlow Partec II NOT). Propidium iodide (PI), a
nucleic acid intercalating agent, will bind to DNA molecules contained in the cell
nucleus.

The DNA assay is carried out using a Partec II PAS (Particle Analyzing System)
flow cytometer (Partec GmbH, Münster, Germany) whose laser radiation with a
wavelength of between 454 and 515 nm passes through the nucleus and excites by
fluorescence the IP bound by the DNA molecule. The quantity of fixed IP is
correlated to the quantity of DNA contained in the nuclei and therefore to the ploidy
level of the sample. For each sample, 800 nuclei were analyzed on average. The
distribution of fluorescence intensities (relative DNA content) obtained by flow
cytometry is generally expressed in arbitrary units (C). The 1C value represents
the DNA content of a haploid (n) chromosome set. To determine the ploidy level,
this scale should be calibrated against a reference. In this study, we used Zea mays
(CE 777) (C = 5.43 pg DNA) as an internal reference standard.
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Using flow cytometry, to estimate the nuclear DNA content of P. dactylifera
L. cv. Teggaza, and analyzed the stability for this factor in regenerated putative
mutants. In this case, non-irradiated vitroplant of cv. Teggaza was used as a control
for the vitroplants issued from irradiated of cv. Teggaza. The resulting values of the
relative Nuclear DNA content of P. dactylifera L. cv. Teggazawas 1.68 ± 0.05 pg.
However, the significant differences (ca. 60%) in genome size were found in some
vitroplants issued from irradiated calli of cv. Teggaza (Fig. 25.18a, c). This is
showing that at least some plants could be considered as a mutants induced by
irradiation. Molecular approaches were used to understand the mechanisms within
the process of regeneration by, genetic stability of plantlets and also to compare the
ploidy level and polymorphism in vitro cultures of irradiated vitroplants and
no-irradiated control vitroplants of the same variety. The establishment of screening
and evaluation using flow cytometric and molecular markers allowed us the selection
of date palm lines with good quality and disease resistance.

25.6 Conclusions and Prospects

Date palm plays considerable role socio-cultural economy. Mainly the date palm
trees are very old and becoming more vulnerable to various biotic and abiotic
constraints. Biotechnological techniques including induced mutation and in vitro
selection propose a huge potential for the development of mutants exhibiting
resistance to biotic stress in plant breeding programs. However, studies in date
palm mutation induction are scarce. Somatic embryogenesis proved to be an ideal
approach for mutation-based breeding programs. Selection systems to isolate toler-
ant lines have been designed using selection for resistance to culture filtrates of the
fungal pathogen and toxins in vitro screening of calluses, selection of somatic
embryos and regeneration of putative mutants; in vivo evaluation and confirmation
of resistance initially in the greenhouse and finally in infested field, and selection of
other agronomic useful traits. Flow cytometric and molecular markers were helpful
in the selection and confirmation of date palm lines with good quality and Bayoud
resistance. They are applied to big numbers of plant cells in culture to establish
mutations and the successive regeneration of whole plants offers enormous prospect
for dipping the cost of breeding programs.

The next important step is micropropagation of resistant mutants and their multi-
location trials for evaluating resistance in contaminated fields to obtain Bayoud
resistant high-quality palms. The development of new cultivars with excellent
characteristics is a major target of date palm-breeding programs. Other approaches
are useful and could be promoted for breeding programs such as genome editing
with the CRISPR-Cas9 system, genetic manipulation, and the applications of high-
through genome sequencing may develop date palm biotechnology. It possible to
repopulate the palm groves already devastated by the disease, in the South West with
Teggaza variety and in the center with the Deglet Nour variety. The use of the
mutants obtained in the repopulation of the affected and threatened palm groves by
Bayoud would contribute to oasis preservation, and increase in genetic diversity also



they will contribute to the strengthening of the employment policy and to the
guarantee food security.
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Abstract

Tropical tuber crops are a unique group of vegetables that can be grown on a wide
range of soils from slightly acidic to saline and in climatic conditions from
tropical to subtropical regions with limited inputs. But their improvement is
limited mostly to clonal selection due to flowering and seed set related
inhibitions. Very few of them like sweet potato flower regularly and facilitate
the breeding through hybridization. Though cassava flowers in normal tropical
conditions, their flowering is irregular and asynchronous. In few crops like
arrowroot, Chinese potato and yam bean, the narrow genetic base hinders selec-
tion for new or improved traits. Hence, induced mutations could play a greater
role in the improvement of these crops. The vegetative propagation nature of
these crops except yam bean facilitates the easy fixing of characters. Attempts
have been made for the improvement of these crops through induced mutations
all over the world. A few varieties have been released in crops like sweet potato,
taro, and cassava through mutation breeding. The mutation breeding in tropical
root and tuber crops in India was initiated in 1960s at ICAR-Central Tuber Crops
Research Institute. Highly six mutant varieties were released in sweet potato all
over the world followed by taro (3 varieties) and cassava (2 varieties). In India,
the first mutant variety in these crops was released in Chinese potato (Suphala).
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26.1 Introduction

By definition “a mutation is a sudden heritable change in the genetic constitution of
an organism apart from segregation and recombination.”Mutation breeding of crops
implies that utilization of physical and chemical mutagens to alter the genetic
constitution of plants, thereby performing selection for desirable traits in the
subsequent progenies. Since L.J. Stadler used X-ray irradiation in barley in the
1920–1930s, induced mutations have been become an option for plant breeders all
over the world to induce new variations or to broaden the existing genetic base of
crop species (Beyaz and Yildiz 2017).

Genetic variation is the important prerequisite for effective selection to occur
(Koundinya et al. 2013; Koundinya and Dhankhar 2013; Sidhya et al. 2014). The
plant breeders mostly aim at the creation of new variations through recombination
and segregation for selecting the most superior genotypes for any given trait. They
often try to combine two or three desirable mono/oligogenic traits into a single
genotype through combination breeding or pooling QTLs of a polygenic trait. This
requires selection in the segregating generations that are derived by hybridizing the
desirable parents. The method and protocol of hybridization depend upon the
breeding system of the crop. Mutation breeding is useful in cases where there exists
no variation for a particular trait or the available variation is very narrow. Hence, it is
highly useful in crops where the genetic base is narrow and the utilization of
available variation is not possible due to hybridization barriers such as sterility,
incompatibility, and heterogamy.

The first commercial mutant variety, Chlorina F1 was developed in Indonesia in
Tobacco in 1929 (Solanki et al. 2015). A total of 3347 mutant varieties have been
registered with the Mutant Variety Database of the International Atomic Energy
Agency as of now. In India, the first mutant variety registered wasM.A.9 in cotton in
1948 and the latest mutant is Trombay Chhattisgarh Dubraj Mutant-1 in rice in
2019. A total of 341 mutant varieties were registered from India in various crops so
far (https://mvd.iaea.org).

26.2 Mutation Breeding in Tropical Root and Tuber Crops

Tropical root and tuber crops are mostly propagated by vegetative means such as
cassava by stem cuttings, sweet potato by vine cuttings, yams by tubers, and aroids
by corms/cormels. Very few of them like sweet potato flower regularly and facilitate
the breeding through hybridization. Though cassava flowers in normal tropical
conditions, their flowering is irregular and asynchronous (Hegde et al. 2019).

https://mvd.iaea.org


Moreover, there exists sterility in cassava and yams (Koo and Ruiz 1973). Very rare
or nil flowering occurs in aroids like Colocasia and elephant foot yam. Often the
crosses in these crops result in smaller number of seeds or no seeds. Besides, a highly
heterozygous nature and high inbreeding depression result in lacking much breeding
efforts in tuber crops. Such difficulties in the introgression of beneficial and desirable
genes into one genotype through hybridization minimize the possibility of develop-
ing new superior cultivars. Hence, the genetic improvement in these crops is
restricted to the collection, evaluation, and clonal selection of superior genotypes.
The improvement through simple selection mainly operates on the available genetic
variation with less possibility of creation of new variations. So, there is a need to try
methods other than hybridization breeding such as mutation breeding, recombinant
DNA technology and gene editing tools which can facilitate the creation of new
variations and combination of traits. The added advantage of mutation breeding over
genetic engineering is that it does not introgress alien genes and does not create
negative impact on environment (Kharkwal 2012).
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Mutation breeding has certain advantages over conventional hybridization breed-
ing. It requires only one parent and it eliminates the laborious emasculation and
pollination. It does not need the source material for the improvement of any
particular trait. Since the starting material in mutation breeding is an already adapted
and local popular variety, thus generated mutants will probably have the same
genetic background except for few mutated genes. Hence, they will be readily
adaptable to that particular location and be readily available for cultivation
(Suprasanna and Nakagawa 2012). Mutation breeding is highly laborious which
demands thorough and judicial screening of a huge number of mutant plants/
populations for the selection of promising mutants for further releasing as varieties
or using as parents in future breeding programs. Since the mutagens randomly act on
the genome, it becomes crucial to identify positive mutants of interest. The
differences between hybridization breeding and mutation breeding are presented in
Table 26.1.

Any mutation breeding scheme involves the following steps:

1. Induction of mutation either through physical or chemical mutagens
2. Screening of the mutant population for one or a few traits of interest such as

earliness, pest and disease resistance, abiotic stress tolerance, improvement in
nutritional quality and post-harvest traits

3. Selection and evaluation of putative mutants for stability

Dominant mutants can be identified in the first year/season, i.e., M1 generation.
But the heterozygous dominant will segregate in the M2 generation upon selfing of
M1. So, homozygous dominant mutants are to be identified by progeny testing.
Similarly, homozygous recessive mutants will be seen in the M2 generation.
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Table 26.1 Differences between hybridization breeding and mutation breeding

Hybridization breeding Mutation breeding

Creation of variation by crossing two
genetically dissimilar parents

Creation of variation by treating with mutagens

The purpose is to combine desirable genes
from one or more sources

The purpose is to create new variations that are
not present in the existing population or to
widen the existing variability

Trait specific Trait non-specific

Variation occurs in the F2 generation Variation occurs in M1 generation

The selection starts from the third year, i.e., F2
generation after crossing the two homozygous
lines.

The selection for dominant mutations starts
from the M1 generation and for recessive
mutants in the M2 generation

Works on the variation within the limit of
existing variation

New variations can occur

Time-consuming Comparatively less time consuming

Specific direction Directionless

Less laborious Laborious

The probability of success is more The probability of success is less, majority
mutations are deleterious

Table 26.2 Differences between seed propagated and vegetatively propagated crops for mutation
breeding

Seed propagated species Vegetatively propagated species

Plant material used is seed or pollen or unicellular Plant material is meristem tissue mostly
starting material apical or axillary buds

Next-generation proceeds sexually Next-generation proceeds vegetatively

Further variation occurs due to selfing, i.e.,
recombination and segregation

The mutation is the only source of variation

The mutagenic generations are indicated as M1,
M2, M3

The mutagenic generations are indicated as
M1V1, M1V2, M1V3

No problem with Chimeras Chimeras are the major problem

Selection starts from M1 or M2 generation Actual selection starts from M1V4 after
elimination of chimeras

Comparatively consumes less time Comparatively consumes more time

26.3 Mutation Breeding Methods in Tropical Root
and Tuber Crops

Mutation breeding in vegetatively propagated species such as cassava, sweet potato,
taro, and elephant foot yam differs from the seed propagated crops (Table 26.2). In
seed propagated crops, in general, seeds are used for mutagen treatment but occa-
sionally irradiated pollen is also used for pollination. Since, seeds contain single-cell
zygote; whatever changes occur in the genetic constitution through mutagen treat-
ment will be the same in the entire resulting plant body. But in vegetatively



propagated crops, the meristematic tissues such as apical or axillary buds are used for
mutagenic treatment. Since they are multicellular, the different cells in the tissue tend
to have different types of mutations. Mutations that occur in meristem will produce a
lineage of daughter cells, thereby mutated cells which further develop into large
mutated sectors called chimeras (Suprasanna and Nakagawa 2012) which necessitate
the thorough examination and elimination of chimeras.
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Fig. 26.1 Various types of chimeras in the cross-section of a stem

Elimination of chimeras consumes a lot of time of a minimum of three
generations. Therefore, the actual selection in vegetatively propagated crops starts
after the elimination of chimeras. This makes the identification and propagation of
successful solid or homohistant mutants (Fig. 26.1) from the vast population tedious
especially in these plants. Periclinal chimeras (Fig. 26.1) are probably stable and
they also can be selected if found good. These chimeras can effectively be eliminated
by applying the mutagenic treatment to single cells of leaves, stolons, and scales that
can form adventitious buds at a later stage (Koo and Ruiz 1973). Sometimes, treating
the stem cuttings or tubers before sprouting can also be fruitful for avoiding the
chimeras. For this purpose, in crops like cassava and sweet potato, stakes and vine
cuttings can be treated with mutagens immediately after harvesting. In crops like
yams and aroids, treating the tuber pieces before initiation of sprouting would be
beneficial. The senior author observed that treating the cassava stakes after initiation
of sprouting resulted in 100% mortality even at lower doses of gamma irradiation. In
crops like cassava and sweet potato where fruit and seed set are not much problem,
collection of open-pollinated seeds to raise M2 generation from mutant clones in
M1V1 would eliminate the chimera problem and also facilitate the more genetic
recombination apart from mutagenic changes. However, the biggest advantage in
vegetatively propagated crops is once selected, the mutated clone is fixed. The
general scheme for mutation breeding in vegetatively propagated crops is given
below (Fig. 26.2). In crops like cassava and sweet potato where occasional flowering
and seed set is possible, use of irradiated seeds and pollen avoids the problem of
chimeras. Abraham (1970) irradiated the seeds and Moh and Alan (1972) used
irradiated pollen in cassava to induce variation.

The chimera problems in vegetatively propagated crops can also be resolved
effectively by adopting in vitro mutagenesis (Fig. 26.3) techniques to mutate plant
material and allowing the regeneration of a large number of plants within a short
period. The in vitro mutagenic treatment and subsequent subculturing of plants



facilitate the early elimination of chimeras within 9–10 months. Moreover, in vitro
mutations facilitate the mutagenic treatment over large populations, selection and
cloning of selected variants in a short time on a large scale throughout the year
(Suprasanna and Nakagawa 2012).

784 A. V. V. Koundinya et al.

Fig. 26.2 General scheme for mutation breeding in vegetatively propagated crops

Fig. 26.3 In vitro mutagenesis in vegetatively propagated plants
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26.3.1 Cassava

Cassava (Manihot esculenta Crantz), belongs to the family Euphorbiaceae, is one of
the most important tropical root and tuber crops grown across the tropical regions of
the world from South America to South East Asia through Sub-Saharan Africa
(Koundinya et al. 2018). Cassava was introduced to India during the seventeenth
century from Africa through human migrations by the Portuguese. Cassava can be
grown on marginal soils with limited inputs and has diverse application in food, feed
and industry (Pushpalatha and Gangadharan 2020). Though India occupies 28th
position in the world in terms of area under cultivation of cassava, its average
productivity is more than double the global average. India occupies the 15th position
in total production and 4th position in average productivity in the world. The area
under cassava cultivation globally was 27.8 mha resulting in total production and
average productivity of 308.5 mt and 12.16 t/ha, respectively, in 2019. The area
under cultivation of cassava in India is 16.3 mha with total production and average
productivity of and 4.9 mt and 30.5 t/ha in 2019 (FAOSTAT 2021).

Cassava is largely cultivated for human consumption in Kerala and industry in
Tamil Nadu states of India. Besides, it is also grown in Andhra Pradesh, Assam,
Karnataka, Madhya Pradesh, Pondicherry, Nagaland, Tripura, Mizoram, and the
Andaman-Nicobar Islands. Cassava roots are rich in carbohydrates and produce
more calories with minimum inputs. The storage roots have edible and commercial
importance. They are also an important part of feed in animal husbandry, fish, and
poultry farms (Abraham et al. 2006; George et al. 2011). Moreover, the starchy roots
also have industrial applications such as extraction of starch and starch-derived
products such as sago, textile, alcohol, and high fructose-glucose syrups (Joseph
et al. 2004; Yan et al. 2013). The cassava starch is pure as it is free from contamina-
tion of proteins and lipids. Nowadays, cassava starch is utilized in the manufacture of
biodegradable plastic along with processed products like baby food, vermicelli,
chips, and papads (Abraham et al. 2006).

Cassava is being suffered from several production problems like lack of sufficient
good quality planting material, less seed multiplication ratio, nutritional deficiencies
when grown on marginal soils and Cassava Mosaic Disease (CMD). The starchy
roots of cassava contain low protein, vitamin, and mineral nutrients; also contain
cyanogenic glucosides which impart a bitter taste. Besides, Post-harvest Physiologi-
cal Deterioration (PPD) greatly reduces its shelf life (Iglesias et al. 2002). CMD,
caused by Cassava Mosaic Virus belongs to the genus Begomovirus of the family
Geminiviridae, which is one of the major diseases affecting the growth and yield
(Asare et al. 2014). In a survey by Jose et al. (2011), cassava mosaic disease
incidence in Kerala was estimated at 44.5–96.75%. The tuber yield loss due to
CMD was estimated from 10% to 90% with an average of 30% (Thankappan and
Chacko 1976). Among other diseases of cassava, Anthracnose caused by
Colletotrichum species is seen during the rainy season. Root rot is another problem
faced by cassava farmers in Africa. In the summer season or dry weather, cassava
faces a severe problem from mealybugs and red spider mite. Mealybugs suck the sap
from the apical shoots, thereby causing stunting, reduced intermodal length, and



rosette appearance in the top of the shoot. Mealybug infestation in the young plants
inhibits the growth (Fig. 26.4). Cassava tubers suffer from vascular blue-lining or
blue-streaking, a post-harvest physiological disorder that limits the storage of cas-
sava tubers at ambient conditions. Cassava tubers can be stored for a maximum of up
to 2 days without this disorder at ambient room conditions. The estimated losses of
fresh cassava roots due to PPD are nearly 1/3rd of total harvest worldwide
(Saravanan et al. 2016). Cassava is said to be drought tolerant when compared
with other major crops at the cost of tuber yield, dry matter and starch content of
tubers (Koundinya et al. 2018, 2021). Water deficit stress at the time of planting
adversely affects the sprouting percent and field establishment of plants. Moreover,
longer crop duration limits cassava production to one crop per year. Hence, the
breeding objectives of cassava include the developing of varieties with the following
traits:
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Fig. 26.4 Cassava mosaic disease (a), mealybug (b) and red spider mite (c) infestation

• Early bulking and short duration
• High vigor
• Higher Nutrient Use Efficiency (NUE)
• Resistance to Cassava Mosaic Disease (CMD)
• Resistance to mealybug, whitefly, and red spider mite
• Tolerance to abiotic stresses: drought, salinity
• Dual Purpose varieties (Culinary + Processing)
• Tolerance to Post-Harvest Physiological Deterioration (PPD)
• Low HCN content, high dry matter and starch
• Fit for cropping systems

The long cropping season of 10 months along with protogyny and asynchronous
flowering is hindering and delaying the conventional breeding in cassava (Hegde



et al. 2016, 2019). Moreover, some clones do not produce flowers. Often the crosses
result in smaller number of seeds or no seeds. Besides, a highly heterozygous nature
and high inbreeding depression (Kawano et al. 1978) result in lacking much breed-
ing efforts in cassava. Hence alternative ways to increase genetic variability are
desirable. In such cases, mutation breeding can be an option for genetic improve-
ment. Cassava mutation breeding has been explored in recent decades with few
published papers.
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26.3.1.1 Mutation Breeding Achievements So Far
The mutation breeding in cassava in India was initiated in the 1960s at ICAR-Central
Tuber Crops Research Institute based on the first publication made by Vasudevan
and others in 1967. Vasudevan and Jos (1988) suggested that the use of single-node
stem cuttings followed by pruning at 5–6 months age facilitates the greater recovery
of solid mutants in cassava. Induced mutation breeding in cassava has been resulted
in the production of novel genotypes, like high amylase and small granule mutants
and tolerance to Cassava Mosaic Disease and Post-harvest Physiological Deteriora-
tion. These achievements suggested that mutagenesis could be a viable option for
cassava breeding (Yan et al. 2013). So far only two cassava varieties were registered
in IAEA Mutant Variety Database namely Tekbankye and Fuxuon 1 (https://mvd.
iaea.org/). The mutation breeding progress in cassava reported across the globe so far
is presented in Table 26.3.

26.3.2 Sweet Potato

Sweet potato [Ipomea batatas (L.) Lam] is one of the important tropical tuber crops
that belongs to the family Convolvulaceae (Martin and Cabanillas 1966; Ngailo et al.
1991). It is native to South America and a hexaploidy species having a chromosome
number of 2n = 6X = 90 (Srisuwan et al. 2006). Sweet potato is a dicotyledonous
plant grown across different agro-climatic zones such as tropical, subtropical, and
frost-free temperate climatic conditions. It can grow at altitudes ranging from sea
level to 3000 m (Ngailo et al. 2013).

The sweet potato rank seventh among the top ten food crops in the world in terms
of volume of production (Clark et al. 2012). It is grown in 108 countries with 66%
production concentrated in Asia and 28% in Africa. The global total area under
sweet potato cultivation is 10.1 mha with total production and average productivity
of 143.8 mt and 11.32 t/ha in 2019. India produced 1.15 mt of sweet potato tubers
from 01.1 mha with average productivity of 10.5 t/ha in 2019 (FAOSTAT 2021). In
India, sweet potato is grown widely in the subtropical eastern parts of India where it
is grown for consumption and is popularly referred to as “Poor man’s rich food”
providing adequate nutrition at a cheaper cost compared to other staples. In India, the
major sweet potato-producing states are Odisha, West Bengal, Maharashtra, and
Andhra Pradesh.

Sweet potato storage root has nutrients such as carbohydrates, dietary fiber,
vitamins A and C, and minerals. It is a wide spectrum of variability in skin and

https://mvd.iaea.org/
https://mvd.iaea.org/
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Table 26.3 Brief report on mutation breeding achievements in cassava

S. No. Organization/country Report References

1 ICAR-Central Tuber Crops
Research Institute,
Thiruvananthapuram, India

• A short petiole cassava
mutant was isolated from the
cultivar H-165
• Chlorophyll mutant had
noticeably high HCN content in
the leaves and roots

Nayar and
Rajendran
(1985)

2 ICAR-Central Tuber Crops
Research Institute,
Thiruvananthapuram, India

• Good peelable (28), medium
peelable (20) and poor peelable
(10) mutants were observed
• Huge variation was observed
for proline content 16–61 μg/g
during dry period among
gamma-irradiated mutants of
cassava in cassava
• Variation was also observed
for CO2 uptake rate and stomata
ratio of upper surface to lower
surface among mutants of
cassava

Vasudevan et al.
(1993)

3 ICAR-Central Tuber Crops
Research Institute,
Thiruvananthapuram, India

• CMD symptom-free mutants
(18) were observed at 4 months
after planting among 1040
mutants of M4

Vasudevan et al.
(1995)

4 ICAR-Central Tuber Crops
Research Institute,
Thiruvananthapuram, India

• Variegated leaf mutant
(CAM-61) and non-tuber
forming mutant (CAM-3) were
identified

Devarajan and
Vasudevan
(1997)

5 ICAR-Central Tuber Crops
Research Institute,
Thiruvananthapuram, India

• The highest tuber yield was
noticed in the mutant SJ 30–14
(9.7 kg/plant) followed by SJ
15–34 (8.46 kg/plant) which was
an 82% and 58.6% improvement
over the control, Sree Jaya
(5.3 kg/plant)
• The mutants SJ 15–14
(41.17%) and SJ 15–27
(40.03%) had more dry matter
than control, Sree Jaya (26.76%)
• Tuber rind color changed to
cream (10 mutants) and yellow
(10 mutants) from the original
pink color (Fig. 26.5)
• Dark cream or yellow color
flesh was found in 8 mutants and
the remaining had creamish-
white color flesh similar to the
parent, Sree Jaya (Fig. 26.6)
• Huge variation in leaf size,
shape, petiole color, petiole
length and cassava mosaic

Koundinya et al.
(2019,
unpublished
data)



disease resistance was observed
in the M2 generation of mutants
of Sree Jaya and H-226

(continued)
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Table 26.3 (continued)

S. No. Organization/country Report References

6 Biotechnology and Nuclear
Agricultural Research
Institute
Ghana Atomic Energy
Commission, Ghana

• In vitro and in vivo induced
mutations in cassava cultivar,
Bosom Nsia were tried for
Cassava Mosaic Disease
resistance and isolated four
variants resistant to African
Cassava Mosaic Virus

Ahiabu and Klu
(1997)

7 Department of Crop Science,
University of Science and
Technology, Kumasi, Ghana

• A mutant cassava cultivar
“Tekbankye” (ISU-W) with
large-size starch granules,
improved cooking quality and
resistance to African Cassava
Mosaic Virus (ACMV) was
developed by radiation treatment
(25 Gy) of stakes of
Isunikakiyan—a local Nigerian
cassava cultivar

Asare and Safo-
Kantanke
(1997), Yan
et al. (2013)

8 National Root Crops Research
Institute, Nigeria

• Huge variation was created
through induced mutagenesis for
dry matter, starch, and HCN
content in M1V2 generation by
gamma irradiation of three local
cassava cultivars
• Identified 14 mutants with
low root HCN content and
7 mutants with high dry matter
content

Nwachukwu
et al. (1997)

9 CIAT, Columbia • Isolated the mutant lines with
smaller starch granules and high
amylase content in an M2

generation by treating the
botanical seeds of cassava with
gamma radiation

Ceballos et al.
(2008)

10 CIAT, Columbia • Four different root
morphotypes were identified
viz., small granule and high-
amylose starch, “hollow” starch
granule, starchless, and
tolerance to PPD when 1400 true
cassava seeds collected from
different full or half-sib families
were subjected to irradiation
with 200 Gy

Sanchez et al.
(2009)

11 University of the Free State,
South Africa

• Identified mutants with high
(26.8–32.7%) and low amylose
contents (11.7–14.0%) four in

Amenorpe
(2010)



each category.
• A putative free-sugar mutant
was also identified when the
stakes of four landraces were
treated with 35 Gy radiations

flesh color of the storage roots starting from white to yellow, orange, and deep
purple. The Orange flesh sweet potato is known to have high beta carotene content
(Provitamin A) and is widely promoted to combat malnutrition problem in
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Table 26.3 (continued)

S. No. Organization/country Report References

12 Corporacion Colombiana de
Investigacion Agropecuaria
(Corpoica), Codazzi
(Colombia)

• Mutants with improved
granule and paste properties and
less post-harvest physiological
deterioration were identified in
the M2 population

Tofino et al.
(2011)

13 China • Another mutant cultivar
Fuxuan 01 has been developed
by irradiating the variety SC124
in China in 2005

Yan et al. (2013)

14 Bogor Agricultural University
(IPB), Jl. Meranti Kampus
IPB Darmaga Bogor,
Indonesia

• Several high-yielding
cassava mutant lines (storage
root yield >10–20 kg/plant) in
the M1V1 generation and two
mutant lines with high starch
content (>39%) were found in
cassava

Khumaida et al.
(2015)

15 Bogor Agricultural University
(IPB), Jl. Meranti Kampus
IPB Darmaga Bogor,
Indonesia

• Gamma-irradiated 9 putative
mutants of two cassava cultivars
Jame-Jame and Adira-4 were
identified based on weight and
number of economic tubers
• Out of these nine, six
potential mutants namely:
V5D1-(2), V5D1-2(2), V5D1-3
(2), V5D1-4(3), V5D2-2(2), and
V5D2-6(2) were found to be
stable based on the trait namely
first branching height, tuber
weight, the total number of
tubers and the total number of
economic tubers

Khumaida et al.
(2017)

16 The National University of
Singapore, Singapore

• Unfortunately got a 17 and
60 fold reduction in the tuber
yield in S14 and S15 mutant
lines, respectively
• S15 mutants also had a
significant reduction as 50% in
starch and 30% in amylose
content

Joseph et al.
(2004)



Sub-Saharan Africa. The purple color sweet potato tubers are rich in anthocyanins
which are potent antioxidants. Sweet potato can grow well in marginal soils with a
limited nutrient supply and is tolerant to severe weather conditions such as cyclones,
drought, and salinity. Sweet potato is known as a famine-relief crop especially in the
Kandhamal district of Odisha and it has recently been in the forefront as a health-
promoting food crop. Sweet potato roots can be used for diverse applications, such
as table use, processed foods like puree, dehydrated functional foods, natural
colorants, chips, pasta, noodles, and alcohol. Starchy roots are also used for starch
production and animal feed. Sweet potato vines are used as fodder for cattle.
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Fig. 26.5 Change in rind
color from pink (Control-Sree
Jaya) to Cream (Mutants)

Fig. 26.6 Change in flesh color from Creamish White (Control-Sree Jaya) to Yellow (Mutants)

There is a wide variation for sweet potato flowering. Some clones flower pro-
fusely, some does not and some produce few flowers (Jones 1980; Huaman 1992).
Short days with warm weather are required for the best flowering of sweet potato.
Grafting, griddling, and day-length manipulation are required for flowering in
temperate regions. Hand-pollinated capsules have fewer seeds (1–2) than naturally



open-pollinated seeds that have 3–4 seeds per capsule (Wilson et al. 1989). Very low
percent fruit and seed set have been observed in hand-pollinated crosses of sweet
potato. This low success rate could be attributed to the self or cross incompatibility
contributed by the hexaploidy genome of the crop (Ngailo et al. 2013). Anthesis in
sweet potato occurs before dawn in the early morning after 2.00–3.00 AM and
flowers start withering after dawn. This necessitates the hybridization work in sweet
potato tedious. So, the breeding methods are mostly confined to clonal selection or
selection in the open-pollinated progenies. Sweet potato breeding efforts have been
made mainly for high storage root yield and quality in India so far. For the past
4–5 years, breeders have actively promoted schemes for developing cultivars suit-
able for food processing and weevil resistance.

792 A. V. V. Koundinya et al.

Fig. 26.7 Orange flesh sweet potato (a) and sweet potato weevil infestation (b). (Photo provided
by Dr J. Sureshkumar, ICAR-CTCRI)

The major breeding objectives of sweet potato include

• Early maturity
• High storage root yield
• Wide adaptation and photo-insensitivity
• Quality storage roots with uniform shape and size
• High tuber weight
• High dry matter/starch content
• High β carotene and anthocyanin content
• Processing and nutritional quality
• Tolerance to drought and salinity stress
• Resistance to sweet potato weevil and viruses

Like other crops, sweet potato also has several production problems. Tuber
development in sweet potato is sensitive to photoperiod and other weather
parameters. Summer grown sweet potato faces water deficit stress thereby reduction
in yields. Water deficit stress conditions immediately after planting affect the
establishment of the crop in the field resulting in a lower plant population. Sweet
potato weevil (Cylas formicarius) is another menace that drastically reduces the
marketable tuber yield (Fig. 26.7). In India, it was reported that damage on tubers
due to weevil infestation in sweet potato increased at a higher rate of 71% during the
summer months from February to May when compared to the rainy season (45%)
from June to September (Rajamma 1983; Kyereko et al. 2019). In the temperate



world, sweet potato viral diseases caused by the potyvirus complex incur losses from
20% to 40% (Clark et al. 2012). In Africa, Sweet potato viral diseases mainly
chlorotic stunt virus and feathery mottle virus cause yield losses from 66% to 90%
(Karyeija et al. 1998). Unfortunately, no success has been found so far for the
improvement of weevil and other disease resistance traits. There is no known
compatible source of resistance exists in the available germplasm. Hence, mutation
breeding becomes handy in the creation of variation for weevil resistance, photo-
insensitivity and other important traits.
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26.3.2.1 Mutation Breeding Achievements So Far
Miller (1935) was the first to report X-ray-induced mutations in sweet potato. The
first sweet potato mutant variety was registered with the IAEA mutant variety
database in 1986. So far, six mutant varieties of sweet potato were released as per
the IAEA mutant variety database. Out of six varieties, five varieties (91-C3-15,
Wanshu-S 367, Yanshu 759, Yanshu 781 and Yushu 5) were released in China and
one variety Sweet Garden was released in Japan (https://mvd.iaea.org/). Other
important achievements are presented below (Table 26.4).

26.3.3 Yams

Yams are the largest group of tropical tuber crops that belong to the genus Dioscorea
of the family Dioscoreaceae. There are mainly three yams, viz. Greater yam
(Dioscorea alata), lesser yam (Dioscorea esculenta), and white yam (Dioscorea
rotundata) are being cultivated and consumed largely. There are other yam species
like aerial yam (Dioscorea bulbifera) which produces aerial bulbils in the leaf axils,
Dioscorea pentaphylla andDioscorea stersicus often found. Yams are the third most
important tropical tuber crops after cassava and sweet potato. Different yam species
are said to be originated in different parts of the world. Greater yam or water yam
was first cultivated in Assam or Burma (Washaya et al. 2016). Total gross yams
production worldwide in 2019 was 74.3 mt from 8.9 mha with average productivity
of 9.33 t/ha. Nigeria is the largest producer of yams with a total production of 50 mt
followed by Ghana with 8.3 mt. The total production of yams in India in 2018 was
0.75 mt from an area of 0.03 mha with average productivity of 28 t/ha, which was
much higher than the global average (FAOSTAT 2021).

Yam tubers are rich in carbohydrates which are a good source of energy. They are
also a good source of crude protein, ash, and dietary fiber especially for people who
live in rural, marginal, and tribal areas. They also contain minerals like phosphorous,
calcium, manganese, potassium, copper, sodium, and zinc (Baah et al. 2009). Some
yam clones produce tubers in purple color, which are rich in anthocyanin compounds
known as potential antioxidants.

Yam’s cultivation also has certain production problems. The growth habit of
yams is a vine. It requires staking of vines in the field, which is a laborious and
additional burden to the farmer. Moreover, the bulky nature of planting material
increases the storage and transportation cost. The crop duration is 10–12 months

https://mvd.iaea.org/
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Table 26.4 Brief report on mutation breeding achievements in sweet potato

S. No. Report Reference

1 • X-ray-induced mutants of the parent Porto Rico had
creamy white flesh color than the orange-yellow to salmon-
colored flesh of the parent. Moreover, induced mutants have
more sweetness.

Miller (1935)

2 • X-ray irradiation of the early variety P-30 resulted in the
tubers with sport mutations with variegated leaves.
• One mutant plant with early maturity and significantly
higher yield than the original P-30 variety was found.
Another mutant with light-red skin was also found and that
was different from the original white.

Cheng (1958)

3 • Twelve mutants exhibited variation in stem and tuber
color. The most prominent changes in the stem were long
and short, thick and slender stems. Similarly, tuber color
variants with yellow-white or purple-red tubers instead of
the parental brown-red color was found.

Masima and Sato
(1959)

4 • White sectorial mutations were found when roots of
three varieties viz., Unit I Porto Rico, Goldrush, and
Heartogold were exposed to gamma irradiation.

Hernandez et al. (1959)

5 • Yield differences were observed among mutated clones.
Two clonal irradiation groups had a higher yield than check
and one group had a lower yield than the check group.

Poole (1959), Poole and
Tanaka (1963)

6 • Mutant clones with short vine length had lower tuber
yields and vice versa.

Kukimura and
Kouyama (1982)

7 • Adventitious buds were induced after irradiation of
hybrid clones of sweet potato with fast neutrons. There was
an increase in the dry matter content of the tubers by
1.0–5.5%, storage root yield by 3.6–53.8%, and the number
of storage roots per plant by 0.6–4.2%.
• These adventitious bud clones had resistances to black
rot, root rot, nematodes etc. Three multiple resistance clones
Yanshu 568, Yanshu 571-1, 84-C-2 and two good quality
clones Yanshu 759 and 781 were selected.

Cui et al. (1993)

8 • Five clonal lines resistant to black rot were obtained
from the progenies of irradiated Xu-18.
• The mutant line 908-3 (sharp-heart leaf) was obtained
from greenhouse-grown cuttings of M1V1 which had thick
leaves. The sharp-heart leaf character was stable and
appeared generation after generation until the time of this
report.

Lu et al. (1993)

9 • No significant variation in stem length and
pigmentation, tuber skin and flesh colors was observed in
the M1V2 generation after gamma irradiation of callus
in vitro.

Zhen (1993)

10 • Three M1V3 mutant clones developed through in vitro
mutagenesis showed tolerance to 12 °C but failed in the
subsequent test.
• A mutant line obtained through irradiation of leaf callus
line, HN 892I, displayed salt tolerance in vitro with a
medium containing NaCI (10 g/L).

Thinh (1993)



• In the field evaluation of mutants, six early tuberization
variants (ET) and condensed formation of tubers (CFT)
were identified.

(continued)
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Table 26.4 (continued)

S. No. Report Reference

11 • Variants having differences in leaf shape, leaf vein and
petiole color were observed with increasing in vivo
irradiation doses.
• A high yield and stability mutant clone UPL-SP2 and
clones with resistant to sweet potato weevil were identified.

Bader et al. (1993)

12 • Three tuber color (white, rose, and deep red) mutants
were recovered from the adventitious roots of sweet potato
mutants.
• Mutants had maximum sugar content (KLM-22 had
3.25%) and carotene content (SVM-3 had 2687 IU/100 g)
than control Kanhangad local.

Vasudevan et al. (1996)

13 • Chlorophyll deficient sectors and patches appeared on
M1V1 plants. A vine with a chimeric branch was observed
in the treated population of “H-4126.”
• In “S5” gamma irradiation of rooted-cuttings at 20 Gy
produced a broad-leaved mutant with changed leaf size and
shape. The two higher exposures of gamma rays
significantly increased the tuber yield per vine in M1V2

generation.
• A cordate-leaved mutant was isolated from
“Bhadrakalichuvala” rooted-cuttings exposed to 25 Gy.

Bai and Nayar (1997)

14 • Somatic embryogenesis was inhibited when the gamma-
irradiated (30–50 Gy) meristems was cultured on induction
medium.
• Wide differences in yield were observed in field trials of
mutants.

Sonnino et al. (1997)

15 • Noticed phenotypic changes, root flesh color changes
and improved drought tolerance in vitro gamma-irradiated
sweet potato mutant germplasm.
• A promising clone in M1V2 generation, 91-C3-15 had
improved tuber shape and deep red skin color.

Zhen (2001)

16 • Mutant plants were regenerated from the in vitro
radiation treated somatic embryos. Variations in the
characters such as leaf shape, root skin color and the
number of storage roots per plant were observed under field
conditions.

Wang et al. (2005)

17 • Successful identification of five root flesh color mutant
variants of sweet potato with significantly increased
β-carotene content was done through gamma irradiation.

Wang et al. (2007)

18 • “Nongdafu 14”—a sweet potato mutant with
significantly higher total carotenoid content, low fiber and
better taste than the wild type was developed by treating
with the gamma field at 142 Gy.

Wang et al. (2007)

19 • From the putative mutants obtained through in vitro
gamma irradiation of nodal explants, 28 mutants were
isolated based on storage root size, shape, and number.

Shin et al. (2011)



• The mutant clones’ 50 Gy-10 and 50 Gy-8 had
comparatively high-amylose content. 50 Gy-23, 50 Gy-26
and 50 Gy-28 had very elevated levels of starch (>30% on a
fresh weight basis), while the lines 50 Gy-10, 50 Gy-16,
50 Gy-23, 50 Gy-26 and 50 Gy-28 had a starch content
above 30%.

resulting in only one crop per year. Most of the clones are susceptible to anthracnose
disease caused by Colletotrichum gloeosporioides which is a major production
problem in yam worldwide (Fig. 26.8). The disease is more severe during the
rainy season. In Nigeria, yam anthracnose causes significant losses in tuber yield
ranging from 50 to 90% (Nwadili et al. 2017). Yams can tolerate drought stress up to
some extent at the cost of tuber yield. Soil moisture deficiency at the time of
sprouting adversely affects the plant population.
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Table 26.4 (continued)

S. No. Report Reference

20 • A significant reduction in the tuber formation was
observed in all varieties when treated with 45 Gy radiation

Asare and Akama
(2014)

Fig. 26.8 Anthracnose disease in yam

The breeding objectives of yams include

• Early maturity and short duration
• Higher tuber yield



26 Mutation Breeding in Tropical Root and Tuber Crops 797

• High nutrient use efficiency
• High nutritional value
• High dry matter/starch content
• Reduced vine length/dwarfing nature
• Suitable for cropping systems
• Resistant to anthracnose disease
• Tolerance to abiotic stresses: drought and salinity

Improvement of yams is also suffering from flowering related problems. The
majority of the yam clones with desirable traits are sterile or rarely produce inflores-
cence besides high pollen sterility and low seed set (Koo and Ruiz 1973), but when
they do, produce infertile seed (Villamor and Cardinez 2008). Moreover, the dioe-
cious nature of the crop is posing a severe asynchronization problem for
hybridization breeding. The attempts of storing pollen in liquid nitrogen to overcome
asynchronization barrier did not yield fruitful results. Longer crop duration of 10–-
12 months prolongs the breeding cycle in yams. Hence, applied mutagenesis could
be an option for induction of variation in yams. Few clones of greater yam were
found to be resistant to anthracnose disease at ICAR-CTCRI, transfer of resistant
genes through conventional breeding is hampered due to non-flowering.

26.3.3.1 Mutation Breeding Achievements So Far
No known mutant variety has been released for cultivation in yams so far. However,
a dwarf mutant of 2 m vine length with early maturity was isolated in M1V2

generation at ICAR-Central Tuber Crops Research Institute (Vasudevan et al.
1986). Very few attempts have been made for inducing the variation through applied
mutagenesis in yams (Table 26.5).

Table 26.5 Brief report on mutation breeding achievements in yams

S. No. Report Reference

1 • Treating fresh tubers of D. alata resulted in more damage
and chimeras than 4 months old tubers.
• LD 50 dose for D. alata and D. esculenta was determined as
3 krad.

Vasudevan and Jos
(1992)

2 • Batches of minitubers of local white yam cultivar
Obiaoturugo was irradiated with gamma rays. LD50 dose was
observed as 40 Gy.
• Mutants with bushy vegetation and busy with spreading
vines were isolated.

Nwachukwu et al.
(2009)

3 • Exposure of tubers to UV rays for 24 h increased the tuber
size and weight, but exposure for 48 h produced tubers with
decreased length and weight.
• No significant difference in the yield was observed over
treatment duration but violet pigmentation increased.

Villamor and
Cardinez (2008)
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26.3.4 Aroid Tuber Crops

Aroids are plants that belong to the family Araceae. There are two important tropical
tuber crops under this family namely Taro (Colocasia esculenta (L.) Schott) and
Elephant Foot Yam (Amorphophallus peaoniifolius (Dennst.) Nicolson). Taro is
grown globally in 48 countries in tropical and subtropical regions of the world in
2.1 mha with total production and average productivity of 12.5 mt and 10 t/ha in
2019 (FAOSTAT 2021). Elephant foot yam is grown in very few countries and the
data on its global area, production and productivity are not available. In India, the
area under taro and elephant foot yam cultivation are 0.04 and 0.03 mha, respec-
tively, in 2018 while total production of 0.6 and 0.8 mt with average productivity of
15.21 and 27.68 t/ha (Byju et al. 2020).

Taro was originated in the Indo-Malayan region. A huge variation/diversity in
taro can be found in the North-Eastern states of India. Africa is having the highest
area under taro and the largest producer followed by Asia. Taro is having a close
association with other tuber-bearing members of the genus, which are equally edible
and nutritious. They are Giant Taro (Alocasia indica), Swamp Taro (Cyrtosperma
chamissonis) and tannia (Xanthosoma sagittifolium). Besides its starch corms,
leaves, and petioles are also edible. Taro starch is used for the preparation of baby
food. Corms are also used in various preparations like chips, curry, papad, etc. (Suja
et al. 2017). Taro corms have a high energy value of 376–545 kJ/100 g, 24.5–26.5%
starch, 1.46–3.80% dietary fiber and low-fat content. Taro corms are also rich in
minerals like Magnesium, Iron, Zinc, Copper, and Sodium. It is local staple food in
Asian countries such as the Philippines, Indonesia, Malaysia, Bangladesh, India, and
China.

Elephant foot yam is a popular cash and remunerative crop of the farmers of
Andhra Pradesh, Bihar, Jharkhand, West Bengal, Uttar Pradesh, Tamil Nadu, and
Kerala (Ravi et al. 2011). The corms are rich in nutrients and medicinal properties.
They contain a moderate amount of protein, calcium, and Vitamin C (Suja et al.
2012). The corms of elephant foot yam produce 324–374 kJ/100 g, have a starch
content of 6.72–16.6% and 1.45% dietary fiber. These crops are also used in many
ayurvedic treatments. Elephant foot yam corms are used for the treatment of piles.

The cultivation of aroids also faces certain physiological and pathological
problems. These crops are sensitive to drought. Water deficit stress immediately
after planting adversely affects the sprouting and establishment of the crop. The
corms of aroids have anti-nutritional factors like calcium oxalate crystals which
cause acridity and itching sensation in the throat upon consumption. However, few
edible clones are free from acridity. Dormancy is another physiological problem that
prolongs the crop duration in elephant foot yam. The corms of elephant foot yam
tend to have dormancy and they take 3–4 months for sprouting (Ravi et al. 2011).
The majority of taro clones are susceptible to leaf blight disease caused by
Phytophthora colocasiae (Fig. 26.9). The infection of leaf blight disease signifi-
cantly decreases the longevity of taro leaves, thereby reducing the number of
functional leaves. Yield reductions due to leaf blight disease are reported up to
50% (Misra et al. 2008). Collar rot caused by Sclerotium rolfsii is an important



disease of elephant foot yam often causes huge losses to growers. The infection is
most likely to occur in the rainy season followed by warm weather. Late blight is
another important disease of elephant foot yam where the leaflets turn black due to
necrosis and give a burnt appearance. Physiological or pathological tuber rot in the
field and storage is another problem causing huge losses to the farmers (Fig. 26.9).
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Fig. 26.9 Leaf blight in taro (a), late blight (b) and tuber rot (c) in elephant foot yam

The breeding objectives of these crops as follows:

• High yield
• Non-acridity
• Lack of dormancy and short duration in elephant foot yam
• Leaf blight resistance in taro
• Collar rot, late blight and tuber rot resistance in elephant foot yam
• Developing varieties suitable for cropping and farming systems
• High dry matter/starch content
• High Processing and nutritional quality
• Tolerance to drought and salinity stress

Akin to other tuber crops, flowering in taro is not common and the majority of
clones do not flower under normal conditions. It needs spraying of growth regulators
for induction of flowering. Similarly, flowering is scarce in elephant foot yam and



the clones do not flower in many cases thereby hindering the improvement through
conventional breeding. Even if flowering occurs in some clones of these crops,
asynchronization of flowering between male and female clones and protogyny are
major problems of hybridization breeding. Therefore, the improvement in these
aroid tuber crops is highly limited to clonal selection. Moreover, there exist no
known sources of disease resistance and other important traits like lack of dormancy
and short duration in elephant foot yam. Hence, mutation breeding can also be the
option in these crops for the improvement of these traits.
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26.3.4.1 Mutation Breeding Achievements So Far
Three mutant varieties have been registered so far with the IAEA mutant variety
database in taro. Out of three, two varieties of Fukugashira and Chiba-maru were
released for cultivation in Japan in 1992 and 2017 respectively. Another variety of
Luyutou 1 was released in 1993 in China (https://mvd.iaea.org/). No mutant variety
has been registered so far in elephant foot yam. A review of the literature also
suggested that significant mutation breeding attempts have not been made in ele-
phant foot yam so far. Other important contributions in applied mutagenesis in taro
are mentioned below (Table 26.6).

A photosynthetically efficient mutant with better performance under shady
conditions was isolated at ICAR-Central Tuber Crops Research Institute in tannia
(Vasudevan and Jos 1988). An attempt has also been made to induce variation in
elephant foot yam which showed that LD50 dosage was around 0.8 krad for corms
(Vasudevan and Jos 1991).

Table 26.6 Brief report on mutation breeding achievements in taro

S. No. Report Reference

1 • Mutant CM-17 was found to have prolonged storage life up to
6 months after harvest.
• Increase in yield (25–30%), decrease in phenols and sugar
content and increase in dry matter content was observed among
mutants.

Vasudevan and
Jos (1988)

2 • In vitro shoot tips of taro were irradiated from 0 to 60 Gy
gamma irradiation.
• The lethal dose 30 that causes a 30% reduction in growth was
found to be 7.65 Gy.

Seetohul et al.
(2008)

3 • Seed cormels of 10 diverse taro genotypes were treated 10 Gy
γ-irradiation in vitro.
• Leaf blight incidence parameters as spot diameter and number
of sporangia were low in mutants when compared to the
non-irradiated controls.

Sahoo et al.
(2015)

4 • Apical shoot cultures of Bogor taro were treated with gamma
ray irradiation doses of 0, 5, 10, 15, and 20 Gy.
• The influence of gamma irradiation on the number of leaves
was found at10 Gy and dose 20 Gy was found to be a lethal dose.
• Molecular marker study indicated that gamma irradiation
provided 51% diversity when compared with a parent.

Nurilmala et al.
(2017)

https://mvd.iaea.org/
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26.3.5 Chinese Potato

Chinese potato (Plectranthus rotundifolius (Poir.) Spreng.) belongs to the family
Lamiaceae (Labiatae) with a chromosome number of 2n = 64. Chinese potato is an
important tropical tuber crop grown in Africa and Asia (Aculey et al. 2011). Its
geographical origin was believed to be East Africa, followed by its distribution to
tropical West Africa, Southeast Asia including India, Sri Lanka, Malaysia, and
Indonesia (Harlan et al. 1976). In India, it is largely grown in Kerala and Tamil
Nadu states.

Chinese potato also known as coleus has a distinct aromatic flavor and delicious
taste upon cooking. These tubers are rich in minerals like calcium, iron, and
B-complex vitamins such as thiamine (B1), riboflavin (B2) and niacin (B3). Tubers
also contain a good amount of ascorbic acid or Vitamin-C (Jayapal et al. 2015). It is
also widely used in ayurvedic medicine due to the presence of medicinal properties
and is used to reduce the cholesterol level of blood (Sandhya and Vijayalakshmi
2005). It also has anti-tumor and anti-oxidant properties and can be used as a cancer
chemoprevention agent.

The yield of Chinese potato is very less compared to other tuber crops. The tuber
formation in Chinese potato is found to be sensitive to photoperiod and other
weather parameters. Moreover, the tubers of Chinese potato are small,
non-uniform and often form in odd shape as clusters at the base of the stem. This
makes cleaning and de-skinning time consuming for culinary preparations (Suma
et al. 2014). It is a short-day crop and only one crop can be taken from July to
November (Radhakrishnan and Abraham 2008). The breeding objectives of this crop
include:

• High yield
• Uniform size, the shape of tubers
• Increase in size of tubers
• Good cooking quality and easy peeling
• Increase in mineral nutrient content
• Photo-insensitivity and year-round production

Due to a limited number of available germplasm and the absence of much
variability among the available germplasm, the improvement of these important
tuber crops did not progress much. Only two cultivars Sree Dhara and Co-1 were
developed through selection in this crop so far. Moreover, flowering and fruit set are
very scarce, thereby improving through conventional breeding methods is very
difficult. Mutation breeding would be fruitful for widening the genetic base and
creation of new variations in this underexploited crop.

26.3.5.1 Mutation Breeding Achievements So Far
The first mutant variety in Chinese potato in the world, Suphala, was developed and
released for cultivation by Kerala Agricultural University, Thrissur, India through



in vitro mutagenesis. The brief report on induced mutations in Chinese potato is
mentioned in Table 26.7.
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Table 26.7 Brief report on mutation breeding achievements in Chinese potato

S. No. Report Reference

1 • The tuber yield of in vitro gamma-irradiated mutants
ranged from 15 to 75 g/plant. The number of tubers/plant
ranged from 8 to 68.
• One commercial mutant clone (TC-9) with a tuber yield
of 1 t/ha was identified.
• All mutants were found to be photo-insensitive.

Radhakrishnan and
Abraham (2008)

2 • The LD 50 dose of gamma irradiation and EMS were
found as 40 Gy and 0.4%, respectively.
• Two mutants M 131 and M 61 with photoperiod
insensitivity and high yield were isolated.

Abraham and
Radhakrishnan (2008)

26.3.6 Yam Bean

Yam bean (Pachyrrhizus erosus L.) is an important underutilized leguminous tuber
crop that belongs to the family Fabaceae with chromosome number 2n = 2X = 22.
This exceptional tuber crop is propagated through sexual reproduction via seeds. It is
said to be originated in Mexico and the Central American region. It is grown for
fresh tubers to consume as salad due to its watery texture and sweetness in Eastern
India. It is mainly cultivated in Bihar, Jharkhand, and West Bengal states of India. It
is also grown in South East Asian countries like the Philippines, Indonesia, and
Thailand. Other cultivated species in the genus are P. ahipa (Wedd.) Parodi and
P. tuberosus (Lam.) Spreng. Yam bean flour is popularly consumed in Africa. The
yam bean flour is rich in carbohydrates and energy consisting of 2.0% reducing
sugars and 21% starch. It also contains 5.8% moisture content, 5.7% crude fat, 6.2%
crude fiber, and 85% available carbohydrate (Buckman et al. 2018). When it is
grown as a tuber crop, pruning of inflorescence promotes tuber development. The
seeds of the yam bean contain the toxic alkaloid “Rotenone” whose usage as a
botanical pesticide is under investigation. Though the seeds are nutritious and rich in
minerals like potassium, phosphorus, calcium, and iron, their consumption is
discouraged by the presence of this alkaloid (Pati et al. 2020).

Like other underutilized crops, yam bean improvement is also on a slow path
worldwide. Unlike other tuber crops, yam bean flowers regularly and produces
fertile viable seed. There are no known hybridization barriers in yam bean and it
crosses freely with other Pachyrrhizous species. Only two cultivars have been
released in this crop so far viz., Rajendra Misrikand 1 and Rajendra Misrikand
2 by Bihar Agricultural University, Sabour, India. Compared to other legumes, pest
and disease incidence is low in yam bean. However, Cercospora leaf spot is a
common disease. The breeding objective of yam bean as follows:
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• High tuber yield
• Dwarf or bushy growth
• High sugar or carbohydrate content
• Low or no rotenone content in seeds
• High protein and nutritive value in tubers as well as seeds
• Tolerance to biotic and abiotic stresses

26.3.6.1 Mutation Breeding Achievements So Far
Similar to other underexploited crops, available genetic variation is low in yam bean.
An experiment on induced mutagenesis in yam bean was done at ICAR-Central
Tuber Crops Research Institute, Kerala, India. The seeds of the yam bean were
treated with Ethyl Methane Sulfonate ranging from 0.25% to 2.0%. Evaluation of
subsequent mutants in M2 generation resulted in the isolation of a dwarf mutant with
a higher tuber yield than the parent. The mutant had similar starch content in tubers
and seed rotenone content; slightly high protein content and less sugar content when
compared with the parent (Nair 1990).

26.3.7 Other Minor Tuber Crops

There are other minor tuber crops like West Indian arrowroot commonly known as
arrowroot (Maranta arundinacea L.), native to Mexico, belongs to the family
Marantaceae and Tikhur or starchy Curcuma (Curcuma angustifolia Roxb.) of
Zingiberaceae which have industrial and medicinal properties.

Arrowroot is a perennial herb grown as annual and well known for its starchy
rhizomes (Rohandi et al. 2017). The starch in arrowroot is present in a simplified and
easily digestible form which makes it an important component of baby food (Asha
et al. 2015). Arrowroot biscuits are popular throughout India. Arrowroot rhizomes
are nutritive and are also used in the treatment of problems in alimentary canal,
pulmonary organs or of the urinary organs (Asha et al. 2015).

Tikhur is grown in hills of Madhya Pradesh, Chhattisgarh, West Bengal,
Maharashtra, Tamil Nadu and foot hills of Himalayan ranges (Kumari et al. 2017).
The rhizomes of tikhur are highly popular diet among the tribal regions. The
rhizomes are rich in starch, nutrients and have several health benefits, essential
oils, and aroma. The starch powder of tikhur is highly nutritious and easily digest-
ible; hence, it is used in the feed of infants, weak children and aged adults. Tikhur
and its products are popular in Chhattisgarh state of India. The starch is used in the
preparation of various sweet meals like halwa, barfi, and jalebi. The herbal drink
from tikhur is consumed during summer for cooling effect (Shankar et al. 2015). The
rhizomes have healing ability of peptic ulcers. They are also used in treatments of
dysentery, diarrhea, and colitis, cough and bronchitis (Doble et al. 2011).

The genetic improvement in these two crops is very less so far. Though these two
species flower occasionally, there has not been much open pollination and seed set.
Arrow root produces white color flowers but seeds are seen rarely (Asha et al. 2015).
The available genetic variation is very low in arrowroot. There has not been much



variation found among available arrowroot germplasm. Shintu et al. (2016) reported
very low 4.0–34.48% genotypic co-efficient variation for various traits among
60 accessions of arrowroot. A single improved variety has not been released so far
for cultivation in arrowroot.
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Though tikhur is native to India, the available genetic variation is low because of
nil or low frequent sexual reproduction. It produces flowers in two colors viz., white
and light pink (Shankar et al. 2015). Only one variety, Chhattisgarh Tikhur-1 has
been released in tikhur for the first time in Chhattisgarh recently. So, mutation
breeding is very helpful in these crops to create new variations and to broaden the
existing genetic base for the improvement of various traits especially weight and size
of rhizomes and starch content.

26.4 Conclusion and Future Aspects

Tropical root and tuber crops are staple foods of masses across the tropical regions of
the world. They are not only rich in starch, but also a good source of nutrients and
vitamins and providing a balanced diet, especially in rural and tribal areas. These
crops are said to be future crops owing to their ability to grow in marginal soils with
limited inputs and tolerate adverse weather conditions. But, less attention has been
given to the improvement of these crops so far because of their non-breeder friendly
traits like vegetative reproduction, little or no flowering, and longer crop durations. It
creates a huge scope for the improvement of these crops through mutation breeding.
Despite chimeras are problems when vegetative propagules are treated with
mutagens, they can effectively be eliminated as discussed in this chapter. A few
varieties have been released in crops like sweet potato, taro, and cassava through
mutation breeding. Vegetative propagation in these crops helps in the quick fixing of
the desirable gene/allele combinations. So, mutation breeding in combination with
vegetative propagation enables the speed breeding of these crops. More research is to
be undertaken for exploiting the possibility of creation of new variations through
applied mutagenesis in these underexploited crops in the coming years.
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