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Preface

The year 2008 marks the 80™ anniversary of mutation induction in plants. The application of mutation techniques, i.e. Gamma-rays and other
physical and chemical mutagens, has generated a vast amount of genetic variability and has played a significant role in plant breeding and genetic
studies. The widespread use of induced mutants in plant breeding programmes throughout the world has led to the official release of more than 2,700
plant mutant varieties. A large number of these varieties (including cereals, pulses, oil, root and tuber crops, and ornamentals) have been released in
developing countries, resulting in enormous positive economic impacts.

During the last decade, with the unfolding of new biological fields such as genomics and functional genomics, bioinformatics, and the develop-
ment of new technologies based on these sciences, there has been an increased interest in induced mutations within the scientific community.
Induced mutations are now widely used for developing improved crop varieties and for the discovery of genes, controlling important traits and
understanding the functions and mechanisms of actions of these genes. Progress is also being made in deciphering the biological nature of DNA
damage, repair and mutagenesis. To this end, the International Symposium on Induced Mutations in Plants was organized by the International
Atomic Energy Agency (IAEA) and the Food and Agriculture Organization (FAO) of the United Nations through the Joint FAO/IAEA Division of
Nuclear Techniques in Food and Agriculture.

The Symposium comprised an open session, two plenary sessions and ten concurrent sessions, covering topics from induced mutations in food
and agriculture, plant mutagenesis, genetic diversity, biofortification, abiotic stress tolerance and adaptation to climate changes, crop quality and
nutrition, seed and vegetatively propagated plants, gene discovery and functional genomics. A workshop on low phytate rice breeding was also
organized. About 500 participants from 82 Member States of the IAEA and FAO, and nine international organizations/institutions attended the
Symposium, with a good balance between the private and public sector, as well as developing and developed Member States. The Symposium
received valuable assistance from the cooperating organizations and generous support from the private sector, for which the sponsoring organiza-
tions are most grateful.

This publication is a compilation of peer-reviewed full papers contributed by participants. They were either oral or poster presentations given in
different sessions except Concurrent Session 3 (which will be compiled by the Human Health Division in a separate publication). These papers not
only provide valuable information on the recent development in various fields related to induced mutations, but also on the social and economic
impact of mutant varieties worldwide. Therefore, these Proceedings should be an excellent reference book for researchers, students and policy
makers for understanding applications of induced mutations in crop improvement and biological research.

Qu Liang

Director

Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture
IAEA
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Opening Remarks by W Burkart

Deputy Director General of the IAEA
Department of Nuclear Sciences and Applications

Dear colleagues, ladies and gentlemen,

It is a pleasure to welcome you to the Vienna International Centre for the
International Symposium on Induced Mutations in Plants.

This international Symposium, promoted by the Joint FAO/IAEA
Division, is the eighth of its kind — the first was held in 1969 - dedicated to
harnessing and disseminating information on current trends in induced
mutagenesis in plants. These symposia have dealt with themes relating to
the development of efficient protocols for induced mutagenesis and their
role in the enhancement of quality traits, as well as resistance to biotic
and abiotic stresses in crops and the integration of in vitro and molecular
genetic techniques in mutation induction.

The Joint FAO/IAEA Division has been promoting the efficient use
of mutation techniques since the late 1960%, in line with the Agency’s
“atoms for peace” agenda, very much related to agricultural policy and
practices of some our main donor nations. In 1960, for example, in the
United States, disease heavily damaged the bean crop in Michigan —
except for a promising new variety that had been made by radiation
breeding, which quickly replaced the old bean.

The Manual on Mutation Breeding, edited by the Agency and first
published in 1970, updated in 1979 and reprinted several times after-
wards, was the first book of its kind in the world. It has been widely
used both as textbook in universities (translated into a couple of local
languages) and reference book for breeders in their profession. Together
with the training provided to scientists in developing countries and the
support and coordination of research activities in this area, this manual
has greatly promoted the correct and efficient use of mutation techniques
in crop improvement.

At a time when the world is facing a food and energy crisis of
unprecedented proportions, plant mutation breeding can be a catalyst
in developing improved, higher-yield, saline-resistant sturdier crop
varieties. More and more, the interest of the scientific community in this
discipline has focused on the discovery of genes that control important
traits, and on understanding the functions and mechanisms of actions
of these genes.

The year 2008 will mark the 80™ anniversary of mutation induction in
crop plants. The widespread use of induced mutants in plant breeding
programmes throughout the world has led to date to the official release
of close to 3,000 mutant varieties from more than 170 different plant
species. Many of these varieties (including cereals, pulses, oil, root and
tuber crops, and ornamentals) have been released in developing coun-
tries, resulting in considerable positive economic impacts, which are
measured in billions of US dollars and tens of millions of hectares of
cropping area.

In effect, the application of mutation techniques, i.e. Gamma rays
and other physical and chemical mutagens has generated a vast amount
of genetic variability and plays a significant role in plant breeding and
genetics and advanced genomics studies. There will be many recent
mutation induction success stories presented here, in a wide range of
disciplines. Please allow me to just cite two in the field of plant breed-

ing and genetics, fostered by the Agency through the Joint FAO/IAEA
Division in collaboration with the Technical Cooperation Department:

The first example is:

(i) Mutant barley varieties that thrive in an up to 5,000 meter altitude
in the inclement highlands of Peru. The adoption and cultivation of
these mutant varieties account for over 52% yield increase between 1978
and 2002 translating to significant increases in income generation for
the Indian farmers. For the socio-economic impact of improved barley
mutant varieties, the Peruvian government has awarded the 2006 Prize
of “Good Governmental Practices” to the principal counterpart.

The second example relates to:

(ii) Mutant rice varieties that thrive in the high salinity region of the
Mekong Delta in Vietnam. The breeder of one of these varieties, with
export quality that made it up amongst the five top export rice varieties,
got the 2005 National Science and Technology Prize of Vietnam for this
variety because of socio-economic impact.

These are just two examples of many that showcase the ability of muta-
tion induction to produce hardier cops adapted to harsh environments.

Ladies and gentlemen, this year, 2008, will be remembered as the
year in which the global conscience understood the realities of climate
change, the food crisis and the energy debate and its link to hunger. These
big issues are intimately interlinked, and translate in the agronomy field
into a competition between food, feed and fuel for soil, water, human
and financial resources.

Mutation induction has proven flexible, workable, and ready to use on
any crop. In addition, it is a non-hazardous and low-cost technology that
has the ability to address current challenges in agriculture. The breeding
of new mutant varieties - with a higher yield potential, more productive
biomass for energy use, better nutrient composition for human health,
better adaptation to climate change and variability, or a heightened
potential to sequester carbon - will be the driving force to meet the chal-
lenges of the 21% century.

Combined technology packages based on mutation induction, the
most advanced genomic screening techniques and nuclear techniques
applied to good agricultural practices will foster powerful new tools to
improve plant breeding. In this respect, this Symposium brings together
key players in basic research, as well as in the development and applica-
tion of technologies relating to the efficient use of induced mutations for
crop improvement and empirical genetic studies.

Ladies and gentlemen, dear colleagues, before you begin your delib-
erations, I would like to remind you that this Symposium is representa-
tive of one of the best collaborations in the United Nations system - the
Joint FAO/IAEA Division - two sister agencies working for the welfare of
humanity- a partnership that is already 44 years old.

I wish you fruitful discussions and a successful participation at the
Symposium.

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009,7-8



Opening Remarks by S Pandey

Representative of the FAO
Director of Plant Production and Protection
Agriculture and Consumer Protection Department

Mr. Chairman, distinguished guests, ladies and gentlemen,

On behalf of the Director General of the Food and Agriculture
Organization in Rome, I bring you greetings and welcome you to the
Joint FAO/IAEA International Symposium on Induced Mutations in
Plants.

It has been 12 years since the last Symposium and I take this
opportunity to congratulate Mr. Liang and his staff for organizing this
Symposium at this time.

Crop plants form the major components of human diets, providing
the required calories and nutrients to sustain life. With recent soaring
of food prices, which is one of the immediate causes of the current food
security crisis, the need to efficiently increase food availability through
the production of high yielding crop varieties under the contrary effect of
climate change and variability, plays a key role in ensuring food security.

As such, holding this Symposium at this moment in time is a signifi-
cant and blissful coincidence.

An essential aspect of crop improvement is the utilization of the avail-
able genetic variation to produce new crop varieties. Induced mutations
are a proven tool in creating a wealth of desirable genetic variability in
plants, and its success in crop improvement abound.

Currently the Joint Division’s mutant varieties database registers over
2,700 mutant and mutant-derived varieties. Furthermore, some of these
mutant varieties have contributed significantly to the livelihoods of
farmers and their respective country’s economy. For instance:

o Diamant and Golden Promise being the progenitors of most of the
cultivated barley varieties used in brewery industry in Scotland and
most of Europe, contributing over 20 million US dollars per annum
in additional income to farmers annually;

o Durum wheat varieties used in the pasta industry in Italy arising

from mutants account for tens of millions of US dollars in addi-

tional income to farmers per annum;

Grapefruit in the US with Rio Star mutant accounting for 75% of

the US grapefruit industry;

o The mutant pear variety Gold Nijesseiki in Japan contributes 30
million US dollars in additional income to farmers annually;

o The rice mutant variety Zhefu 802 yield 10.6 million ha in China,
giving a yield increase of 10.5% between 1980 and 1995. This trans-
lates into providing food to an extra two million people per year;
and

o In Vietnam, where rice export is one of the main national revenue
sources, eight high-yielding mutant rice varieties with other socio-
economic value traits including high quality, tolerance to salinity
and short duration allowing up to three harvests per year have
been developed and adopted by farmers, providing them an extra
income of 300 million US dollars this year.

These successes and many more were achieved by including induced
mutations in the plant breeding scheme.

The efficiency of mutation induction is directly related to producing,
handling and assaying the required large numbers of mutant stocks
and could be expensive, laborious, time-consuming and often depend-
ent upon the growing season of the crop. However, recent advances in
genomics, especially the quantum leap in the volume of publicly avail-
able genomics resources, imply that a high throughput platform such as
Targeted Induced Local Lesions in Genomes (TILLING) which utilize
induced mutations, will make the rapid evaluation of mutant stocks for
specific genomic sequence alteration more practicable.

The history of the Joint FAO/IAEA Division dates back to 1964, and
since then its activities have been aimed at promoting the use of nuclear
technologies in crop breeding and genetics in our Member States.

Let me express my deep satisfaction with the efficient synergistic link
the Joint FAO/IAEA Division provides between FAO and IAEA. Indeed,
their input to FAO’s programmes in agriculture is highly valued by the
sister divisions in FAO, and I congratulate the Joint FAO/IAEA Division
for 44 years of flawless service to the Member States of both organiza-
tions. In return, FAO is pleased to note the added value it could offer in
return to the JAEA programming.

More of the successful results of our continued support to Member
States, I believe, will be detailed to you during the presentations over the
next three days.

Still there are challenges ahead. The looming adverse effects of climate
change and variability affecting crop productivity requires intervention
to produce new varieties which can perform more efficiently under
severe water and climatic conditions, and also ensure a continued main-
tenance of the existing biodiversity.

Malnutrition, with respect to micronutrients like vitamin A, iron
and zing, affects more than 40% of the world’s population. While vari-
ous interventions such as supplementation and fortification have been
proposed, providing major staple crop varieties that accumulate greater
concentrations of vitamins and minerals in their edible tissues, will be a
sustainable intervention particularly for low-income populations.

The demands for bioenergy crops and/or efficient use of existing crops
to provide both food and fuel without threatening the current food sup-
plies, pose yet another challenge for our crop improvement programmes.

I encourage you to consider these challenges in your deliberations and
the potential of induced mutations by addressing these efficiently.

Ladies and gentlemen, again I welcome you to this Symposium.
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Summary of the FAO/IAEA International Symposium
on Induced Mutations in Plants by T Ishige

President
National Institute of Agrobiological Sciences, Japan

Thank you Mr. Chairman.
Ladies and gentlemen and distinguished guests,

On behalf of the Steering Committee, I would like to express my sincere
appreciation to all the speakers and participants for their informative
presentations and discussions during the Symposium. I would like to
acknowledge and thank the members of this meeting for supporting this
conference here in Vienna.

In the flyer, it is written that 2008 is the 80" anniversary of induced
mutation breeding. The commercial utilization of approximately 3,000
mutant-induced and mutant-derived varieties strongly shows that muta-
tion breeding is a useful tool for generating new germplasm for crop
improvement.

Mutation induction by radiation is the method of choice in China,
India and Japan. In plant genetic and breeding research, induced
mutations have contributed to the discovery and identification of gene
functions following the completion of genome sequencing projects in
Arabidopsis and rice.

In this Symposium, a wide range of topics related to mutation breed-
ing was discussed. In the keynote presentation, Dr. Ron Phillips showed
the importance of expanding gene variation for crop improvement. He
presented modern mutation technologies which are useful for practical
plant improvement and plant science. Dr. Lagoda showed the impor-
tance of international cooperation in plant mutation genetics and breed-
ing. He introduced the role of the joint FAO/TAEA Programme.

In Plenary Session 1, history and topics of mutation breeding of rice,
barley, legumes and other crops in the world were presented.

In Concurrent Session 1, “Mutational Enhancement of Genetic
Diversity and Crop Domestication” was discussed. The key genes
responsible for domestication in barley, such as the 6-rowed spike,
were identified by the use of natural variation and mutants. Unique
agronomically useful characteristics were isolated in wheat, sunflower,
soybean, and lupine.

In Concurrent Session 2, the topic “Plant Mutagenesis - DNA Damage,
Repair and Genome” was discussed. Following the completion of the
genome sequencing in Arabidopsis and rice, we can identify a particular
mutation, such as deletion size and the point of mutation at the molecu-
lar level. Furthermore, the mechanism of gene function and gene repair
can be identified.

In Concurrent Session 3, “Biofortification of Staple Food Crops for
Improved Micronutrient Status” was discussed. One of the most impor-
tant activities of the IAEA that of human nutrition, was presented. DNA
changes that provide variations useful for human nutrition are seen to
become increasingly important, including the transgenic approach (for
example, golden rice). Many of these variations useful in human nutri-
tion will be introduced together with new traits desired by growers (for
example, submergence tolerant rice). Complex interaction such as the
role of phytic acid in micronutrient availability was discussed.

In Concurrent Session 4, “Induced Mutations for Traits That Affect
Abiotic Stress Tolerance and Adaptation to Climate Change” was dis-

cussed. Various approaches to develop crops with tolerance to abiotic
stresses, including drought, salinity, and tolerant root systems were
presented.

In Concurrent Session 5, “Induced Mutations for Enhancing Crop
Quality and Nutrition” was discussed. Mutation research for seed phos-
phorus and useful starch mutants were presented. We also learned how
a mutant trait can be modified by marker-assisted selection as in the
example of Quality Protein Maize (QPM).

In Concurrent Session 6, “New Techniques and Systems for Mutation
Induction” were discussed. New mutation technologies, such as transpo-
son Tos17, restriction endonuclease, space irradiation, and ion beams,
were presented.

In Concurrent Session 7, “High Throughput Techniques for Mutation
Screening” was discussed. Screening for mutants is an important step
in mutation breeding, as well as mutation induction. Recently, very
useful molecular screening tools, such as TILLING, using the genome
sequences of agronomically useful traits in some crops, have become
available.

In Concurrent Session 8, “Mutation Induction and Breeding of
Ornamental and Vegetatively Propagated Plants” was discussed.
Mutation breeding is very useful for improvement in asexual crop spe-
cies, where hybridization is not possible. Typically, in this area, breeding
objectives are focused primarily on flower colour and shape, which can
be easily screened by observation.

In Concurrent Sessions 9 and 10, “Induced Mutations in Seed Crop
Breeding” was discussed. There are many useful traits induced by muta-
tions, such as semi-dwarfness, resistance to diseases, and quality compo-
nents of grains and beans.

In Plenary Session 2, “Induced Mutations in the Genomics Era:
New Opportunities and Challenges” was discussed. Genomic analysis
and metabolite profiling of induced mutants has become an excellent
approach for the analysis of gene function.

In this Symposium, we discussed practical mutation breeding and the
analysis of gene function originating from many mutants. As you know,
now, genome science and molecular biology are very powerful tools to
analyse gene function. Genome sequencing of rice was completed in
2005 by the International Rice Genome Sequence Project (IRGSP), with
NIAS (National Institute of Agrobiological Sciences), in Japan playing
the central role. This effort has resulted in dramatic changes in the muta-
tion breeding of rice, as well as other monocot crops which show similar
genomic synteny with rice. Molecular genetics and information technol-
ogy based on genome sequencing will be presumably powerful tools for
the selection of mutants exhibiting specific characteristics. NIAS is now
extensively applying genome science to organisms such as rice, wheat,
barley, soybean, silkworm and pig. The Radiation Breeding Institute of
NIAS, directed by Dr. Nakagawa, is studying practical radiation breeding
and creating of new genetic resources by mutation.

Furthermore, mutation technologies can provide many new genetic
resources induced by radiation, chemicals, and several kinds of genetic
engineering. Those new genetic resources are very useful not only for
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practical breeding, but also for plant science. We can utilize and com-
bine the multitude of useful genetic resources and modern molecular
technologies.

Finally, I would like to draw some conclusions from this wonderful
conference.

(1) Direct mutation in specific genes for specific traits

Scientists have utilized natural variation from spontaneous mutations,
as well as induced mutations for many years. But now there are new tech-
nologies to direct mutation in specific genes for specific traits. With more
and more genome and gene sequence information and more knowledge
about gene regulation and gene networks, we will see the development of
more “direct mutation” techniques. I predict that the next IAEA confer-
ence will feature direct mutagenesis methods as a major topic.

(2) Variation inherent in various species

We will probably also see more powerful methods for recognizing and
utilizing the variation inherent in various species.

(3) Advancement of many new alleles at loci of interest.

Another advancement that became clear at this conference is our abil-
ity to recognize many new alleles at loci of interest.
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(4) Base change by various mutagens

The new technologies presented here demonstrate the ability to pro-
duce many base changes by various mutagens.

(5) We also saw how even base changes not leading to a mutant pheno-
type are useful, for purposes such as tracing variation and farm products.

I believe this Symposium and the proceedings of the presentation,
which will be published following this Symposium, will help establish
the valuable role that mutation breeding has played in the disciplines of
plant science and world agriculture. I hope that we will meet again in the
near future and discuss the progress of the mutation research after this
meeting.

Finally, we applaud the IAEA and FAO for organizing this excellent
conference — as well as all their other activities of coordinating research,
conducting research, development of database, and so forth.

Thank you so much.



Closing Statement by A M Cetto

Deputy Director General of the IAEA
Department of Technical Cooperation

Distinguished delegates, ladies and gentlemen

T'am very pleased to speak to you today, as the International Symposium
on Induced Mutations in Plants draws to a close.

This Symposium was the eighth in the Joint FAO/IAEA Programme’s
Symposium series, dedicated to harnessing and disseminating infor-
mation on current trends in induced mutagenesis in plants. The first
meeting was held in 1969, and the most recent in 1995. Thirteen years
on, in a climate of increasing food shortages, it was high time that this
Symposium was held. Although mutation breeding is 80 years old, as we
just heard, new applications continue to be found and will continue to be
developed. The application of mutation techniques, such as Gamma-rays
and other physical and chemical mutagens, has generated a vast amount
of genetic variability and has played a significant role in plant breeding
and genetic studies in countries throughout the world. The importance
of these techniques is reflected in the large number of participants gath-
ered here: a total of 500 delegates from 81 countries that are IAEA and
FAO Member States and nine organizations. I believe that the extensive
scientific programme, which included 126 oral and 252 poster presenta-
tions, is an indicator of the range, depth and relevance of the topic.

Being aware of the scientific nature of this Symposium, let me how-
ever, say a few words on behalf of the IAEAs TC Programme. The pro-
gramme provided financial support to several participants to attend this
Symposium, but more importantly, many of the participants have been
trained through the Technical Cooperation Programme, supported by
the FAO/IAEA Joint Division. Technical training of this sort is a core
component in the implementation of the JAEA mandate “Atoms for
Peace, Health and Prosperity”

Over the past five years, food and agriculture has accounted for one of
the largest areas of the IAEA Technical Cooperation Programme around
the world, and projects in this area are on the increase in the 2009-2011
programme cycle. The Agency’s combination of technical and manage-
rial expertise offers Member States significant benefits in the formula-
tion and development of projects, transfer of technology, infrastructure
development and capacity building. Support is delivered through train-
ing courses, fellowships, expert and scientific visits, and through setting
up of laboratories.

Ladies and gentlemen, Pandit Jawarlal Nehru, the great former prime
minister of India, remarked once that “Everything else can wait but not
agriculture,” and this remark remains relevant today. There is no short-
term magic formula to solve the world’s food problems. We must take
advantage of all possible modes of intervention and action. Nuclear tech-
nology will continue to play an essential role in strengthening conven-
tional breeding through induced mutations and efficiency-enhancing
biomolecular technologies. As we have just heard, there is now a trend
towards directed mutagenesis. I am sure that our technical colleagues
have taken note of the suggestion to dedicate the next Symposium to
this topic. These will hopefully continue to represent safe techniques,
respectful of nature and the environment, supporting and speeding

up natural processes to develop food and agricultural products with
improved characteristics and increased value.

I sincerely hope that you have enjoyed your stay in Vienna, and that
the Symposium has stimulated you to find innovative ways to face the
challenges that face us all. Your work is key to ensuring the sustainability
of agriculture and to meeting the ever-growing global demand for food
resources.

I wish you all the best in your continuing endeavours and a safe jour-
ney back to your home countries.

Thank you.
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A Summary of the International Symposium on
Induced Mutations in Plants

QY Shu

1. Organization of the Symposium

The International Symposium on Induced Mutations in Plants was held
from 12-15 August, 2008 at the Vienna International Centre. Almost
500 participants, more than half of them from developing countries,
attended the Symposium. Nine international organizations and 82
member countries, among these 60 developing countries, were repre-
sented at the Symposium.

The Symposium was opened by IAEAs Dr. W. Burkart, Deputy
Director General, Department of Nuclear Sciences and Applications. Dr.
S. Pandey, Director, delivered opening remarks on behalf of the Food
and Agriculture Organization of the United Nations. Also in the opening
session, Professor R. Phillips (USA), Vice President of the International
Crop Science Society, delivered a keynote address on “Expanding the
Boundaries of Gene Variation for Crop Improvement,” and Dr. PJ.L.
Lagoda, Head of the Plant Breeding and Genetics Section in the IAEA,
introduced the role of the Joint FAO/IAEA Programme on Nuclear
Techniques in Food and Agriculture in networking and fostering of
cooperation in plant mutation genetics and breeding. Dr. T. Ishige,
President of the Japanese National Institute of Agrobiological Sciences
summarized the opportunities and the way forward for plant mutagen-
esis in the genomics era, and Dr. A.M. Cetto, Deputy Director General of
the Department of Technical Cooperation in the IAEA, officially closed
the Symposium after highlighting the role of technical cooperation in
promoting the use of mutation techniques in Member States.

Apart from opening and closing session, the Symposium was organ-
ized into two Plenary Sessions, 10 Concurrent Sessions, and one
Workshop. Four hundred twenty-four abstracts were submitted for the
Symposium - out of these, 129 papers were selected for oral presentation
(including invited talks) and 184 for poster presentation.

The Symposium was organized by the International Atomic Energy
Agency (IAEA) and the Food and Agriculture Organization (FAO) of
the United Nations through the Joint FAO/IAEA Division of Nuclear
Techniques in Food and Agriculture. The great cooperation and sup-
port of the following organizations contributed to the success of the
Symposium and is highly commended: Bhabha Atomic Research
Centre (BARC, India); Chinese Society of Agricultural Biotechnology,
European Association for Research and Plant Breeding, Indian Society
of Genetics and Plant Breeding, and National Institute of Agrobiological
Sciences (Japan).

2. Overview of topics of the Symposium

The year 2008 marked the 80" anniversary of mutation induction in crop
plants. Although induction of mutations had often been considered as
accidental for a long time since it was discovered, it has been globally
explored and has significantly contributed to increased agricultural
production over the past half century. During the past 10 years, more
and more molecular biological studies have proven that mutations are

not mere “accidents,” but that they could be deliberately induced, using
various methods. Meanwhile, induced mutations have become more and
more useful and important in modern genetic studies, such as gene dis-
covery and function elucidation. By integrating molecular techniques,
such as high throughput mutation screening techniques, induced
mutations are now widely expected to play an even greater role in plant
improvement than ever before. Progress in all those fields was repeatedly
reported by various groups at the Symposium, which not only demon-
strated the recent renaissance of mutation techniques but also outlined a
bright future for these classic techniques.

2.1 Induced mutations for world food security

The widespread use of induced mutants in plant breeding programmes
throughout the world has led to the official release of more than 2,700
mutant plant varieties. A dozen presentations convincingly documented
the contribution of induced mutations to the increase of agricultural
production that is valued in the billions of US dollars and millions
of hectares of cultivated area. It is noteworthy that a large number of
mutant varieties had been developed and widely cultivated in developing
countries, hence greatly improving food security in those countries.

With population growth, the demand for food and feed is growing
as well, while natural resources are limited. Erratic rain falls, sudden
and severe drought conditions, excessive floods, etc., often related to
climate change, even deteriorate crop production conditions. The yield
potential of crop plants has to be significantly increased to combat the
worsening food security situation. Traditionally, induced mutants with
favourable traits have been directly or indirectly used in breeding new
varieties. During the last decade, induced mutations have also been gain-
ing increasing importance in plant molecular biology as a tool to identify
and isolate genes and to study their structure and function. Knowledge
of genes controlling important agronomic and quality traits are critical
for plant breeders to develop proper strategies and efficiently implement
breeding programmes. Therefore, induced mutations can contribute
further to increasing global food production both directly and indirectly
by increasing yield potential and stability.

2.2 Genetic diversity, crop domestication and improvement

Genetic variability is a very basic asset for crop domestication and
improvement, as well as genetic research. While some plant species of
cultivated crops have rich genetic diversity, others have very limited
genetic variation. In Concurrent Session 1 alone, mutational enhance-
ment of genetic diversity was reported in 17 plant species; those mutated
populations will become important genetic resources for breeding, gene
discovery, and functional analysis of various genes.

The work on lupine provided an excellent example of how sponta-
neous and induced mutations were utilized in the domestication and

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009,15-18



improvement of a modern crop. The introduction of the narrow leaf
mutation resulted in the domestication of lupine as a dominant legume
crop in Australia. The herbicide tolerance mutation showed the potential
to double the yield by growing lupine under irrigation when herbicide is
used for weed control.

Radiation was also proven to be effective for the production of wheat-
alien translocation lines, which thus sets up a unique method for tapping
genetic variability of wild species into cultivated crop plants. A research
group in China established a sophisticated protocol and has used the
introduced genetic variation for the development of several elite wheat
varieties.

The potential of induced mutations for soil decontamination was
demonstrated in sunflower. During the past two decades, the use of
plants has been proposed as an alternative technique to remove toxic
metals from contaminated soils. The efficiency of this technique largely
depends on the biomass production and toxic metal uptake of plants
grown in contaminated soils. In this direction, sunflower mutants gener-
ated through chemical mutagenesis were reported to have the capacity
for the extraction of cadmium, zinc, and lead, three to five times higher
than their wild type parent.

2.3 Induced mutations for quality and nutrition improvement

Induced mutation has long been used for the enhancement of crop qual-
ity and nutrition - two sessions (Concurrent 3 and 5) and one workshop
were devoted to discourse on these topics. Many attributes of these two
characteristics were covered. The research covered the enhancing of
mineral elements (biofortification) and amino acids essential for humans
and animals, alteration of protein and fatty acid profiles for nutritional
and health purposes, as well as change of physicochemical properties
of starches for different end-uses, to the enhancement of phytonutrients
in fruits and reduction of anti-nutrients in staple foods. Several mutant
genes have been successfully introduced into commercial crop varieties
and significantly enhance the nutritional value of those crops. A few
examples are given below:

1. Quality Protein Maize (QPM). Maize endosperm protein is
deficient in two essential amino acids, lysine and tryptophan. The
opaque 2 mutant gene, together with endosperm and amino acid
modifier genes, was used for the development of QPM varieties.
QPM has almost twice as much lysine and tryptophan, and 30% less
leucine, as normal maize, and has shown to have dramatic effects
on human and animal nutrition, growth and performance. QPM
varieties are now grown on hundreds of thousands of hectares.

2. Low phytic acid (LPA) crops. Much of the phosphorus is deposited
as phytic acid and its salt form (phytate) in seeds. Since phosphorus
and mineral elements such as iron and zinc in the form of phytate
cannot be digested by humans and monogastric animals, reduction
of phytic acid would increase the bioavailability of phosphorus and
micronutrient mineral elements. Reports at the meeting showed a
number of LPA mutations have been induced in barley, rice, wheat,
and soybean, and new LPA barley varieties were released for com-
mercial use. It is anticipated that LPA varieties will be eventually
developed in various crops, which might ultimately reduce both
phosphorus-pollution and increase bioavailability of phosphorus
and micronutrient minerals in cereal grains and legume seeds.

3. Oilseeds with optimised fatty acid compositions. The optimal
composition of plant oils depends on their end uses, for example,
unsaturated fatty acids (oleic, linolenic) are desirable for salad and
cooking oils, but increased concentration of saturated fatty acids
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(stearic, palmitic) is preferred for oils used in the food industry,
since high temperature processes (frying) require oils resistant to
thermo-oxidation. A number of papers described the alteration
of fatty acids composition by mutation induction in soybean,
sunflower, and other oil crops. By using the mutated genes, new
varieties have been developed for numerous purposes.

2.4 New techniques for mutation induction, screening and utilization

In the past decade, there have been substantial technological develop-
ments in the induction, screening, and utilization of mutated genes.
Traditionally, plant materials are treated with physical or chemical
mutagens, such as Gamma-rays, ethyl methane sulphonate (EMS), and
mutants are screened from the progenies in the field for morphological
traits, or in the laboratory for chemical components. Due to the usually
low mutation frequency, large populations need to be screened, which
makes it rather expensive and sometimes impossible to identify a target
mutation. The new developments reported at the Symposium include
the use of space flight, ion irradiation, and transposable elements for
mutation induction, the use of restriction endonuclease for site-directed,
homologous recombination; DNA markers linked to mutated genes for
marker-assisted selection and tracing of the gene, and target-induced
local lesions in genomes (TILLING), as well as different variant versions
for high throughput screening of mutated alleles.

New techniques for mutation induction. In China, spacecraft, recov-
erable satellites, and high altitude balloons have been used to bring
seeds into space for mutation induction. During the past 10 years, more
than 60 new mutant varieties were developed through this special pro-
gramme. Jon beam irradiation has also been explored for plant muta-
tion induction, mostly in China and Japan. Low energy ion beams are
commonly used in China (mostly for agriculturally important crops),
while high-energy ion beams are adopted in Japan (mostly for orna-
mental plants of high market value). The reports raised much interest
among the participants. The transcriptional activation of transposable
elements and their incorporation into various regions of the genome
was reported in rice and maize. Since the position of transposable ele-
ments could be identified using PCR techniques, the mutation caused by
transposition could be precisely positioned, and mutated genes could be
easily identified. Another development of mutation induction is the use
of restriction endonucleases (REs) for inducing double-strand breaks in
plant genomes and consequently resulting mutations. This technology
has been further integrated with zinc finger DNA binding proteins -zinc
finger nucleases, and is now used for site-specific mutagenesis.

High throughput techniques for mutation discovery. One concurrent
session was devoted specifically to presentations on this fast develop-
ing topic. Reports demonstrated that the TILLING technology is high
throughput, cost-effective, and applicable to most organisms, hence
its application is rapidly expanding. While TILLING was originally
designed for screening mutations in mutant populations generated
with chemical mutagens, such as EMS, it was also shown that it could
be adopted to use mutant populations developed through physical
mutagenesis, such as gamma and fast neutron irradiation. For example,
the De-TILLING technique could be effectively used to detect a specific
mutant in a pool of 6,000 plants. The other trend of mutation discovery
technique is the use of high-throughput DNA sequencing techniques;
several next-generation sequencing instruments are already available
and it is foreseen that the mutation discovery will become more and
more efficient and cost-effective.

A number of papers presented results on identification of DNA mark-
ers linked to mutated traits. These findings will be useful for marker-



assisted selection and eventually for the cloning of mutant genes. This
type of work has become an integrated part of mutation programmes in
developed countries, and more recently in developing countries as well.

2.5 Integration of induced mutations with new “omics” techniques

While many papers across the different sessions discussed the use of
molecular techniques or investigation at molecular level, the second
plenary session highlighted the new trend of the integration of induced
mutations with newly emerged “omics” techniques. These include
genomics and functional genomics, microarray technology and tran-
scriptomics, metabolite profiling, and spectral models of phenomes.

Induced mutants are investigated in a systematic way by the use of
“omics” techniques, which coincides with the newly emerged subject
“systems biology” Since the genetic background of mutants and their
parent varieties only slightly differs, genes and pathways of mutated traits
could be identified through comparative studies using various “omics”
techniques. For example, results of metabolite profiling of low phytic
acid mutants and their parents were indicative of the genes mutated in
rice and soybean, and the deleted genes were identified through com-
parative genomics analysis in Citrus. These reports should be read not
only for their importance of the particular subject, but also for the new
direction and for the possible fields in which induced mutation can play
arole in plant science.

2.6 Understanding the molecular basis of plant mutagenesis

Understanding the genetic control of plant mutagenesis is vital for the
proper application and manipulation of mutation induction for enhanc-
ing genetic variation and plant mutation breeding. A session was assigned
for some deliberations of progress in this field. Presentations covered
topics such as recombination and extrachromosomal DNA on genome
stability and evolution, and the role of human disease gene homologues
for the maintenance of plant genomes, DNA repair mechanisms in the
extremely radio resistant bacterium, the influences of environmental
stresses (radiation, toxic metals, etc.) on plant genome stability,and DNA
damage caused by various mutagenic agents. While most studies are not
directly related to experimental mutagenesis, particularly for mutation
induction, they could nevertheless provide useful information for stud-
ies on the molecular mechanisms of induced mutagenesis in plants.

3. The role of the Joint FAO/IAEA Programme on the Nuclear
Techniques in Food and Agriculture

For more than 40 years, the Joint FAO/IAEA Programme has been
promoting the research, development, and application of nuclear tech-
niques in food and agriculture in the Member States. The use of nuclear
techniques for plant genetics and breeding is a major field. The great
achievements of the Joint Programme and the vital assistance given to
Member States were widely and gratefully acknowledged by the partici-
pants during and after the Symposium.

3.1 Symposia on plant mutation breeding and genetics

With the successful completion of the International Symposium on
Induced Mutations in Plants, the Joint FAO/IAEA Programme has
already organized nine international symposia and numerous meetings
in the field of Plant Breeding and Genetics. These events are the major
international scientific forums for researchers working in this field. New

ideas are sparked at the meetings and research topics conceptualized
through discussion have become a source of force driving the progress
of this scientific discipline. More than 80 letters of appraisal from
participants demonstrate the high relevance and quality of the recent
Symposium.

3.2 IAEA Technical Cooperation projects

The TAEA Technical Cooperation projects (TC projects), technically
backstopped by the Joint FAO/TAEA Programme, play a great role in
capacity building and efficient use of nuclear techniques for plant breed-
ing in the Member States. Many of the success stories presented at the
Symposium are from project counterparts, such as barley mutants in
Peru, legume variants in India and Pakistan, as well as mutant rice in
China, Tanzania, and Vietnam.

3.3 IAEA coordinated research projects

The TAEAs coordinated research projects (CRPs) are playing a unique
role in promoting research and networking among scientists of both
developing and developed countries. Three research coordination
meetings of ongoing CRPs were organized in conjunction with the
Symposium, and 17 CRP participants made oral presentations at the
Symposium.

3.4 Future directions

As reflected by the presentations at the Symposium, induced mutations
are playing an important role in modern plant improvement; their effi-
ciency and application as a technology for crop improvement and plant
research is foreseen to grow in the years to come. Mutation breeding
is approaching a molecular era, which requires the extensive use of
molecular techniques in mutation induction, screening, and utiliza-
tion. Therefore, Member States will need to substantially improve their
capacities to make full use of the opportunities of scientific advance.
In this regard, the Joint Programme should continue to assist Member
States through CRPs, TC projects and other efficient instruments.

The Symposium also highlighted some fields that the Joint Programme
should pay special attention to. For example, the understanding of
genetic control of the process of DNA damage, repair, and mutagenesis
has been limited. This is vital for the proper application and manipula-
tion of mutation induction for enhancing genetic variation and plant
mutation breeding. High throughput techniques, such as TILLING,
provide great promise, but their applicability and effectiveness in practi-
cal crop improvement programmes, particularly in developing nations,
needs to be critically evaluated.
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Expanding the Boundaries of Gene Variation for Crop

Improvement

R L Phillips”* & H W Rines?

Abstract

Directed and undirected mutagenesis continues to offer unique opportu-
nities for crop improvement. Mutations also occur naturally and differ-
ent forms are present in each strain of plants within and among species.
Modifying genes affect the expression of all mutants and examples exist
where the deleterious features of a mutant can be significantly changed
by selection. New technologies, including those associated with genom-
ics such as re-sequencing, TILLING, and RNA interference, allow the
detection of gene variation at an unprecedented frequency. Knowledge
of genes that affect recombination among homoeologous chromosomes
may lead to inducible methods regulating the exchange among chromo-
somes in a polyploid species. Forward and reverse genetic methods are
readily available in many species, including model plant species. There
are an estimated one million sites in the japonica rice genome tagged
via Tosl7, Ac/Ds, T-DNA, and other insertion elements. Site-specific
mutagenesis and gene replacement methods may replace the need for
transgenic technology in some cases. Transcriptome modification occurs
via mutagen treatment, aneuploidy, and uniparental chromosome loss,
and sometimes results in a mutant phenotype. The boundaries of gene
variation appear to be more expansive as plant genetics knowledge and
technologies increase.

Introduction

Mutations reflect alternatives (exceptions) to the normal state of a gene
or chromosome structure. William Bateson[1] said: “Treasure your
exceptions” Indeed, these exceptions provide the variation for selec-
tion of new and useful types of plants as well as the basis for evolution.
Mutations are as natural as nature itself and have led to many positive
outcomes (see Plant Mutation Reports and Plant Breeding & Genetics
Newsletters; www.-naweb.iaea.org/nafa/index.html, and www.fao.org/
waicent/ VAOINFO/Agricult?Default.htm).

Eighty years ago, L.J. Stadler [2, 3] demonstrated the induction of
mutations in barley and maize by using x-rays and radium. In 1937,
A H. Sturtevant[4] said “Mutations are accidents, and accidents happen”
These comments reflect the period of biology when we could only draw
on naturally-occurring mutations or technology that led to “undirected
mutagenesis.” But now, “directed mutagenesis” methods are increasingly
common where mutations can be planned. Genome sequence informa-
tion is often required for the new directed mutagenesis applications.
Fortunately, for today’s plant scientists, at least 23 plant species’ genomes
either have been, or are currently being sequenced [5, 6]. The use of
model species, such as Arabidopsis [7], is also leading to the more rapid
development of new mutagenesis techniques.

In 1995, R. Phillips co-organized a meeting on non-Mendelian
inheritance in Japan with K. Oono and, together with M. Matzke, wrote
a report for The Plant Cell called “Treasure Your Exceptions” [8]. The
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2 USDA-ARS and Adjunct Professor, University of Minnesota, St. Paul, MN, U.S.A.
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report reviewed discussions on homology-dependent gene silencing,
paramutation, epimutations, parental imprinting, somaclonal variation,
uniparental genome loss, recombination systems, and other interesting
findings that expanded the boundaries of our understanding of gene
variation. These boundaries have been further expanded as the field of
mutagenesis has transitioned from “Treasure your exceptions” to “Detect
and create your exceptions”.

Now it is clear that the mutagenesis research field includes many
directed and undirected approaches. Several interesting aspects of ways
that gene variation can be detected or modified are briefly highlighted
in this report, including de novo variation, altering mutant phenotypes
through selection, TILLING (Targeted Induced Local Lesions IN
Genomes), resequencing, RNAi (RNA interference), mismatch site-spe-
cific mutagenesis, homoeologous recombination, forward and reverse
genetics via transposable elements, gene replacement, gene addition,
and transcriptome modification by mutagenic treatment, aneuploidy,
and uniparental chromosome loss.

De novo variation

De novovariation occurs via many pathways. This is variation not present
in the parents, but in the progenies, and can be due to naturally occur-
ring point mutations, intragenic recombination, unequal crossing over,
transposable elements including the Mutator system, DNA methylation,
paramutation, gene amplification, and other means [9]. The variation
that is still present in long-term selection experiments may not be due to
the variation present in the starting materials but rather the result of de
novo variation occurring in generations subsequent to the initial cross.

Altering mutant phenotype through selection
Expression of a gene can be modified through selection. R. Phillips’ first
exposure to this idea was from H.K. Hayes (personal communication)
relative to a maize mutation that has defective tissue between the veins of
older leaves resulting in holes and tears, called ragged. Hayes had crossed
the dominant Rg! plants to normal and had continuously selected for
modifier genes to the point that the plants were of normal phenotype.
An example important in human nutrition is the selection for hard
endosperm in the opagueZ2 genotype. This mutation causes an obvious
phenotypic visual change in the appearance of the kernel. The endosperm
has considerable soft starch making the kernel opaque to light transmit-
ted through the kernel. The opaque2 genotype was found to cause an
increase in the content of lysine and tryptophan, two essential amino
acids deficient in maize. Although the nutritional value was obvious, the
soft endosperm caused the kernels to crack leading to insect and fungal
infections. The mutation also resulted in reduced yield. Researchers rec-
ognized that the kernel phenotype could be altered via selection for 02
modifiers while constantly selecting for the high lysine and tryptophan
phenotype. Several generations of selection for hard endosperm in the
opaque2 genotype led to maize lines with good yield and high nutrition
[10]. This “Quality Protein Maize” is being grown on nine million acres
worldwide.

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009,21-26
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Recognizing gene variation via new technologies

Plant species, especially polyploids, possess in their genomes consider-
able variation for specific genes. These often are not recognized because
recessive alleles may need to be present in each chromosome (homolo-
gous and homoeologous) in order to detect the phenotype. TILLING
(Targeted Induced Local Lesions IN Genomes) is a reverse genetic, non-
transgenic approach to finding new alleles by DNA assay techniques rec-
ognizing changes in the DNA sequence of a targeted gene. In wheat, 246
alleles of the waxy genes were identified by TILLING each homoeologue
in 1,920 allohexaploid and allotetraploid individuals [11]. These alleles
encode waxy enzymes ranging in activity from near wild type to null.
They represent more genetic diversity for a trait in wheat than had been
described in the previous 25 years.

Resequencing

DNA resequencing involves sequencing an individual's DNA for a
specific region and comparing it to a reference sequence that is already
available in order to detect mutations. Resequencing the genome of
many individuals allows determination of the relationship between
sequence variation and specific phenotypes. This substantially increases
the ability to detect gene variation.

In rice, genome-wide SNP (Single Nucleotide Polymorphism)
discovery was attempted across the unique sequence fraction of the
Nipponbare rice genome. Twenty diverse varieties were selected for rese-
quencing based on geographic representation, diversity, usage, and traits
by a group of rice researchers in the OryzaSNP Consortium [12] (www.
oryzasnp.org). Overall, the consortium (McNally and Leung, personal
communication) found 2.6 SNPs per kb (146,576 genic variants and
112,623 intergenic variants). QTL mapping studies are often restricted
due to the absence of known polymorphic sites between parental lines.
Having a large number of SNPs reduces this problem by providing infor-
mation on nucleotide variation between cultivars. Each SNP reflects
gene variation.

Directed mutagenesis through regulation of gene expression: RNA
interference is a RNA-guided regulation of gene expression utilizing
double-stranded ribonucleic acid complementary to the genes for which
expression is to be inhibited (Wikipedia). Although a relatively new
discovery, RNAI has already been demonstrated to be useful in generat-
ing variation for important traits. Root-knot nematode resistance has
been produced in Arabidopsis [13], delayed senescence in wheat [14],
gossypol reduction in cotton seed [15], and cytoplasmic male sterility in
tobacco and tomato [16].

Site-specific mutagenesis

An interesting example of site-specific mutagenesis is the use of oligonu-
cleotides with mismatches to the specific gene to be mutated. The com-
pany, Cibus LLC, is expected to soon release herbicide resistant sorghum
[17]. The company estimates a development cost of about 3-5 million
US dollars compared to 30-40 million US dollars for transgenics due
to avoiding regulatory hurdles. Such a method of directed mutagenesis
is considered to be a non-transgenic approach. This more inexpensive
approach may facilitate the generation of new traits in minor crops.

Homoeologous recombination

The Ph1locus controls the pairing of the sets of chromosomes in wheat.
In crosses with wild relatives, this locus unfortunately prevents the pair-
ing of wheat and the chromosomes of wild relatives making it difficult to
introgress new genes into wheat. The ability to alter the control exerted
by PhI would enable wheat breeders to access a much greater range of
genetic diversity. A cdc2 gene complex is thought to be the PhI locus
responsible for the pairing of homoeologous chromosomes in wheat
[18]. Wheat has three genomes that are similar but vary in genetic con-
stitution. Recombination between these similar chromosomes can lead
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to new variation. Control of recombination in crosses of wheat with wild
relatives may be possible through the use of okadaic acid, a phophatase
inhibitor, and lead to more variation.

Forward and reverse genetics via transposable element insertions

The introduction or activation of transposable elements of various sorts
provides the possibility of altering genes to generate phenotypically
detectable mutants (forward genetics). The presence of such elements in
a gene allows one to correlate these changes in a given genetic sequence
with a specific phenotype (reverse genetics). Fortunately, many genetic
stocks have been produced in a variety of organisms to make this a
robust technology. For example, in rice there are about 50,000 lines with
Tos17 insertions produced at the National Institute of Agrobiological
resources (http://tos.nias.affrc.go.jp). In addition, about 150,000 lines of
rice possess Ac/Ds, enhancer traps, T-DNA, and activation tags which
have been produced by researchers in Korea, Australia, China, Taiwan,
France, Singapore, Netherlands, and the U.S. Perhaps a total of a million
tagged sites are available in japonica rice [19].

Gene targeting

Targeting specific genes for modification is becoming more and more
common. Zinc-finger nucleases can be targeted to specific genes causing
a double-stranded break which disables the gene [20, 21]. Zinc finger
nucleases are comprised of a DNA-recognition domain and a cleavage
domain. The double-strand breaks at specific locations may disable the
targeted allele or even lead to a modified sequence upon repair. The
potential exists to insert a gene at the double-strand break.

Gene additions

Advances in biotechnology have allowed the addition of genes to plants
from almost any source. The generation of transgenic plants has led to
12 years of commercialization of new biotech crops that provide insect
resistance, herbicide tolerance, and many other traits and have been
grown on over 1.7 billion acres [22]. In India, the eggplant crop is sprayed
80 times a season (nearly every day) in some regions, farmers in other
regions spray an average of 40 times, and the most common frequency
is more than 20 sprayings (U. Barwale, personal communication). Not
only is the consumer exposed to pesticides by such extensive spraying,
but also the farmer is more subject to pesticide poisoning. Most of the
unintentional chemical poisonings in the developing world are due to
pesticides [23]. India has been able to cut pesticide treatment of cotton
in half by growing varieties containing introduced Bt (Bacillus thurin-
gensis) insecticidal protein, thereby leading to a safer environment for
both producers and consumers [22].

Transcriptome modification

By mutagenesis: A recent paper by Batista, et al. [24] reports that
Gamma-ray mutagenesis in rice induces extensive transcriptome
changes. By microarray analysis, over 11,000 genes showed changes
in gene expression in the M, generation following gamma irradiation
compared to the control. A Gamma-ray-induced semi-dwarf mutant
(Estrella A), produced in 1988 and subsequently selfed for more than
10 generations, had 51 genes still showing differential expression. Thus,
mutants derived from mutagenesis may result in broader boundaries of
gene variation (expression) than anticipated.

By aneuploidy: Individuals with other than an exact multiple of the
basic chromosome number are called aneuploids and those with only
a portion of the chromosome altered in dosage are termed segmental
aneuploids. The expectation would be that a gene altered in dosage via
aneuploidy would have a corresponding change in gene expression, and
that only genes in the aneuploid regions would show changes in expres-
sion. Neither of these conclusions is always true. Studies on the human
Down’s syndrome indicate that many of the genes are on chromosome
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21 but several genes with altered gene expression are not, and these
may contribute to the syndrome of phenotypic effects [25]. Birchler and
Veitia [26] have reviewed many aspects of dosage effects, or lack thereof.

A segmental aneuploid of maize (trisomic for 90% of the short arm
of chromosome 5 and monosomic for a small region of the short arm
of chromosome 6) deriving from an interchange heterozygote had been
utilized in a male-sterility system [27]. Makarevitch, et al [28] deter-
mined that only about 40% of the expressed genes in the trisomic region
showed the expected 1.5 fold change in gene expression while 60% were
not altered in gene expression. Eighty-six genes not in the aneuploid
region were found to be altered in expression. The aneuploid condition
in the B73 background was found to have leaf outgrowths called knots in
later generations (Phillips, personal communication). There are several
knotted-like homeobox genes in maize. Out of the nine knotted-like
genes tested, only knox10located in the chromosome 5 trisomic region
was ectopically expressed [28]. Thus, in some cases, the occurrence of
developmental phenotypes may be related to unusual expression pat-
terns induced by changes in chromosome constitution.

By uniparental chromosome loss: Crossing wheat with maize fol-
lowed by embryo rescue [29] led to an efficient means of producing
haploid wheat plants [30]. In contrast, crossing oat with maize yields
haploids of oat only about two-thirds of the time, and yields plants
with the haploid oat chromosome constitution plus one or more maize
chromosomes about one-third of the time [31]. The latter plants are
termed oat-maize additions (OMAs). Because maize has 10 pairs of
chromosomes, there are 10 possible oat-maize addition lines (Table 1).
We have recovered all 10 OMAs and have several of them in various oat
and maize genetic backgrounds (Table 2).

The OMA materials have many uses [32]. The principal use is for map-
ping maize DNA sequences. One of the powerful aspects for mapping is
that no polymorphisms are required; the PCR test is plus/minus depend-

Table 1. Available oat-maize addition lines in various maize genetic backgrounds

Oat-Maize Addition Line

Maize Chromosome Donor 1 2 3 4 5 6 7 8 9 10 B
Seneca 60 1 11 2 6 3 & 3 2 9 1*

B73 1 1 8 11 3 1 1 1
Mol7 8 1* 1 8 3 1* 2
A188 1 1

bz1l-mum9 1 1

B73 w/Black Mexican 2

Sweet B Chrom

*OMAs for which no seed was produced, but limited DNA of the original plant is available.

Table 2. Parental backgrounds of oat-maize addition lines

F, Hybrid
Sun Il

Preakness
GAF Park
F, Hybrid
Preakness
GAF Park
Preakness
GAF Park
Preakness
GAF Park

Sun Il
F, Hybrid

Sun Il
F, Hybrid

Starter
Starter
Starter
Starter
Sun Il
Starter
F, Hybrid
Sun Il

Oat Background
Chromosome

Maize Donor

Seneca 60 X X X X X X X X
B73 X X X
Mol7 s
A188 X
bzl-mum9

B73 w/Bck Mex
SweetBs

Preakness
GAF Park

-
N
w
H
(3]

ing on whether the sequence is represented on the particular chromo-
some in an OMA. If there is a related sequence in the oat genome that
also is amplified by the PCR, then the maize sequence can be mapped to
chromosome if the oat and maize bands are distinguishable. If the maize
sequence is part of a gene family, then a PCR band will appear with
more than one OMA reflecting the location of gene family members on
different chromosomes. Other uses of the OMAs include: chromosome
sorting, chromosome pairing studies, comparing repeated sequences on
non-homologous chromosomes, checking for chimeric BACs, centro-
mere isolation, and searching for corn traits (such as C4 photosynthesis)
in oat.

The phenotypes of the OMAs are generally not dramatically different
from the oat parent, although the genotype of the parents often makes
a difference. However, OMA chromosome 3 from maize Seneca 60 has
a crooked panicle and a Jiguleless 3 phenotype where the upper ligules
are abnormal. Muehlbauer, et al [33] showed that the phenotype was
due to the ectopic expression of Lg3. We hypothesize that genes such as
Ig3 may be expressed when interacting genes on other chromosomes are
not present. In this case, rs2 (rough sheath 2) on chromosome 1 would
be absent in OMA 3 and therefore cannot regulate the expression of /g3
in the addition line. Another interesting case of a mutant appearing in
an addition line is the disease lesion mimic phenotype associated with
OMA chromosome 6 with the Seneca 60 or B73 chromosome.

The OMAs have been irradiated with Gamma-rays to break the
maize chromosome and derive “Radiation Hybrids (RH)” that possess
only a part of the maize chromosome, either due to creating a deficient
maize chromosome or via a translocation between the maize chromo-
some and one of the oat chromosomes. In most cases, the translocation
event is the more desirable due to higher transmission frequencies [34].
Interestingly, several RH lines were derived from OMA2 and OMA9 that
had little more than the maize centromere present and may be useful for
maize centromere isolation. RHs with all tested chromosome markers
present except for those in deleted terminal segments (either by terminal
deletions of the maize chromosome or the presence of only one maize
segment translocated to an oat chromosome) are shown in Table 3.
These stocks should be useful for the deletion mapping of mutations. A
complete listing of over 600 RHs can be found at http://agronomy.cfans.
umn.edu/Maize_Genomics.html.

Gene-expression microarray analyses of three independent OMA 5
events in the B73 background indicated that at least 17% of the maize
chromosome 5 genes expressed in maize B73 seedlings also are expressed
in OMA 5 seedlings [35]. All three independent OMAD5s expressed the
same set of genes. Those expressed were not associated with a specific
genome location, predicted function, or methylation state; expression
levels in the OMA seedlings were intermediate to that found in B73
maize seedlings (Cabral, personal communication).

@ @ P ) a @
T 8= T §r ® 8t .z #x ® 8= T 8=
E-E‘:%EL Qg:%a. jg-‘;:%u_ Eg‘:%n_ Eg:%l E-E‘:%u_
ST o w ST c o ST [ ST [T ST [T ST [T
ST 5% ST 50 ST 50 ST S50 8 S50 B 50
HLnad HLhaG HLOAS HLOALGO HLOhaG huonad
6 7 8 9 10 B
X X X X X X X
X X X X
X X X
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Table 3. Radiation hybrids with terminal deletions or translocations per chromosome

Chromosome 1

IBM2 Map Site

Chromosome 2

IBM2 Map Site

Chromosome 3

IBM2 Map Site

Chromosome 4

IBM2 Map Site

Chromosome 5

IBM2 Map Site
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Conclusions

As with most fields of study, new information and new technologies
allow more opportunities for the creation of novel products with various
uses. The ability to detect inherent variation has expanded greatly, allow-
ing the detection of more variants within the genome than previously
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expected. With genome sequence information and techniques for modi-
fying specific genes, the field of mutagenesis is having a renaissance. Crop
improvement will benefit since it depends on gene variation, both natu-
ral and induced. Increased food production via the Green Revolution
in wheat and rice depended in large part on semi-dwarf mutations. A
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current example of gene variation benefiting crop improvement is the
naturally occurring submergence 1 mutation that [36] allows rice to be
flooded for up to two weeks with little effect on yield. Understanding
the enormous variety of gene interactions in plant species will promote
genomic manipulations resulting in interesting variation. Continued
research and education on mutagenesis will allow us to realize the ever-
increasing potential of gene variation for crop improvement.
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Networking and Fostering of Cooperation in Plant
Mutation Genetics and Breeding: Role of the Joint

FAO/IAEA Division

PJ L Lagoda

Abstract

Over the past 50 years, the use of induced mutations (through irradia-
tion and chemical agents) has played a major role in the development
of superior crop varieties translating into a tremendous economic
impact on agriculture and food production that is currently valued in
billions of US dollars and millions of cultivated hectares. For the past
40 years, the International Atomic Energy Agency (IAEA) and the
Food and Agriculture Organization (FAO) of the United Nations have
through the Joint FAO/IAEA Division of Nuclear Techniques in Food
and Agriculture, Vienna, sponsored extensive research and development
activities in their Member States on mutation induction to enhance the
genetic diversity in the germplasm of food and industrial crops and these
efforts have resulted in the official release of over 2,700 new crop varie-
ties in some 170 species to farmers, including rice, wheat, barley, apples,
citrus, sugar cane, banana, and others (FAO/IAEA Mutant Variety
Database, MVD, http://www-mvd.iaea.org/MVD/default.htm). These
represent the information submitted voluntarily by FAO and IAEA
Member States but one must be aware that thus many more mutants are
not registered.

There is no difference between artificially produced induced mutants
and spontaneous mutants found in nature. As in traditional cross-
breeding, induced mutants are passed through several generations of
selfing or clonal propagation, usually through in vitro techniques. This
is exactly what happens in nature (through evolution) and leads to the
fixation of the mutation events. All plant breeders do is mimic nature
in this regard. It should also be noted that in most cases, the induced
mutants are merely “raw materials,” that in order for their potential to
be realized, they must be integrated into established breeding schemes.
Thus, mutation induction has proven to be a workable, sustainable,
highly-efficient, environmentally acceptable, flexible, unregulated, non-
hazardous and a low-cost technology in the breeder’s toolbox to enhance
crop improvement.

With increasing recognition of the roles of radiation in altering
genomes and phenotypes and of isotopes as detection systems in
molecular biology, demands from countries and their institutions for
support in various applications of “modern biotechnology” increased
dramatically over the last 20 years. Hence support for both R&D
(through TAEA Research Contract activities) and for training and
capacity building through fellowships, expert services and provision of
equipment (through the TAEA Technical Cooperation Programme) in
molecular and genomic approaches to solving agricultural constraints
have increasingly become part of the technological packages - combin-
ing mutation induction and efficiency enhancing bio-molecular tech-
nologies - fostered by the Agency in recent years.

The TAEA Programme in Food and Agriculture is planned, imple-
mented and co-financed with FAO and is known as the Joint FAO/
TAEA Programme. As such it contributes to “Biotechnology in Food
and Agriculture” which is an FAO corporate Priority Activity for
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E-mail: P.Lagoda@iaea.org

Interdisciplinary Action (PAIA). Moreover, its activities — particularly in
crop improvement are conducted in close collaboration with the relevant
International Agricultural Research Centres of the CGIAR with which it
has a number of Memoranda of Understanding on biotechnology and
other applications.

Biotechnology, defined as any technological application that uses
biological systems, living organisms or derivatives thereof, to make or
modify products or processes for specific use (CBD, 1992), has been at
the heart of the IAEA Programme in Food Agriculture since it was estab-
lished as a joint programme with FAO more than 40 years ago.

The TAEA serves as the global focal point for nuclear cooperation,
mobilizing peaceful applications of nuclear science and technology for
critical needs in developing countries, including fighting hunger, disease,
poverty and pollution of the environment, and thereby contributing to
the sustainable development of goals of its Member States.

It should be emphasized that the IAEA does not operate a separate
Biotechnology Programme, but rather fosters the integration of modern
and conventional bio-molecular technology approaches only where
these are considered appropriate for the furthering of nuclear applica-
tions (e.g. TILLING).

The TAEA currently coordinates research networks through
Coordinated Research Projects (CRPs) and supports human and insti-
tutional capacity building Technical Cooperation Projects (TCPs) for
integrating plant tissue culture techniques, advanced molecular methods
and induced mutations within the framework of national plant breeding
and conservation programmes to characterize plant genetic resources,
widen plant genetic diversity, and identifies and introduces agronomi-
cally and commercially useful traits.

What are nuclear techniques?

Everything in the universe including soil, plants and animals that we use
for agriculture and carbohydrates, proteins and fats in the food we eat is
made up of around 100 elements. These elements consist of atoms with
a nucleus composed of neutrons and protons surrounded by electrons.
However, not all atoms of an element have the same number of neu-
trons in their nucleus i.e. they exist in different isotopic forms- some are
heavier than others, some are stable while yet others undergo decay and
emit energy as radiation.

Applications of nuclear techniques in food and agriculture make use
of isotopes to measure and track with great accuracy and precision what
is happening to agriculturally important processes and compounds,
and to manipulate these for greater productivity. They also make use of
sealed sources containing radiation-emitting isotopes to mimic nature
in changing the genetic make-up of plants, insects and micro-organisms
and produce better crops, sterile insects for controlling pests and increas-
ing the shelf-life and safety of certain foods.

Nuclear techniques, combined with the application of modern bio-
technology, are essential for providing a more efficient means, both for
understanding the processes that underpin the production and trans-
formation of biophysical resources into food and agricultural products,
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and directly or indirectly, for manipulating these processes to increase
crop and livestock productivity while conserving and sustainably using
natural resources and improving food quality and safety. The effective
transfer of existing nuclear techniques to developing countries and the
development of new and safe biotechnologies combined with nuclear
techniques can greatly enhance the prospects for sustainably improving
agricultural productivity today and in the future.

Mutation induction and breeding

The prime strategy in mutation-based breeding has been to upgrade the
well-adapted plant varieties by altering one or two major traits, which
limit their productivity or enhance their quality value. The global impact
of mutation-derived varieties on food production and quality enhance-
ment is difficult to monitor, even in a five-year window, given that nor-
mally the release of a new variety takes 10 to 15 years. Looking back on
the past 70 years, close to 3,000 varieties have been released worldwide
that have been derived either as direct mutants or from their progenies.
Induction of mutations with radiation has been the most frequently
used method for directly developed mutant varieties. Part of this success
might be rightfully claimed by the Agency, either directly or indirectly
through Technical Cooperation Projects (TCPs) and Coordinated
Research Projects (CRPs), fellowship training, organized scientific visits
and expert missions.

Officially released mutation-derived varieties include many important
crops such as rice, wheat, cotton, rapeseed, sunflower, sesame, grapefruit
and banana. Among these, some have made a major economic impact
and include rice varieties in Australia, China, India, Pakistan, Thailand
and Vietnam, cotton in Pakistan, Japanese pear in Japan, grapefruit in
the USA, barley varieties in Europe, durum wheat in Italy, sunflower in
the USA, sorghum in Mali and wheat varieties in the North-Western
Frontier Province in Pakistan; groundnut and pulse crops in India, pep-
permint in the USA, and ornamentals in India, the Netherlands and
Germany.

In several mutation-derived varieties, the changed traits have resulted
in a synergistic effect on increasing the yield and quality of the crop,
improving agronomic inputs, crop rotation, and consumer acceptance.

The economic value of a new variety can be assessed through several
parameters. These include area planted to the variety and percentage of
the area under the crop in the region, increased yield, enhanced qual-
ity, reduced use of pesticides and fungicides (e.g. in varieties resistant
to diseases and insect pests). But to make a long and complicated story
short, a review of the socio-economic impact of mutant varieties has
been recently published by the PBG section, reporting on millions of
hectares cultivated and an additional value of billions of dollars created.

Many mutants have made a transnational impact on increasing yield
and quality of several seed propagated crops. Induced mutations will
continue to play an increasing role in creating crop varieties with traits
such as modified oil, protein and starch quality, enhanced uptake of
specific metals, deeper rooting system, and resistance to drought, dis-
eases and salinity as a major component of environmentally sustainable
agriculture. Future research on induced mutations will also be important
in the functional genomics of many food crops.

The Agency has addressed the problems of drought, salinity and stress
tolerance to improve nutrition provided by the plants and to their resist-
ance to specific environmental and geographical problems. Up to 80%
of plant yield can be lost because of drought and salinity. Problems are
particularly severe in developing countries in arid and semi-arid regions,
with both devastating short-term effects on the livelihoods of poor
people and long-term effects on food security, and are likely to increase
in the future as competition for water increases. The integration of muta-
tion induction and efficiency enhancing bio-molecular technologies into
plant breeding and adoption of advanced selection methods can lead to
the official release and wide uptake by farming communities of new
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varieties of basic food and industrial crops that are higher yielding, have
better quality, are more nutritious, which are better adapted to climate
change and variability.

With the integration of molecular genetic information and tech-
niques, mutation breeding is in the mainstream of progress to develop
novel varieties. Mutation induction combined with bio-molecular tech-
nologies such as plant tissue culture and molecular markers plays a very
important role in crop improvement. Mutation induction is an integral
part of the newest technology package in the forefront of modern and
efficient methods in reverse genetics and breeding: TILLING (targeting
induced local lesions in genomes), e.g. breeding hexaploid wheat for
quality traits (starch). Mutation induction is producing mutation grids
for gene discovery and gene function analyses (e.g. Arabidopsis, rice
and barley), an invaluable resource for genomics, reverse and forward
genetics.

o There have been more than 2,700 officially released mutant varieties
from 170 different plant species in more than 60 countries through-
out the world.

o Over 1,000 mutant varieties of major staple crops enhance rural
income, improve human nutrition and contribute to environmen-
tally sustainable food security in Asia. Vast numbers of induced
mutant varieties are developed with the Agency’s assistance, includ-
ing support on mutant germplasm exchange and dissemination in
Asia and around the world.

« Worldwide, more than 60% of all mutant varieties were officially
released after the year 1985, in the era of biotechnology in plant
breeding. The integration of mutation techniques and efficiency-
enhancing bio-molecular techniques that permit rapid selection of
the most beneficial mutants has pushed the use of mutation induc-
tion to new and higher levels of applicability.

« In vegetatively propagated crops, where genetic variation is difficult
to obtain due to limited sexual reproduction due to sterility and
polyploidy, mutation induction is a tool of choice to be promoted.
Mutation induction allows for escaping the deadlock of sterility and
parthenocarpy by creating useful variants.

In recent years there has been increased interest in understanding the
genome. This goes in parallel with the explosion of fundamental and
strategic research to understand gene structure and function, especially
in crop and model plants. The IAEA Plant Breeding and Genetics section
and laboratory unit are adapting the TILLING strategy to the peculiari-
ties of tropical orphan crops. In addition to the work on the relatively
more studied crop, rice, the Joint Programme has made significant
progress in the development of protocols, i.e. simplifying procedures
and exploring low cost options, facilitating the use of TILLING to
routinely query the genomes of the scantily studied polyploid and veg-
etatively propagated crops that are important to the food security and
livelihoods of Member States such as cassava and bananas, thus creating
an invaluable resource for reverse genetics and breeding for the global
community. The widespread routine adoption of TILLING, for instance,
will significantly reduce the costs and time invested in the development
of superior crop varieties.

Nuclear Applications in Food and Agriculture as exemplified

by the activities of the Joint FAO/IAEA Programme

On 1 October, 1964, the Food and Agriculture Organization of the
United Nations (FAO) and the International Atomic Energy Agency
(TAEA) created the Joint FAO/TIAEA Division of Nuclear Techniques in
Food and Agriculture with the first arrangements concluded by direc-
tors general of both Organizations. The goal was to bring the talents and
resources of both organizations into assisting their Member States in
applying nuclear techniques for providing people with more, better and
safer food and other agricultural products, while sustaining the natural
resources base.



NETWORKING AND FOSTERING OF COOPERATION IN PLANT MUTATION GENETICS AND BREEDING: ROLE OF THE JOINT FAO/IAEA DIVISION

Over four decades, Joint Division activities have evolved to respond
to the ever-changing landscape of agriculture and nuclear technology
and the expectations of national and international organizations for
cooperation in nuclear research and technology transfer. Throughout
this process, the Division has successfully remained at the forefront of
assisting countries in fostering the uses of nuclear science and technol-
ogy where these really add value. Today, the Joint Division strives to
mobilize commitment and action to meeting the World Food Summit
and Millennium Development Goals of reducing hunger, poverty and
environmental degradation through sustainable agriculture and rural
development.

An important part of this Programme is the FAO/IAEA Agriculture
& Biotechnology Laboratory, set up to provide applied research, services
and training to member countries. The arrangements on the Joint FAO/
IAEA Programme of Nuclear Techniques in Food and Agriculture were
revised in 1997 and signed by the Directors General of FAO and IAEA
in December 2001.

The Joint FAO/IAEA Programme includes three interdependent
components:

o The Joint FAO/IAEA Division in Vienna, which provides normative
and technology transfer support, coordinates research networks,
policy advice and public information activities to Member States.

o The FAO/IAEA Agriculture and Biotechnology Laboratory in
Seibersdorf, which provides applied research, services and training
to member countries, and serves as reference centre.

o Food and agriculture projects under the IAEA Technical
Cooperation Programme, which manages the implementation of
operational activities in member countries.

The Joint Programme continues to be a successful model of coopera-
tion within the UN System, providing necessary assistance to the needs
of Member States in the peaceful application of nuclear techniques in
food and agriculture.

High priority activities of the Joint FAO/IAEA Programme focus on
three thematic areas, i.e. (i) productivity enhancement; (ii) plant, animal
and consumer protection; and (iii) the conservation and sustainable use
of natural resources. The Joint FAO/IAEA Programme, which includes
the FAO/IAEA Agriculture and Biotechnology Laboratory, continues to
contribute to different programme chapters (Crop Production Systems
Management, Pest of Animals and Plants, as well as Nutrition and
Consumer Protection) by integrating policy advice, capacity building,
R&D, as well as normative and operational technical support to the
application in Member States of nuclear techniques.

In general, nuclear techniques are essential to providing unique sup-
port for these programme chapters, and are the only solution in certain
areas. The necessity for nuclear applications lies first in their capacity
to bring about changes into the genetic make-up of plants, and to offer
great potential to increase the biodiversity of crop plants. Furthermore,
the need for nuclear applications also lies in their unique sensitivity and
specificity as markers. They can be used to measure — with a greater
accuracy than is possible by any other conventional method - basic, and
yet strategically essential processes which take place within and between
soils, plants, and animals. Finally, radiation can be effectively applied for
sanitary and phytosanitary purposes in support of food safety and can
facilitate international agricultural trade, as well as specialized applica-
tions such as the sterile insect technique, a process whose leadership lies
with the Joint FAO/IAEA Programme.

Crop Production Systems Management focuses on the enhancement
and sustainability of crop production systems and the conservation and
use of plant genetic resources together with sustainable seed production.

By using mutation induction, isotope tracer and radio-nuclide fallout
techniques, the Joint FAO/IAEA Programme provides unique support to
this programme chapter:

« Using the mutation induction techniques, an abundance of plant
mutants have been created, which not only increase biodiversity,
but are also used by modern biotechnology, and provide breeding
material for conventional plant breeding, thus directly contributing
to the conservation and use of plant genetic resources.

o Through mutation breeding, member countries may directly
develop new high-yielding cultivars with good agronomic char-
acteristics such as disease resistant, well-adapted and high value-
added traits, which is difficult or impossible to attain through
conventional plant breeding from any germplasm source including
local landraces. This helps to enhance crop production for food
security, increase farmer income and conserve biodiversity.

o Isotope tracer techniques characterize agriculturally important proc-

esses between water, soils and plants. The use of isotope techniques

contributes to the improvement of crop water productivity, enhance-
ment of soil fertility and minimization of land and water degradation,
thus making cropping systems more productive and sustainable.

Spatial and temporal distribution of fallout and naturally occurring

radio-nuclides provide a reliable means of measuring soil erosion

and sedimentation on a landscape scale and contribute to better soil
and water conservation.

Diseases and Pests of Animals and Plants highlights the control of

transboundary pest and disease threats to crop and livestock with focus

on off-farm technical interventions for pest and disease control at global,
regional and national levels.

The sterile insect technique (SIT) and isotope and related biotech-
nological methods (RIA, ELISA, PCR and molecular markers), when
appropriately integrated with other methodologies, provide substantial
added value to national and international efforts to enhance livestock
productivity and protect human health and the environment through
more effective feed and genetic resource utilization, breeding manage-
ment and suppression or eradication of both trade and poverty related
transboundary animal diseases (TADs) and plant pests. This also
includes the production of guidelines and manuals, databases, policy
advice and standard-setting, training materials and e-learning modules,
early detection methods and quality-assured data from national serolog-
ical and molecular surveys in support of the diagnostic, surveillance and
analytical aspects of the programme. The Joint FAO/IAEA Programme
contributes specifically in the following ways:

« Improves livestock productivity using gene-based technologies to
optimise reproduction and breeding and nutrition strategies; e.g.
isotopic tracing to optimise nutrition elements, radio immuno trac-
ers and markers to optimise artificial insemination/birth frequency.

« Develops and applies nuclear and nuclear-related molecular tech-
nologies for early, rapid and sensitive diagnosis and cost-effective
characterization of animal and human pathogens (such as HPAI),
and the development of stable isotopic applications for the move-
ment/origin tracing of animals and animal products.

« Develops and integrates the application of the sterile insect technique
against key insect pests of agricultural and environmental importance.
Facilitates country access to molecular tools and insect pest popula-
tion genetics to develop improved insect pest control methods and
to determine the origin of pest outbreaks.

Provides support to national plant health services within biosecurity

approaches for pests of national and regional quarantine importance,

as well as off-farm technical interventions to prevent, eradicate, con-
tain or suppress invasive, alien and emerging major insect pests.

o Collaborates with the International Plant Protection Convention
Secretariat on the development and revision of standards on
beneficial insects, fruit fly free and low prevalence areas and sys-
tems approaches to facilitate international trade of horticultural
products.

29



P J L LAGODA

Nutrition and Consumer Protection focuses on promoting and moni-
toring the production, processing, distribution and consumption of
nutritionally adequate and safe food for all. The programme promotes
the establishment of food control and quality assurance systems, com-
patible with international standards, in particular those of the Codex
Alimentarius Commission, and contributes to building national capaci-
ties in food quality and safety.

Food irradiation is one of the few technologies which address food
quality and safety by virtue of its ability to control spoilage and food-
borne pathogenic micro-organisms and insect pests without significantly
affecting sensory or other attributes. In addition, nuclear analytical
methods such as electron capture gas chromatography, X-ray fluores-
cence and RIA coupled with the use of isotopically-labelled compounds
are essential components of the armoury used by food control organiza-
tions for analysing food samples (e.g. for pesticides and veterinary drug
residues), for compliance with Codex standards, as well as for improv-
ing sampling and analytical methods. Through the use of these nuclear
techniques, the Joint FAO/IAEA Programme provides unique support
to FAO and other international bodies in their efforts to enhance food
quality and safety, protect consumer health and facilitate international
trade in foodstuffs. The following are examples of the Joint FAO/IAEA
Programme’s work:

The development and use of nuclear-related methods of analysis for
the determination, monitoring and control of pesticide and veterinary
drug residues in foods, as well as in the finalization of Codex Guidelines
for the Use of Mass Spectrometry and for the Estimation of Uncertainty
of Results.

o Joint FAO/IAEA Programme assistance in the development and
application of Codex standards to ensure food safety, which has
also led to an increased use of food irradiation for over 60 different
types of foodstuffs (spices, grains, chicken, beef, seafood, fruits and
vegetables) in over 60 countries, resulting in the annual treatment of
500,000 metric tons of foods in over 180 gamma radiation facilities.

Collaboration with the International Plant Protection Convention
Secretariat, expanding the use of irradiation for quarantine purposes,
including in the identification of 12 specific phytosanitary treatments
and one generic dose (fruit flies) recommended for adoption and subse-
quent inclusion into the IPPC Guidelines for the Use of Irradiation for
Phytosanitary Purposes.

« The Joint FAO/IAEA Programme also looks forward to its contin-
ued collaboration with FAO in assisting its Member States to effec-
tively prepare and respond to nuclear emergencies affecting food
and agriculture, especially through the application of the jointly
developed Codex Guideline Levels for Radio-nuclides in Foods.

All major activities of the Joint Programme are within the ‘public
goods’ area, both in developing and developed countries and address
urgent needs and requirements from FAO and IAEA Member States.
In addition, many constraints to agricultural development related to
the above thematic areas, especially animal and crop pests and diseases,
are transboundary in nature and require an area-wide approach to be
managed successfully. Regional collaboration is therefore necessary and
collaboration between international organizations is best positioned
to coordinate these activities. In that respect, the Joint FAO/IAEA
Programme has also made significant contributions that need to be
highlighted:

o Tens of millions of hectares of higher-yielding or more disease-
resistant crops developed through induced mutations and released
to poor farmers.

o Millions of tons of valuable topsoil and thousands of tons of plant
nutrients, as well as water for crop and livestock production are saved
from land degradation, soil erosion and water wastage through soil
conservation measures and efficient land and water management.
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o Thousands of plant mutants produced by Joint Programme not
only increased biodiversity, but also provided breeding material
for conventional plant breeding, thus directly contributing to the
conservation and use of plant genetic resources.

« Control of major livestock disease vector and plant pest populations
through the integrated application of the sterile insect technique
and biological control agents.

o Near eradication of the fatal cattle disease rinderpest, aided by the
widespread use of immunoassay technology developed and trans-
ferred to diagnose and monitor vaccination against the disease, has
helped millions of poor livestock producers worldwide. In Africa
alone, this brings benefits of 1 billion US dollars annually.

o The development of animal disease diagnostic tools (and those of
zoonotic nature) to ensure the sensitive, rapid and quality assured
detection of harmful pathogens.

« Elaboration of international standards on pre-harvest and harvest
pest control, including the irradiation of foods and agricultural
products to kill pathogens and insect pests. More than 50 countries
are using food irradiation to ensure the safety and quality of food,
for reducing post-harvest food losses and to satisfy international
plant quarantine regulations.

o Eradication of tsetse fly in Zanzibar, screwworm in Libya,
Mediterranean fruit fly in Chile, California, Mexico, and parts of
Argentina and Peru, representing hundreds of millions US dollars
in economic, trade-related and environmental benefits.

o Policy advice is provided through expert support, country pro-
gramme framework, steering committees, guidelines and interna-
tional legislation.

Over the past decade, the Joint Programme annually contributes to
capacity building through over 50 training courses and workshops, 350
fellowships and scientific visits, and has over 500 national institutions
participating in R&D networks. Through the regular budget, the Joint
Programme organizes symposia, conferences, consultants meetings,
interregional training courses and workshops, provides normative and
policy advice, disseminates information through databases, e-learning
modules and Web pages, and assists Member States through a network
of coordinated research projects (CRP) and research coordination meet-
ings (RCM) to address specific practical problems related to a range of
areas.

Through TAEA-Technical Cooperation (TC) funding, the Joint FAO/
IAEA Programme provides technical support to more than 250 IJAEA-TC
projects every year, as well as capacity building and technology transfer
(expert advice, training, and assisting with the procurement of experts
and equipment) to Member States through these technical cooperation
projects.

Approximately 400-500 institutions and experimental stations in
Member Countries cooperate in 30-40 Coordinated Research Projects
per year organized by Joint FAO/IAEA Programme.

The FAO/IAEA Agriculture & Biotechnology Laboratory (ABL) is
unique within the UN system in that it provides hands-on training and
gives participants the opportunity to accelerate capacity building in their
respective countries. The training programme is developed based on the
demand for expanding expertise in developing countries.

The TAEA is the only organization within the UN family that has the
mandate to promote the peaceful use of nuclear techniques. In some of
the agricultural areas, nuclear techniques are an essential component,
and when properly integrated with other conventional technologies,
provide substantial added value to national and international efforts for
sustainable agricultural development while at the same time creating
strong synergies. The Joint FAO/IAEA Programme is the only inter-
national body that can provide technology development and transfer,
capacity building and services in this area to the Member States and is in
this respect unique.
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The Role of Induced Mutations in World Food Security

M C Kharkwal®* & Q Y Shu?

Abstract

Physical availability and economic accessibility of food are the most
important criteria of food security. Induced mutations have played a
great role in increasing world food security, since new food crop varieties
embedded with various induced mutations have contributed to the
significant increase of crop production at locations people could directly
access. In this paper, the worldwide use of new varieties, derived directly
or indirectly from induced mutants, was reviewed. Some highlights are:
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, as well as other food legumes in India
and Pakistan. An exact estimate of the area covered by commercially
released mutant cultivars in a large number of countries is not readily
available, but the limited information gathered clearly indicates that
they have played a very significant role in solving food and nutritional
security problems in many countries.

Introduction

Ever since the epoch-making discoveries made by Muller[1] and Stadler
[2] eighty years ago, a large amount of genetic variability has been
induced by various mutagens and contributed to modern plant breeding.
The use of induced mutations over the past five decades has played a
major role in the development of superior plant varieties all over the
world (Fig. 1a). Among the mutant varieties, the majority are food crops
(Fig. 1b).
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Figure 1 Plant varieties derived from induced mutants. a) The number of mutant varieties in
different continents and b) proportion of various plant types Source: FAO/IAEA Database of
mutant varieties and genetic stock, http://mvgs.iaea.org, 17 November, 2008.

Food security has been variously defined in economic jargon, but
the most widely accepted definition is the one by the World Bank [3] -
“access by all people at all times to enough food for an active, healthy life”.
Likewise, the World Food Summit at Rome in 1996 also known as Rome

! Division of Genetics, Indian Agricultural Research Institute, New Delhi 110 012, India
2 Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture, International Atomic
Energy Agency, Vienna, Austria

* Corresponding author. E-mail: mckharkwal@gmail.com

Declaration on World Food Security [4] on food plan action observed
that, “Food security at the individual, household, national and global level
exists where all people at all times have physical and economic access to
sufficient, safe and nutritious food to meet their dietary needs and food
preferences for an active and healthy life”. In both definitions, emphasis
has been given to physical availability and economic accessibility of food
to the people. The mutant varieties are often grown by farmers in their
fields, and any increase of food production resulted from the cultivation
of the mutant varieties could be translated into increased food security,
since this should be accessible for the people in need.

A detailed review on the global impact of mutation-derived varieties
developed and released in major crops all over the world has been
published by Ahloowalia, et al [5]. Several papers presented in this
Symposium have also elaborated the contribution of induced mutations
to food security in either a particular country or a particular crop.
Herewith, we present the overall role of induced mutations worldwide,
by continent and country, with emphasis on those countries not already
discussed in papers which are included in this book.

ASIA
According to the FAO/IAEA database [6], more than half of the mutant
derived varieties were developed in Asia (Fig. 1); China, India, and
Japan are the three countries that released the largest number of mutant
varieties in the world. Some important achievements are summarized
here.

China

In China, the mutant rice variety ‘Zhefu 802’ deriving from var. ‘Simei
No. 2}, induced by Gamma-rays, has a short growing period (105 to 108
days), high yield potential even under poor management and infertile
conditions, wide adaptability, high resistance to rice blast, and tolerance
to cold [5]. Therefore, it was the most extensively planted conventional
rice variety between 1986 and 1994. Its cumulative planted area reached
10.6 million ha during that period [7]. Two other mutant rice varieties,
Yuanfengzao (1970’s) and Yangdao # 6 (2000’s), developed and released
before and after Zhefu 802, are further mutant varieties that had been
grown on annual scales up to one million ha (Ministry of Agriculture,
China, unpublished data). Using a pollen irradiation technique, two
new high-quality, high-yield, and early maturity mutant varieties —
Jiahezazhan and Jiafuzhan, resistant to blast and plant-hopper, as well as
endued with a wide adaptability - were developed and are now planted
annually on 363,000 ha in Fujian province of China [8].

China has also been successful in breeding soybean varieties using
mutation techniques. For example, the mutant soybean varieties
developed by the Genetics Institute of the Chinese Academy of Sciences
possess different excellent traits such as high yield, good grain quality,
disease/insect resistance, or drought/salt tolerance. The total area
planted with these varieties was more than 1x107 ha. [9]. The “Henong
series” soybean mutant cultivars, developed and released by the Soybean
Institute of Heilongjiang Academy of Agricultural Sciences, as well
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as another variety, Tiefengl8, were grown on an area of more than
2.33x10° ha and 4x10° ha respectively (Ministry of Agriculture, China,
unpublished data).

China has 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 [10].

Table 1. Number of released mutant varieties in 57 crop species in India

SN Latin name Common name No. of varieties
1 Ablemoschus esculentus L. Moench Okra 2
2 Arachis hypogaea L. Groundnut 18
3 Bougainvillea spectabilis Wild Bougainvillea 13
4 Brassica juncea L. Mustard 9
5 Cajanus cajan L. Millsp. Pigeonpea )
6 Capsicum annum L. Green pepper 1
7 Carica papaya L. Papaya 1
8 Chrysanthemum sp. Chrysanthemum 49
9 Cicer arietinum L. Chickpea 8
10 Corchorus capsularis L. White jute 2
11 Corchorus olitorius L. Tossa jute 3
12 Curcuma domestica Val. Turmeric 2
13 Cymbopogon winterianus Jowitt. Citronella 9
14 Cyamopsis tetragonoloba L. Cluster bean 1
15 Dahlia sp. Dahlia 11
16 Dolichos lablab L. Hyacinth bean 2
17 Eleusine coracana L. Finger millet 7
18 Gladiolus L. Gladiolus 2
19 Glycine max L. Merr. Soybean 7
20 Gossypium arborium L. Desi cotton 1
21 Gossypium hirsutum L. American cotton 8
22 Helianthus annus L. Sunflower 1
23 Hibiscus sinensis L. Hibiscus 2
24 Hordeum vulgare L. Barley 13
25 Hyocyamus niger Indian henbane 1
26 Lantana depressa L. Wild sage 8
27 Lens culinaris L. Medik. Lentil 3
28 Luffa acutangula Roxb. Ridged gourd 1
29 Lycopersicon esculentum M. Tomato 4
30 Matricario cammomilla Germen chamomile 1
31 Mentha spicata Spearmint 1
32 Momordica charantia L. Bitter gourd 1
g8 Morus alba L. Mulberry 1
34 Nicotiana tabacum L. Tobacco 1
B85} Oryza sativa L. Rice 42
36 Papaver somaniferum L. Opium poppy 2
&7 Pennisetium typhoides L. Pear| millet B
38 Phaseolus vulgaris L. French bean 1
39 Pisum sativum L. Pea 1
40 Plantago ovata L. Isabgol 2
41 Polyanthus tuberosa L. Tuberose 2
42 Portulaca grandiflora L. Portulaca 11
43 Ricinus communis L. Castor 4
44 Rosa sp. Rose 16
45 Sachharum officinarum L. Sugarcane 9
46 Sesamum indicum L. Sesame 5
47 Setaria italica L. Foxtail millet 1
48 Solanum khasianum Clarke Khasianum 1
49 Solanum melongena L. Brinjal 1
50 Solenostemon rotundifolius Coleus 1
51 Trichosanthus anguina L. Snake gourd 1
52 Trifolium alexandrium L. Egyptian clover 1
53 Triticum aestivum L. Wheat 4
54 Vigna aconitifolia Jacq. M. Moth bean 5
5! Vigna mungo L. Hepper Blackgram 9
56 Vigna radiata L. Wiczeck Mungbean 5
57 Vigna unguiculata L. Walp. Cowpea 10
Total 343
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India

In India, sustained efforts for crop improvement through induced
mutations were initiated during the second half of the 1950s, although
the world’s very first mutant variety of cotton, MA-9 induced by X-rays,
endued with drought tolerance, was released in 1948 by India [11]. The
Indian Agricultural Research Institute (IARI) in New Delhi; Bhabha
Atomic Research Center (BARC) in Mumbai, Tamil Nadu Agricultural
University (TNAU) in Coimbatore, and the National Botanical Research
Institute (NBRI) in Lucknow, are some of the major research centers
actively engaged in mutation breeding for several crops and have
contributed substantially to the development and release of a large
number of mutant varieties. Kharkwal, et al. [11] in 2004 listed a total
of 309 mutant cultivars of crops, belonging to 56 plant species that were
approved and/or released in India by the end of the twentieth century.
An updated list of 343 mutant cultivars released in India is given in
Table 1. The largest number of mutant cultivars have been produced in
ornamentals (119), followed closely by legumes (85) and cereals (74).

The mutant cultivars have contributed immensely in augmenting
the efforts of Indian plant breeders in achieving the target of food self-
sufficiency and strong economic growth. Mutation breeding has thus
significantly contributed to the increased production of rice, groundnut,
chickpea, mungbean, urdbean, and castor in the Indian sub-continent.
While authentic information on the area covered under these cultivars is
unfortunately lacking in general, some data is available as summarized
below.

The mungbean varieties Co-4, Pant Mung-2, and TAP-7, though
released in the early 1980s, are still being grown widely around the
country. The variety TARM-1, resistant to powdery mildew and
YMYV diseases, is the first of its kind to be released for rabi/rice fallow
cultivation. Four of the nine mutant varieties of blackgram (urdbean)
released in India have been developed at the Bhabha Atomic Research
Centre (BARC) in Mumbai. One of these mutant varieties, TAU-1,
has become the most popular variety in Maharashtra State, occupying
an area of about 500,000 hectares (over 95% of the total area under
urdbean cultivation in Maharashtra). Since 1990, the Maharashtra
State Seed Corporation, Akola, has distributed about 200,000 quintals
of certified seeds of TAU-1 to the farmers, which has resulted in an
additional production of about 129,000 quintals of urdbean annually in
Mabharashtra. The notional income generated by additional production
amounts to Rs. 300 crores (about 60 million US dollars) annually [11].

Several high-yielding rice mutants were released under the PNR’
series; some of these were also early in maturity and had short height
[12]. Among these, two early ripening and aromatic mutation-derived
rice varieties, PNR-381" and ‘PNR-102’, were very popular with farmers
in Haryana and Uttar Pradesh States. No data is available on the actual
area planted with these varieties. However, based on the rate of fresh seed
replacement by farmers and the distribution of breeder seed, foundation
seed, and certified seed, as well as on the basis of data obtained from
IARI, the value of rice (paddy) production would be 1,748 million US
dollars per year [5].

Chickpea: 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, developed at .A.R.L,
New Delhi, and released by the Indian government for commercial
cultivation, are the first examples of direct use of induced micro-mutants
in a legume crop in the world. Beside high yield performance under
late sown crop, chickpea mutant variety Pusa — 547, released in 2006
for farmers’ cultivation, has attractive bold seeds, thin testa, and good
cooking quality [11, 13, 14, 15].

The success of mutant varieties released is also evident from the large
quantities of breeder seed of several mutant varieties at the national level
(Table 2).



The release of ‘TG’ (Trombay groundnut) cultivars of groundnut in
India has contributed millions of dollars to the Indian economy. Detailed
information on the great success of mutation breeding of groundnut and
legumes, as well as their contribution to food security in India, can be
found in another paper in this book [16].

Table 2. Breeder seed (BS) production of mutant varieties in India (2003-2008)

S.No. Crop Mutant variety BS (kg) Period
1 Groundnut TAG-24 427,500 5yr
2 Groundnut TG-26 78,600 5yr
3 Groundnut TPG-41 37,100 2yr
4 Barley RD-2035 53,600 4 yr
5 Soybean NRC-7 50,200 5yr
6 Chickpea Pusa-547 9,100 1yr
Japan

More than 200 direct-use mutant varieties generated through gamma
irradiation, chemical mutagenesis, and somaclonal variations, have been
registered in Japan [17]. About 61% of these were developed through
mutation induction by Gamma-ray irradiation at the Institute of
Radiation Breeding. In 2005, two direct-use cultivars and 97 indirect-use
cultivars made up for approximately 12.4% of the total cultivated area in
Japan. More information about mutant varieties and their contribution
to food production in Japan is available in Nakagawa’s paper in this book
[17].

Thailand

The contribution of induced mutation to food production in Thailand
is best reflected by the work on rice. Two aromatic indica type varieties
of rice, ‘RD6’ and ‘RD15;, released in 1977 and 1978 respectively, were
derived from gamma irradiated progeny of the popular rice variety
‘Khao Dawk Mali 105’ (‘KDML 105’). RD6 has glutinous endosperm and
retained all other grain traits, including the aroma of the parent variety.
RD15, 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 in the respective
areas. Even 30 years after their release these two varieties are still grown
extensively in Thailand, covering 80% of the rice fields in north-eastern
Thailand. According to the Bureau of Economic and Agricultural
Statistics, during 1995-96, RD 6 was grown on 2,429,361 ha, covering
26.4% of the area under rice in Thailand, producing 4,343,549 tons
paddy [5, 18], and in 2006 was still cultivated on an area of more than
one million ha (S. Taprab, personal communication, July 2007). 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. Between 1989 and 1998,
the contribution of RD6 paddy was 4.76 billion US dollars, of milled
rice 15.3 billion US dollars, and that of RD15 485.6 million US dollars
for paddy, and 1.6 billion US dollars for milled rice. Hence, from 1989-
98, the two varieties RD6 and RD15 yielded a total of 42.0 million tons
paddy or 26.9 million tons milled rice worth16.9 billion US dollars [5].

Other Asian countries

Induced mutations have also been widely used in many other Asian
countries for breeding new varieties and in turn contributed to food
security. Detailed information for Pakistan [19] and Vietnam [20] can
be found elsewhere in this book.

In the Republic of Korea, sesame (Sesamum indicum) yield has
been increased more than twice (from 283 kg/ha to 720 kg/ha) due to
development and release of 15 improved determinate type, high oil
content mutant varieties having phytophthora blight resistance and good

THE ROLE OF INDUCED MUTATIONS IN WORLD FOOD SECURITY

cooking quality. These mutants occupied 55% of the national acreage
during the last two decades in Korea [21].

In Bangladesh, mutation breeding has resulted in the release of more
than 40 mutant varieties belonging to more than 12 crop species. The
Bangladesh Institute of Nuclear Agriculture (BINA), Mymensingh, is the
major center of mutation breeding, and has released 16 mutant varieties
of pulses, 11 of oilseeds, seven of rice, and five of tomato. Rice mutant
var. Binasail, Iratom-24, Binadhan-6, all planted in a cumulative area
of 795,000 ha, and mungbean mutant variety Binamoog-5, cultivated
in 15,000 ha as a summer crop, have contributed substantially towards
food security in Bangladesh [Ali Azam, personal communication, April
2008].

In Myanmar, the rice mutant variety ‘Shwewartun’ was developed and
released in 1975 after irradiation of ‘IR5’ seeds in 1970. The improvement
in grain quality, seed yield, and early maturity of the mutant compared
to its parent variety, led to its large-scale planting. Between 1989-1993,
it covered annually more than 0.8 million ha - 17% of the 4.8 million ha
area under rice in Myanmar [5].

During the past decade, Vietnam has become an icon for the success
of mutation breeding. Though it used to import 2-3 million tons of food
annually in the decade of 1970-1980, Vietnam exported 4.3 million tons
of rice, becoming the world’s second-largest exporter of rice. The wide
use of high yielding crop varieties including dozens of mutant varieties
contributed substantially to this transformation into food self-sufficiency.
For example, the mutant rice variety VND-95-20, grown on more than
300,000 ha/year, has become the top variety in southern Vietnam, both
as an export variety and in terms of growing area. More information
about mutant varieties and their great importance for the food security
in Vietnam today, can be found in another paper in this book [20].

EUROPE

Induced mutations have become an inherent component of many
current plant varieties in Europe, particularly for barley and durum
wheat. Mutation techniques are also widely used in the breeding of
flowers and horticulture cultivars, although it is not the topic of this
paper. A few examples are given here, while the situation in Sweden is
available elsewhere in this book [22].

Czech Republic and Slovakia (former Czechoslovakia)

The Gamma-ray induced cultivar Diamant was officially released in
Czechoslovakia in 1965. Diamant was 15cm shorter than the parent
cultivar “Valticky, and had an increased grain yield of around 12%. In
1972, 43% of 600,000 ha of spring barley in Czechoslovakia were planted
under either Diamant or mutant cultivars derived from Diamant.
Roughly estimated, the total increase in grain yield was about 1,486,000
tons. During the same year, the spring barley cultivars that had mutated
Diamant’s denso gene in their pedigree were grown all over Europe on
an area of 2.86 million ha [23].

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 [5].

Finland

Balder J, a high yielding barley mutant released in Finland, had higher
yield, greater drought resistance, better sprouting resistance, and greater
1,000 kernel weight. Nearly 1 million kg of ‘Balder J’ seed were sold
by Jokioinen Seed Center [24]. Oat stiff straw mutant cultivar Ryhti
occupied up to 41% of the total area of oat in Finland during 1970-80.
Another stiff straw oat mutant cultivar, Puhti, released in 1970, occupied
30% of the oat planting area in Finland. Many new varieties now grown
are derived from crosses with these mutant varieties [25].
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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 [25].

Italy

Mutant cultivar Creso of durum wheat 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 high-yielding
durum wheat mutants had shorter culms and spike length, 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 crossbreeding [5, 24].

NORTH AMERICA

In North America, the USA is one of the world pioneering countries
in the exploitation of induced mutation for plant improvement and has
had many extraordinary successes. Significant progress has also been
reported from Canada, and more recently Mexico.

USA

Wheat: Stadler, a high-yielding wheat mutant 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 [24].

Barley: 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 1.1 million US dollars in one year. It was used extensively
in cross-breeding and several mutants were released. Pennrad, a high
yielding winter barley mutant was released in Pennsylvania, had winter
hardiness, early ripening and better lodging resistance. It was grown on
about 100,000 ha in the USA [24].

Beans: 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 [5, 24].

Rice: The semi dwarf gene allele sd1, which was induced through
Gamma-ray mutagenesis, has enabled the American version of the
“Green Revolution” in rice. Details of the sd1 allele and its contribution
to the rice production in the USA (as well as in Egypt and Australia) are
shown in this book [26].

Two grapefruit varieties, Star Ruby and Rio Red, both developed
through thermal neutron mutagenesis [27], have become a widely grown
variety during the past two decades. The fruits of both cultivars are sold
under the trademark ‘Rio Star’ ‘Rio Star’ grapefruit is currently grown on
75% of the grapefruit planting area in Texas. The development of the two
radiation induced mutant cultivars is considered as the most significant
breakthrough in grapefruit growing in Texas since the discovery of Ruby
Red in 1929 [5].

Canada

Rapeseed-Canola (Double zero rapeseed): Canola is Canada’s third
most important grain export, after wheat and barley. Contribution of
Canola cultivars to the Canadian economy has been outstanding. In 2000,
Canada planted 5,564,000 ha under canola and earned 350.5 million US
dollars. Mutant cultivars with low erucic acid and very low (more than
30um/g) glucosinolates have been developed and released in Canada [5].
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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 EMS (ethyl methanesulphonate) mutagenesis of the
Australian linseed cultivar Glenelg and recombination of two mutated
genes [28].

Mexico

In Mexico, promotion of radio-induced mutation breeding started in
1974. Two new wheat varieties, ‘Centauro’ and ‘Bajio Plus; were derived
from ‘Salamanca’ seeds irradiated at 500Gy ; they showed increased
yield and tolerance to lodging. Two soybean varieties, ‘Hector’ and
‘Esperanza, were obtained by irradiation of seeds from variety ‘Suaqui 86’
at 150Gy . 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 line
ISAEGBM, at 200Gy . Its improved traits are higher yields and increased
height to first pod [29].

LATIN AMERICA

Argentina

Colorado Irradiado, a groundnut mutant with high yield and fat content,
induced by X-rays, occupied more than 80% of the groundnut area (280,000
ha) in Argentina in the 1970s [Prina, A.R., Personal communication,
August 2008]. Puita INTA-CL, a rice mutant with high yield and herbicide
resistance, released in 2005, has occupied more than 18% of the rice
growing area (32,400 ha) in Argentina since then[Prina, A.R,, Personal
communication, August 2008]. 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.

Cuba

Rice: 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 of Pinar
del Rio and Havana provinces [30].

Tomato: The very first tomato mutant released in Cuba, ‘Maybel, has
shown very high performance under drought conditions and has been
introduced in rural areas of different provinces of Cuba [31].

Peru

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 [32].

Kiwicha (Amaranthus caudatus) is a native and ancient crop of the
Andean Region. Centenario (MSA-011), a mutant with high vyield,
earliness (45 days), tolerance to salinity, wide adaptability, better grain
color 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 [32].

AUSTRALIA

Rice: Nine rice varieties - ‘Amaroo; (1987), ‘Bogan’ (1987). ‘Echua
(1989), ‘Harra’ (1991). Tllabong’ (1993), Jarrak’ (1993), ‘Langi’ (1994),
‘Millin’ (1995), and ‘Namaga’ (1997)- 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 [33].



Lupine: Spontaneous mutation has been discovered and utilized in
domestication of narrow-leafed lupine (Lupinus angustifolius L.). As the
result of the domestication, lupine has become a dominant grain legume
crop in Western Australia. Facing the new challenge of developing
herbicide-tolerant cultivars, 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. 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
proves to be an effective tool in lupine improvement [34].

AFRICA

Egypt

As a result of the introduction of the two semi-dwarf mutant varieties,
‘Giza 176’ (1989) and ‘Sakha 101" (1997) in Egypt, the average yield of
rice in Egypt increased to 8.9 t/ha, compared with 3.8 t/ha in the rest of
the world. Of these two, ‘Giza 176’ became the leading variety, with a
potential yield of 10 t/ha [35].

Sudan

Mutation breeding in Sudan was effectively started about 20 years ago and
covered crops like cotton, sugarcane, sesame, banana, tomato, groundnuts,
and cereals. A banana mutant cultivar (Albeely) was released in the year
2003. Albeely excelled the yield of the existing cultivars by 40% and has
better crop stand and fruit quality. Albeely is becoming popular and is
widely preferred by farmers. A drought tolerant groundnut mutant
(Barberton-B-30-3) and a number of promising mutants resistant to tomato
yellow leaf curl virus (TYLCV) are being evaluated in multi-location trials,
in preparation for their commercial release. Cotton germplasm has been
enriched with a number of useful mutants carrying resistance for bacterial
blight and fusarium wilt disease, in addition to mutants for weak fiber
attachments, high ginning out turn, and lint percentage. These mutants
are being used in the breeding programme, and promising lines are under
field evaluation for release [36].

Ghana

Over two decades of application of induced mutation techniques toward
crop improvement in Ghana have led to the production of improved
mutant varieties in two crops. In cassava (Manihot esculenta Crantz),
irradiation of stem cuttings using gamma irradiation resulted in the
production of “Tek bankye, a mutant variety with high dry matter
content (40%) and good poundability from the parental line, which was
a segregant of a hybrid between the Nigerian landrace Isunikaniyan (ISU)
and the breeder’s line TMS4(2)1425, both from IITA, Nigeria. Similarly,
irradiation of vegetative buds of Amelonado’ (P30), ‘Trinitario’ (K.5), and
‘Upper Amazon’ (T85/799) cocoa varieties resulted in the production of a
mutant variety resistant to the Cocoa Swollen Shoot Virus (CSSV). Multi-
location on-farm trials of the mutant line indicate significant increases in
yield for farmers, without symptoms of the disease [37].

Perspectives

World food security deteriorated very sharply in the 1960’s when
developing countries like India, Pakistan, and Indonesia were desperately
short of food grains. Fortunately, agricultural scientists responded with
a new production technology, which has popularly been described
as “Green Revolution Technology” This helped to avoid large-scale
starvation for around 40 years. However, the food security problem has
again seen a major deterioration in the last few years; food prices are
rising sharply and once again the poor people of the world are threatened

THE ROLE OF INDUCED MUTATIONS IN WORLD FOOD SECURITY

with serious malnutrition. The underlining causes that drove to food
security deterioration, i.e. rising fuel and fertilizer prices, climate change
related erratic rain falls, sudden and severe drought conditions, excessive
floods, divert of food grains into bio-fuel production, will remain for
the years to come. Food security will even get worse since population is
still growing while no significant expansion of arable lands is foreseen.
FAO estimates that world food production should increase by more than
75% in the next 30 years to feed about eight billion people by 2025 [38].
Therefore, a new “Green Revolution” is desperately needed to solve the
food security issue in the years to come.

The massive advent of plant molecular biology is anticipated to provide
a sound solution to further increase food production by both increasing
yield potential and stability. In this regard, induced mutagenesis is
gaining importance in plant molecular biology as a tool to identify and
isolate genes, and to study their structure and function. Several papers in
this book report the progress being made in this area. Recently mutation
techniques have also been integrated with other molecular technologies,
such as molecular marker techniques or high throughput mutation
screening techniques; mutation techniques are becoming more powerful
and effective in breeding crop varieties. Mutation breeding is entering
into a new era: molecular mutation breeding. Therefore, induced
mutations will continue to play a significant role for improving world
food security in the coming years and decades.
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Eighty Years of Scandinavian Barley Mutation Genetics

and Breeding

U Lundgqyvist

Abstract

In 1928, the Swedish geneticists H. Nilsson-Ehle and A. Gustafsson
started on their suggestion experiments with induced mutations using
a diploid barley species. The experiments started with X-rays and
UV-irradiations, soon the first chlorophyll mutations were obtained
followed by the first ‘vital’ mutations ‘Erectoides’ Several other valuable
mutants were considered: high-yielding, early maturity, lodging resist-
ance and with changed ecological adaption. Soon the X-ray experiments
expanded with different pre- and after-treatments, also using other types
of irradiation, such as neutrons, positrons etc., and finally with chemical
mutagens, starting with mustard gas and concluding with the inorganic
sodium azide. The research brought a wealth of observations of general
biological importance, high increased mutation frequencies, differences
in the mutation spectrum and to direct mutagenesis for specific genes.
This Scandinavian mutation research was non-commercial even if some
mutants have become of some agronomic value. The peak of its activities
was during the 1950s, 1960s and 1970s. Barley has been the main experi-
mental material, but also other species were included in the programme.
Over the years a rather large collection of morphological and physi-
ological mutations (10,000 different mutant genes) with a broad varia-
tion were collected and several characters have been analyzed in more
detail genetically and with regard to mutagen specificity. Most effort has
been made on the Early maturity mutants, the Six-row (hexastichon)
and Intermedium mutant group, the Surface wax coating. Eceriferum
(Waxless) mutants, Dense spike mutants and others.

The first mutation experiments
Swedish research on induced mutations started in a small scale at Svalof
80 years ago, initiated by the eminent Swedish geneticists H. Nilsson-
Ehle and A. Gustafsson. Already in 1927, the North American geneticist
and later Nobel laureate, H.J. Muller, using successful experiments could
show that ionizing radiation could increase the mutation frequency in
the fruit fly Drosophila [1, 2]. He drew the conclusion that induced
mutations were similar to spontaneous mutations forming the basis
for natural selection and evolution. Soon, in 1930, the equally famous
American geneticist and plant breeder, L.J.Stadler [3], published data
on induced mutations in several species of cultivated plants which he
interpreted with much pessimism. In his opinion, no practical progress
could be expected from artificial gene changes. But Nilsson-Ehle and
Gustafsson did not share this pessimism and on Gustafsson’s suggestion
experiments were initiated with induced mutations in plant material.
The first treatments with X-rays and ultraviolet irradiation were com-
menced in barley, using the Svalof cultivar ‘Gull’ Instead of measuring
exact dosages of radiation, different durations of radiations were applied.
Also different types of pre-treatments were tested since it was known
from Stadler’s investigations that the mutation frequency increases if
the seeds are soaked in water before irradiation. The first chromosome
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aberrations were observed, mainly chromosome fragmentations, fusions
and translocations [4]. The first genotypical changes in the seedlings,
chlorophyll mutations, most of them sublethal, occurred. Three distinct
main categories were established: albina seedlings, viridis seedlings, a
very heterogeneous group, and rare mutations (xantha, two-coloured,
striped and zoned). These chlorophyll mutations were a useful material
for laboratory studies and were the first indications of how successful
the treatment was. The mutation frequency was calculated according to
the “spike progeny method” introduced by Gustafsson, and served as the
standard method for measuring the induced mutagenic effects [5, 6].

Very soon, in the mid-1930s, the first viable mutations appeared
and already at that time it was possible to distinguish two sub-groups:
Morphological and Physiological mutations. The most common group
of viable mutations at that time consisted of the so-called erectoides
mutants that are characterized by typical compact or dense spikes in
contrast to the nutans spike of most barley cultivars. In the following
years many of the mutants produced were considered extremely valuable
for future theoretical genetic studies and for breeding. Several of them
are worth mentioning: high-yielding, early maturity, tillering capac-
ity, straw-stiffness, seed-size, seed-color, changed spike formation and
others [7, 8].

The Swedish group for theoretical and applied mutation research
The results from these early experiments looked so promising, even
for plant breeding, that in 1940, the Swedish Seed Association at Svalof
started to support this research with funding from the Swedish milling
industry. This rendered it possible to extend the experiments consider-
ably. In addition, other species such as wheat, oats, flax, peas, faba beans
and oil crops were included in the programme, and it became possible
to integrate theoretical and practical results. In 1948, the Wallenberg
Foundation incorporated mutation activities into its research pro-
gramme, and a group of specialists were gathered to carry on the
research work on a wider front. Finally, in 1953, at the instigation of the
Swedish Government the ‘Group for Theoretical and Applied Mutation
Research’ was established, with the aim of studying basic research
problems in order to influence and improve the methods for breeding
of cultivated plants. The Agricultural Research Council had provided
funding for most of the Mutation Group’s scientific activities approved
by the Swedish Parliament. Its peaks of activities were during the 1950s,
1960s and 1970s. Barley was used as main model crop since it is a diploid
self-fertilizing species, easy to handle, gives a sufficiently large progeny
from a single plant and outcrosses only rarely [9, 10].

Applying different mutagenic treatments

X-irradiation on dry seeds was used as a standard method for studying
the mutation process, but soon other types of irradiation such as y-rays
(acute and chronic), neutrons (fast and thermal), electrons, protons,
o-rays from radon, p-rays from Phosphorus 32 and Sulphur 35 were
included in the experiments. The application of pre-treatments with
different soaking times of the seeds, both before and after irradiation
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was studied. Not only the water content of the seeds was an important
trait in relation to radiation sensitivity, but also different environmental
conditions [11, 12]. The two irradiation types, sparsely versus densely
ionizing radiation, were compared in the following properties: (1) the
number of chromosome disturbances in the germinating seeds, (2) field
germination, (3) number of mature harvested plants, (4) the mutation
rate determined from the number of various chlorophyll-deficient
mutants, and (5) different types of vital mutants determined on field
material in the second generation. When comparing the two irradiation
types it can be summarized as follows: The injurious action of neutrons
differs from that of X-rays in several respects. The seeds are 20-30 times
more sensitive in neutrons than to X-rays and germinating seeds are two
to three times more sensitive to neutrons than dormant seeds. Neutrons
are approximately 10 times as effective as X-rays in producing chromo-
some disturbances and about 50-100 times more effective in increasing
the mutation rate in the second generation. Neutrons produce relatively
more chlorophyll mutations than X-rays. Observations also showed that
while X-irradiated seeds die at a very early stage of development, the
neutron-treated seeds which received a lethal dose often start germina-
tion, not dying until cell divisions become of critical importance for their
further growth [13, 14].

Already in the mid-1940s chemical mutagenesis started to be included
in experiments together with irradiation. The idea was to influence not
only the mutation rate but also the types of mutations. The real work on
chemical mutagenesis in crop plants began with the effects of mustard
gas followed by many different compounds such as various alkylating
and oxidizing agents, epoxides and epimines, purines, organic sulphates
and sulphonates, nitroso compounds, purine and acridine derivatives
and many others [15-23]. Finally, in the mid-1970s, the first experiments
were started with the inorganic chemical mutagen ‘Sodium azide’ that
in Swedish experiments was mostly used for isolation of viable mutants
for practical agronomical purposes [10, 24, 25]. For chemical mutagens
the mutation frequency increased rapidly up to 80%; they were 20 times
more effective than irradiation. Significant differences between the
actions of ionizing radiation and chemical mutagens were demonstrated.
In this respect, neutrons and sodium azide form two extremes: neutrons
induce a relatively large number of chromosome and chromatid changes,
whereas sodium azide primarily causes gene mutations at the nucleotide
level. Differences in the mutation spectrum were noticed especially with
regard to chlorophyll mutants as they were studied most intensively.
Neutrons induce a higher rate of albina seedlings than X-rays and chem-
ical mutagens. The chemical mutagens are superior in inducing the large
heterogeneous group of viridis seedlings. Also in some morphological
mutation groups and mutants useful for plant breeding it was possible
to observe differences in the mutation spectrum. The aim was to control
the direction of mutagenesis [10, 26].

The Swedish mutation research was non-commercial, despite that
some mutants have been used in practice — directly or after recombina-
tion breeding [27]. The mutation programme brought a wealth of obser-
vations of general biological importance: chronology of chromosome
reproduction, sensitivity of different mitotic stages, the importance of
heterochromatin, mutations in polyploids, the variation of irradiation
sensitivity in different species and competition between various ele-
ments in plant tissues.

The Swedish collection of barley mutants
Genetic diversity is an important feature in plant breeding and the
breeder can use the artificially induced mutants for further improvement
of his cultivars. A methodical work will sooner or later lead to positive
results.

Over the years a large collection of morphological and physiological
mutations (10,000 different mutant alleles) with a broad variation range
have been brought together and have been genetically and agronomi-
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cally studied. They consist of 10 main categories with 116 different sub-
types (Table 1). So far, about half of these mutants have been analyzed
genetically in more or less detail, but they form only a minor part of
the range of mutant types. This collection forms an outstanding mate-
rial for investigations within radiobiology, genecology, gene physiology,
ultrastructural research and plant biochemistry, and physiology. It is
a major source for future gene mapping and is valuable for molecular
genetical analyses of cloned mutant genes. This Swedish collection is
unique since all the alleles of the investigated genes are conserved at
the Nordic Genetic Resource Center (former Nordic Gene Bank) and
available for research and breeding. The mutant groups shown in the
table below were studied in detail genetically and with regard to mutagen
specificity. These studies have increased our knowledge of the mutation
process and the genetic architecture of the different characters. In this
presentation a few of these groups are presented in more detail (Table
2) [10, 28-31].

Table 1. Survey of the main mutant categories

—

Changes in spike and spikelets

Changes in culm length and culm composition
Changes in growth type

Changed kernel development and formation
Physiological mutants

Awn changes

Changes in leaf blades

Changed pigmentation
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Different chlorophyll development

=
=]

Resistance to powdery mildew

Table 2. Survey of the genetically investigated Scandinavian mutant groups

Mutant group Number of alleles  Number of loci
Praematurum (Early maturity) 195 9
Erectoides 205 26
Breviaristatum (Short awns) 184 19
Eceriferum (Waxless, Glossy) 1580 79
Hexastichon (Six rowed spike) 65 1
Intermedium 80 10
Lemmalike glumes (Macrolepis) 40 1
Third outer glume (Bracteatum) 10 3
Calcaroides 21 5
Anthocyanin mutants 766 31
Liguleless (Auricleless and Exligulum) 24 2
Albino lemma (Eburatum) 5 1
Orange lemma (Robiginosum) 7 1
Mildew resistance 77 several
Chlorophyll synthesis and chloroplast development 357 105

Praematurum (early maturity) mutants

The demand for early cultivars has increased why earliness has become
an important goal for Swedish plant breeding. Already in the 1940s, it
was found that maturity in barley could easily be changed by X-rays,
in either direction of both increased earliness and increased lateness.
The time of heading was chosen as a safe character for the selection of
induced early mutants, but early heading and early ripening are charac-
ters where environmental influences, especially climatic conditions may
hamper a safe classification [32].
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Over the years, about 1,250 different early maturity mutants have been
isolated and studied after various mutagenic treatments. The mutants
can be grouped into three categories according to their heading and
maturity time with a variation between one and 10 days. Long term
studies made it possible to establish nine mat loci among 195 localized
mutants (Table 3) [10].

Table 3. Distribution of the early maturity mutants to the 9 mat loci

Locus mat-a mat-b matc matd mate mat-f matg mat-h mati Total

Mutants 85 49 31 2 9 7 4 2 6 195

The different loci in general show quite distinct phenotypic charac-
ters. The mutations selected for earliness also change other properties
of agricultural value. Significantly shorter straw with lower internode
number is found in the extreme early mutant loci, mat-a, mat-b and
mat-c. Mutants of locus mat-a are generally more resistant to lodging
than mutants in locus mat-b. Among these loci, Praematurum (mat-
a.8) mutant, a drastic early mutant, heads 8 to 10 days earlier than its
mother cultivar ‘Bonus. It was approved and released as a commercial
Swedish cultivar under the name of ‘Mar7 in 1960, and was intended to
replace early Swedish six-row cultivars. It was widely grown, as far north
as Iceland and it was included in the breeding programme at Cymmit,
Mexico [33]. Not until the mid-1960’s it was found that mat-a.8 had a
special property that distinguished it from the ‘Bonus™ parent, namely,
a profound change in the photo- and thermoperiod reaction, making
it heading and seed fertile also at eight hours of daylight (short-day
tolerant). During the 1960, large phytotron experiments were carried
out in Stockholm under different photoperiod conditions to compare
different mutants and cultivars [34-36]. Later, when labour costs got too
expensive, a darkening arrangement, using a special plastic tissue, was
used in ordinary glasshouses with natural light lasting for eight hours.
This type of arrangement was used for many years for identifying short
day neutral mutants. It was possible to distinguish three genotype cat-
egories under the extreme short day conditions of eight hours of light:
(1) genotypes with complete and early heading and good seed set; (2)
genotypes with incomplete and late heading and seed set; and (3) geno-
types that never headed remaining in a purely vegetative often luxurious
stage. The mutants in mat-cand mat-eloci, are characterized by delayed
heading and thus, a less pronounced short-day neutrality. The mutants
in all other mat loci are long-day adapted like the parent cultivars [37].
Concerning the mutagenic treatments, there is a concentration of short-
day adapted mutants under sulfonate treatments whereas the long-day
adapted cases seem to accumulate when ethylene imine is applied. Other
observations indicate that sodium azide is less efficient in producing
day-length neutral mutants.

Six-row (hexastichon) and intermedium mutants

Genetic variability in barley has been of great importance and has long
been studied in great detail. The Russian geneticist N.I. Vavilov felt it
necessary to explore the total genetic diversity of crop plants throughout
the world as well as diversity of related wild species. Barley is one of
the oldest cultivated crops [38]. The number of rows of the spikelets is
a key character in inferring the origin of barley. For at least 100 years, it
has been discussed whether the progenitor of cultivated barley was six-
rowed, two-rowed or both. Recently, the two-rowed progenitor hypoth-
esis was supported by archeological specimens showing the existence of
domesticated two-rowed remains that were older than six-rowed. The
six-row (hexastichon) and intermedium mutants affect the development
of the lateral spikelets with genetic interaction leading to synergistic
enhancements. This research has given an insight into rather complex
genetics of kernel rows in barley. Normal two-row barley carries, on
opposite sides of the spike, central spikelets, with two reduced, sterile

lateral spikelets. The two-row barley is able to produce six-row barley
in a single mutational step. These mutants have well developed lateral
spikelets, fully fertile and with long awns. All the 45 isolated cases have
been localized to only one locus, the hex-v (vrsI), located in the long
arm of chromosome 2H [39]. Recently this sixrowed spike 1 (vrsI) gene
was cloned by the Japanese research group (Komatsuda, et al, 2007). It
is indicated that it is a homeodomain-leucine zipper I-class homeobox
gene. Expression of the VrsI was strictly localized in the lateral spikelet
primordial of immature spikes and suggests that the VRSI protein sup-
presses development of lateral spikelets [40].

But two-row barley may also produce mutants with spike development
intermediate between the two-row and the six-row states. These mutants
have enlarged lateral spikelets with characteristic awn and kernel devel-
opment, not only among mutants, but also depending on environmental
conditions. A total of 126 such intermedium mutants have been isolated
and 103 of them have been localized to 11 different int-gene loci and
studied in more detail (Table 4) [41].

Table 4. Distribution of the intermedium mutants to the 11 int loci

Locus -a -b -C -d -e -f -h -i -k -1 -m

Number 33 3 23 21 14 1 4 1 1 1 1

The hexastichon (hex-v) mutants have six-rowed spikes with fully
fertile, well developed, and long-awned lateral spikelets and thus
resemble normal six-rowed barley. The intermedium spike-d (Int-d)
mutants produce sterile or partially fertile lateral spikelets with variable
awn length which appears intermediate to those of two-rowed barley.
Allelism of these mutants showed that these two loci are closely linked
to one another on chromosome 2HL and are more or less dominant.
Komatsuda, et al. (2007) showed that the Int-d mutants are the same
gene and morphological changes in the mutants can be attributed to
changes in the VrsI gene [40]. All other 10 int loci are recessive and
showed independent inheritance. Both radiation types and most of the
used chemical mutagens have been involved but no gene preference to
the type of mutagen applied has been found [10].

Surface wax mutants: Eceriferum (waxless)

Presence of wax coating reduces evaporation of water from the plant
and helps protect it against pathogens. Most surface wax mutants, the
eceriferum and glossy loci affect the presence and type of epicuticular
waxes on the leaf blades and sheaths, culms and spikes. When the wax
coating is completely absent, various organs appear as a bright, glossy
green color. Cooperation between Swedish and Danish researchers has
made this mutant type probably the best known character complex of
any cultivated plant. The mutants have been gene localized, their influ-
ence on yield studied, electron microscopy and biochemical analyses
done, different loci mapped in chromosomes, and their reactions to
various climates studied in the phytotron. Phenotypically three different
organs of the barley plant were studied in regard to wax coating and
composition and led to five phenotypic categories: spike and leaf sheath,
spike and leaf sheath partially, spike, leaf blade, and spike, leaf sheath
and leaf blade [42, 43]. A total of 1,580 such eceriferum mutants have
been localized to 79 loci, 78 of them are recessive and one is dominant.
Seven types of mutagenic treatments have been applied. It is obvious
that different loci show markedly differing mutagen specific reactions.
(1) There are particularly large mutagenic differences between chemicals
and ionizing radiation, especially neutrons; (2) No significant differences
among various kinds of organic chemicals can be established; (3) There
are significant differences between organic chemicals and sodium azide;
(4) The combined treatment (sulfonate + X- or y-rays) does not differ
from treatment with sulfonates alone, but differs from the treatment
with exclusively X-rays. No difference to sodium azide can be demon-
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strated; (5) Sodium azide differs strongly from X-rays and still more
from neutrons; (6) There are clear differences between the two kinds of
treatments with ionizing radiation; sparsely ionizing X-rays and densely
ionizing neutrons having different effects on the target DNA molecule. In
summary, the wealth of alleles distributed on a large number of cerloci
has provided important insights into the mutation process. Obviously,
different gene loci have different mutabilities. It is equally obvious that
different loci show markedly differing mutagen specific reactions. These
insights into the mutation process combined with knowledge of the
localization of the different genes in the genome will add to our under-
standing of the mechanisms of mutagenesis and the organization of the
eukaryotic genome [10, 44].

Dense spike mutants

The dense spike (erectoides) mutants were the first of the viable mutants
induced by irradiation and the most commonly induced morphological
changes. They are characterized by compact, dense spikes, implying that
the spike rachis internodes are shorter than in the mother strain. They
generally possess a very stiff and often short straw. The first uppermost
internode of the culm is generally longer than in the mother cultivar and
the basal ones being shorter. In all, about 1,270 such mutants have been
isolated and studied intensively. Twenty-six gene loci could be estab-
lished among 205 investigated mutants. Most of the loci have distinct
phenotypic characteristics, one of them is dominant and all the others
recessive. Several loci have been mapped spread over the seven barley
chromosomes. Differences in the mutation spectrum could be noticed.
Three of these loci could be identified as mutagen specific, where more
than 80, 70% and 50%, respectively, of the alleles were induced by irra-
diation [45-48]. Most of these erectoides mutants are fully viable and
promising from a practical point of view. The most outstanding of these
mutants is erectoides 32 in locus ert-k that became released as a new
cultivar ‘Pallas’ in 1958 [49].

Breeding aspects

Since work with artificial induction of mutations began, it was evident
that mutation programmes should be regularly included in breeding
programmes of crop plants. The application of mutation research in
plant breeding was the most important stimulus. It was shown already
in the 1950s and 1960s that the work at Svalof can be used as an example
how mutation breeding can be employed in a crop improvement pro-
gramme. The main interest was focused on macromutations [50]. Both
simple and rather complex characters such as straw-stiffness, earliness,
higher yields, protein content and disease resistance are of interest. Not
only new direct mutants, but also the indirect use of induced mutations
was applied. In the latter case breeding work tried to change modify-
ing systems by crossing mutants with various established cultivars and
selecting the best recombinants homozygous for the mutations. In the
Swedish programme, this use of macromutations in conventional cross-
breeding programmes has proved to be more successful than recurrent
mutagenic treatments [51].

Through the joint work with barley breeders and other scientists at
Svalof, a rather large number of mutant cultivars of two-row barley were
registered as originals and commercially released. Two of these cultivars
‘Pallas] a straw-stiff, 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, where the original breeding mate-
rial was based on three primary high-yielding Swedish X-ray mutant
cultivars: ‘Pallas} ‘Sv 44/3] both extreme lodging resistant, and ‘Mari,
extremely early. A series of cultivars obtained after crossing, (Table 5)
were tested and found to be agriculturally suitable to various parts of
Scandinavia and other parts of the world. The aim of this work was to
demonstrate that original mutant materials can be used successfully in
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recombined breeding programme in the hands of skilful breeders. It
has set a positive trend, in fact, as positive and progressive as any other
method of plant breeding [52]. Today, with modern technology, differ-
ent methods ought to be used together, adding to the results of ordinary
crossing and selection.

Useful mutations in barley include a wide range of economically
important characters that influence morphological as well as the physi-
ological and biochemical properties. The use of the mutation method
is of importance in providing a detailed understanding of the genetic
composition of the barley genome, especially if combined with detailed
chromosomal and genetic analyses of linkage and biochemical studies of

the DNA constitution and the amino acid composition.

Table 5. Survey of induced barley mutants and their derivates, ap-
proved and released at Svaldf (after Gustafsson, 1986)

Parent strains

‘Gull’
‘Bonus’

‘Bonus’

Mutant crosses
Herta x Pallas
Domen x Mari

Mari x Monte Cristo

Birgitta x Mari

44/3 x Birgitta

(Birgitta x Mari) x Gunilla

Complex mutant crosses

(Pallas x Triple awn lemma) x Pallasb®

(Triple awn lemma x Pallas®) x Hellas

A 61657 x (Mari® x Triple awn lemma)

Kristina x [Hellas? x (Pallas® x Rupee)]

Derivates

(1) Primary mutant varieties
44/3: extremely lodging resistant
‘Pallas’ (ert-k.32) approved 1958
‘Mari’ (mat-a.8) approved 1960

(2) Varieties approved
‘Hellas’, approved 1967
‘Kristina’, approved 1969
‘Mona’, approved 1970

‘Eva’ and ‘Salve’, approved 1973
and 1974 respectively

‘Gunilla’, approved 1970
"Pernilla’, approved 1979

(3) Varieties approved
'Visir', approved 1970
'Senat’, approved 1974
"Troja’, but withdrawn 1981

'Jenny’, approved 1980

Lofa x [A 6564 x (Mari* x Multan)] 'Lina’, approved 1982

In conclusion, A. Gustafsson’s words from his last paper in 1986 [53]
are summarized as follows: “Induced mutations in the hands of skilful
breeders will be an important future tool in progressive plant breed-
ing. This will be even more so when the chemistry of the gene has been
studied more thoroughly. Genetic instruments of artificial selection will
increase the power and capacity of the plant breeder. It seems rather
strange that also today there is a certain negative attitude towards the use
of mutations in plant breeding or in most experiments concerning the
general evolutionary theory. Such negative ideas are often associated with
the view that mutationists ignore the natural sources of genetic variability
and oppose the breeding value of primitive biotype collections.”
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The Induced sd1 Mutant and Other Useful Mutant
Genes in Modern Rice Varieties

] N Rutger

Abstract

Induced mutation was accelerated in the USA with the release in
California in 1976 of Calrose 76, the nation’s first semidwarf table rice
variety. Success was due not only to induction of mutants but also to
their evaluation and integration into cross-breeding programmes. Thus
the evaluation of Calrose 76 showed that its sdI gene was allelic to sdI in
the indica Green Revolution varieties DGWG, TN(1) and IRS, and that
semidwarfism conferred a yield advantage of 14% over the 6mt/ha yield
level of the tall japonicas. Immediate integration of the Calrose 76 source
of semidwarfism into cross-breeding has resulted in 25 semidwarf varie-
ties that trace their ancestral source of semidwarfism to Calrose 76: 13
in California, 10 in Australia, and 2 in Egypt. Calrose 76 ancestry also
appears in the pedigrees of numerous additional California cultivars
derived from crossing the Calrose 76 source with the IR8 source of
semidwarfism. In the late 1990s 12 semidwarf mutants were induced
in tall tropical japonica varieties at the Dale Bumpers National Rice
Research Center in Arkansas. The semidwarfing gene in each of these
12 germplasms was found to be nonallelic to sd1. Although selected for
productivity, none of the 12 consistently showed yield increases typical
of sd1 sources. The sdI source, whether from induced mutation or from
the indica source, is truly associated with enhanced productivity. Other
induced mutants were found for early flowering, low phytic acid, giant
embryo, and marker genes such as gold leaf and extreme dwarfism. The
early flowering mutants were recovered in temperate japonicas, in tropi-
cal japonicas, and most recently in indicas. The early flowering indica
mutants are quite interesting since they provide high-yielding or blast
disease-resistant indica germplasm which will mature in the USA.

Introduction

The author’s experiences with induced mutation for rice improvement
have had two parts: First, from 1970-1988 as a Research Geneticist with
the U. S. Department of Agriculture, Agricultural Research Service
(USDA-ARS) at Davis, California, working on temperate japonica
rice; and second, from 1993-2005 as Director of the USDA-ARS Dale
Bumpers National Rice Research Center (DB NRRC) at Stuttgart,
Arkansas, working on tropical japonica and on indica rice. Following
a final period as Chief Scientist at the DB NRRC the author retired in
January 2007 and moved back to California. Throughout his career the
author has concentrated on selecting agronomically useful mutants
such as semidwarfism and early flowering, with occasional detours into
male steriles and marker genes as genetic tools. Keys to the success of
the work have been, first the induction of mutants in very good varietal
backgrounds, second their evaluation both agronomically and geneti-
cally, and third, immediate integration into conventional cross-breeding
programmes by rice breeding colleagues.

Retired Chief Scientist, Dale Bumpers National Rice Research Center, Stuttgart, Arkansas 72160
USA; 1989 Witham Drive, Woodland, California 95776 USA.

E-mail: neil.rutger@sbcglobal.net

Figure 1 The induced mutant Calrose 76, released in 1976, was the first semidwarf table
rice variety in the USA. It was about 25% shorter than its parent and the closely related tall
check variety CS-M3 [7]
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Figure 2 Averaged over nitrogen fertilizer rates from 60 to 180 Ib/acre (67 to 202 kg/ha),
the two semidwarf varieties Calrose 76 and M7 yielded 14% more grain and 13% less straw
than the tall cultivar CS-M3 [2]

Temperate japonicas

Induced mutation work in the early 1970s resulted in the induction and
direct release of Calrose 76, the first semidwarf table rice variety in the
United States [1]. The work was a cooperative effort involving an TAEA-
sponsored visiting scientist from Taiwan, Dr. Chao-hwa Hu, several

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009, 44-47



University of California Scientists, and the author. Following the induc-
tion of the semidwarf mutant, it was evaluated in yield trials where it was
shown to be about 25% shorter than its parent and the closely related tall
check variety CS-M3 (Fig. 1), and to produce 14% more grain and 13%
less straw than the tall check (Fig. 2) [2]. Genetic evaluation showed
that the semidwarfing gene in Calrose 76 was allelic to sd1 from DGWG
[3]. However, the greatest application of Calrose 76 was its integration
into cross-breeding efforts. For example, the semidwarf, early maturing
variety M-101 [4] was developed from the pedigree CS-M3/Calrose76//
D31, where D31, another mutant from Calrose [5], contributed early
maturity. The most popular Calrose 76 derivative semidwarf was M7,
from the cross Calrose 76/CS-M3 [6]. Altogether, Calrose 76, usually
through the derivative glabrous leaf variety M7, has served as the ances-
tral source of semidwarfism for numerous varieties: 13 in California [7]
(Table 1), 2 in Egypt [18], and 10 in Australia (R. Reinke, Rice Breeder,
Yanco Agricultural Institute, personal communication, December 21,
2005).

Table 1. California varieties for which Calrose 76 served
as the ancestral source of semidwarfism

Variety Year Pedigree Reference
Calrose 76 1976  Induced mutant of Calrose [1]
M7 1978  Calrose 76/CS-M3 [6]
M-101 1979  CS-M3/Calrose 76//D31 [4]
M-301 1980 Calrose 76/CS-M3//M5 [8]
S-201 1980 Calrose 76/CS-M3//S6 [91
M-302 1981  Calrose 76/CS-M3//M5 [10]
Calmochi-101 1985  Tatsumimochi/M7/S6 [11]
S-101 1988  70-6526//R26/Toyohikari/3/M7/74-Y-89/SD7/73-221 [12]
M-103 1989  78-D-18347/M-302 [13]
S-301 1990 SD7/730221/M7P-1/3/M7P-5 [14]
S-102 1996  Calpearl/Calmochi-101//Calpear! [15]
Calhikari-201 1999  Koshihikari/(Koshihikari/S-101)*2 [16]
Calamylow-201 2006  Induced low amylose mutant of Calhikari-201 [17]

Calrose 76 ancestry also appears in the pedigrees of many additional
California varieties resulting from crosses between the Calrose 76 source
and the indica sources IR8 or DGWG (K.S. McKenzie, Director of
California Cooperative Rice Research Foundation (CCRRF), (personal
communication, August 22, 2005). Molecular technology now makes it
possible to determine exactly which parent contributed the semidwarf
allele gene in such semidwarf x semidwarf crosses. For example, the
most successful variety in California for the last two decades, M-202
[19], derived from crossing the Calrose 76 source with the IR8 source,
was recently shown to carry sdI from IR8, while S-101, another variety
resulting from crossing the two sources, carries sdl from Calrose 76
(T. H. Tai, Rice Geneticist, Davis, California, personal communication,
October 17, 2006). Another recent report confirms that M-202 carries
sdI from IR8 rather than from Calrose 76 [20].

A measure of how extensively the CCRRF rice breeders have used
mutants in their programme can be gleaned from perusal of their 26
mutant or mutant-derived varieties in the mvgs.iaea.ord database [21].
As well as using the ancestral Calrose 76 sd! source of semidwarfism in
cross-breeding the CCRRF has made direct releases of four independent
mutant varieties:

« Calmochi-201, a waxy endosperm mutant of the variety S6 [22].

o M-401, a semidwarf mutant of the premium grain variety Terso [23].

o M-203, an early maturity mutant of M-401 [24].

« Calamylow-201, a speciality low amylose (about 6%) mutant of

Calihikari-201 [17]. Calamylow-201 thus has two mutant genes,
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sdI from its Calihikari-201 parent, and the newly induced gene for
low amylose.

The CCRRF also has developed aromatic varieties through use of
basmati semidwarf mutants [25]:

o A-201, includes a basmati semidwarf, PI457920, in its parentage [26]

o Calmati-201, includes another basmati semidwarf, P1457918, in its
parentage [27]

o Calmati-202, another basmati semidwarf, with A-201 as a parent
(K.S. McKenzie, Director of California Cooperative Rice Research
Foundation, personal communication, June 1, 2008).

Tropical japonicas
Upon becoming Director of the DB NRRC in Arkansas in 1993, the
author launched a programme to induce semidwarf mutants in Arkansas
tall, tropical japonica, varieties, since at that time no semidwarf varieties
had been released in Arkansas. Inheritance studies showed that each of
the 12 mutants induced had a recessive gene for semidwarfism [28, 29,
30]. When crossed with a known source of the Calrose 76 semidwarf-
ing gene, each of the new semidwarfs was found to be nonallelic to sd1.
Intercrosses among the 12 sources were not done, so it not known how
many separate genes were involved. Each semidwarf was selected to be
competitive with its tall parent, but none consistently exceeded the yield
of its parent, as had been the case with sd1 in California. Although not
useful for direct release as mutant varieties, the 12 new semidwarfs were
released as improved germplasm to interested breeders and other scientists.
Other tropical japonica mutants induced during the Arkansas period
included: the KBNT Ipa 1-1 low phytic acid mutant, with a 45% reduc-
tion in phytic acid [31]; the LGRU ef early flowering mutant [32]; and
two dominant and one recessive genetic male sterile mutants [33]. The
low phytic acid mutant also was crossed to a related variety carrying
the goldhull (gh) gene to produce goldhull low phytic acid germplasm
(GLPA) that could be identified by its goldhull marker gene in the field,
in the farm truck, and in the grain elevator [34].

Indicas

By the mid-1990s, it was well established that indica germplasm, if suf-
ficently early in maturity, significantly outyielded the tropical japonicas
in the southern USA [35]. Therefore the author began crossing a very
early, bold grain, variety from China, Zhe 733, with six improved indica
germplasms from IRRI, resulting in the release of nine indica germ-
plasms, indica-1 to indica-9, with yield and maturity similar to southern
varieties and grain quality approaching USA long grain standards [36].
Grain quality of the IRRI parents was almost identical to USA long
grains, but the IRRI parents were about a month too late in maturity for
USA environments. Therefore a programme was initiated to induce early
maturity in the IRRI indicas, resulting in the release of six early flowering
germplasms, indica-10 to indica-15 [37, 38]. Typical of these was indica-
12, which was 28 days earlier than its indica parent, making it almost
as early as local tropical japonica varieties (Fig. 3). Another indica of
interest was the famous blast resistant variety from Colombia, Oryzica
llanos 5, which also was a month too late for Arkansas. Therefore, early
maturity mutants were induced in this variety, resulting in the release of
three improved germplasms, indica-16 to indica-18, which were 24 to 36
days earlier than the parent and retained its blast resistance [39].

Other indica mutants induced during the Arkansas years included:
the Guichao 2 eui mutant [40], which is allelic to the temperate japonica
eui mutant found in California some 24 years earlier [41]; four indica
genetic stocks, for apoptosis, narrow leaf, extreme dwarf, and gold
leaf [42]; and four more genetic stocks, including: the long grain giant
embryo mutant GSOR 25; a population segregating for albinos, GSOR
26, for elementary school teaching demonstrations; and two double-
dwarf mutants, GSOR 27 and 28, which are 15 to 20cm shorter than
their respective single-dwarf parents [43].
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Figure 3 The induced early flowering mutant indica-12 (right) was 28 days earlier than its
IRRI parent (left), making it useful for the USA since the IRRI parent is about a month too
late when grown in the USA [7].

A japonica/indica mapping population of 353 F10/11 lines was pro-
duced by crossing the japonica KBNT Ipa 1-1 mutant with the indica
variety Zhe 733 [44]. This material, designated the K/Z mapping popu-
lation, has been placed in the GSOR [43] collection at the DB NRRC,
where it has become an often-requested population by geneticists and
other scientists.

While in Arkansas the author also participated in an IAEA programme
on Multi-location yield trials of rice mutants in 6 countries in the Latin
American region: Brazil, Colombia, Costa Rica, Cuba, Guatemala
and Uruguay. In this programme eight mutant lines were identified as
potentially suitable for cultivation in cooperating countries and were
incorporated into national rice trials [45]. In addition, desirable mutated
characteristics were found which could be transferred through crossing
programmes: earliness, salinity tolerance, blast resistance, resistance to
shattering, translucent grain, high milling yield, plant height, and high
yield potential

Another achievement in Arkansas was the development of aromatic
se germplasm as a semidwarf(s), early maturing (e) recombinant from
the cross between a late maturing semidwarf mutant, DM 107-4, and
the early maturing tall variety Kashmir Basmati [46]. Both of the par-
ents were induced mutants of Basmati 370, developed by M. A. Awan
in Pakistan [25]. Although aromatic se retains the aroma and cooking
quality of the original basmati source, yield has been low relative to con-
ventional Arkansas varieties [46]. Efforts to develop additional aromatic
varieties through induction and inter-crossing of mutants are underway.
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Induced Mutations in Plant Breeding and Biological

Researches in Japan

H Nakagawa

Abstract

Two hundred and forty two direct-use mutant varieties generated by
using irradiation, chemical mutagenesis and somaclonal variations, have
been registered in Japan. About 61% of these were induced by Gamma-
ray irradiation, largely due to successful collaboration with the Institute
of Radiation Breeding. This high percentage of Gamma-ray irradiated
mutants indicates that mutation breeding via Gamma-ray irradiation is
an effective and highly successful approach for the generation of com-
mercial cultivars. Some mutant cultivars of Japanese pear exhibiting
resistance to diseases induced by Gamma-ray irradiation and develop-
ment of a unique bioassay by using toxins of fungi was discussed. In
addition, 228 indirect-use (hybrid) mutant varieties primarily generated
in rice and soybean have found value as parental breeding germplasm
resources in Japan. In 2005, two direct-use cultivars and 97 indirect-use
cultivars of rice contributed approximately 12.4% of the total area of rice
cultivation in Japan. The semi-dwarf gene (sd-I) generated in rice is
perhaps one of the most significant contributions. For soybean, similar
Gamma-ray induced mutants comprised nearly 9.4% of the total culti-
vation area of soybean in Japan. Molecular genetic studies focused on
genome sequencing have become an extremely powerful tool for identi-
fying the genes and for selecting mutants exhibiting specific phenotypes.
It is anticipated that molecular genetic interaction will complement
gains in mutation breeding on a dramatic scale. Chronic irradiation in
the Gamma Field is also considered to be a useful tool for generating
mutant resources for future molecular studies especially in rice, and
expand its use into the other graminaceous crops which have genomic
synteny to rice. There are interesting reports concerning mutations in
rice, such as low glutelin content, in which the size and location of dele-
tions and the mechanisms and phenotypes of low glutelin content were
elucidated. Chronic irradiation in the Gamma Field is useful to generate
mutant resources for molecular researches.

Introduction

After the construction of the Gamma Field, now considered the worlds
largest radiation field (Fig. 1, 100m radius with an 88.8 TBq “Co source
at the center), the Gamma Room and the Gamma Greenhouse in the
Institute of Radiation Breeding (IRB) in 1960’s, mutation breeding was
accelerated by cooperative research with national and prefectural breed-
ing laboratories, private companies and universities in Japan [1].

In The New York Times (In “Useful Mutants, Bred With Radiation” by
William J. Broad, August 27, 2007), Dr. P. J. L. Lagoda of the Joint FAO/
TAEA was quoted to say, “Spontaneous mutations are the motor of evo-
lution. We are mimicking nature in this. Were concentrating time and
space for the breeder so he can do the job in his lifetime. We concentrate
on how often mutants appear - going through 10,000 to one million - to
select just the right one”

Institute of Radiation Breeding, National Institute of Agrobiological Sciences, Hitachi-Ohmiya,
Ibaraki, Japan

E-mail: ngene@affrc.go.jp

Figure 1 Gamma Field of IRB

The concept and objectives of the IRB's Gamma Field has the same
goals for the plant breeder. The facility is used to artificially induce
mutations at a higher frequency than it occurs in nature. The radiation
dose at the nearest point of the field (10m from the center, ca. 2Gy/
day) is estimated to be about 300,000 times that of normal and natural
background radiation. At the farthest point (100m from the center, ca.
0.01Gy /day), the radiation dosage is about 2,000 times that of normal
background radiation. This means that growing plants at the nearest
point to the Gamma-ray sources are being treated to a 1,000 year’s of
accumulated normal background rates of radiation per day. Although we
do not know all the genes or mechanism of mutations, radiation breed-
ing has produced many useful mutant cultivars and contributed greatly
to the farmers and industries of Japan.

In 1991, the Ministry of Agriculture, Forestry and Fisheries (MAFF)
of Japan launched the Rice Genome Research Programme (RGP),
with the aim of fully decoding the rice genome in three phases over a
21-year period. With the cooperation of 10 participating countries [2],
the genome sequencing of 12 rice chromosomes was completed in 2005
[3]. Following this achievement, molecular genetic studies based on the
results of the genome sequencing project became the most powerful tool
for selecting mutants of certain characteristics in rice. This is anticipated
to revolutionize mutation breeding success in rice, and become applica-
ble to a number of other important crop species.

In this report, the mutant cultivars developed mainly by Gamma-rays
are discussed. In addition, their economic impacts in Japan, as well as
molecular studies performed to elucidate the mutation at the DNA level
are described.

Mutation breeding and released cultivars in Japan
In a 2007 search regarding the number of induced mutation varieties in
the IAEA database, China is first in the number of described induced
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mutation varieties at 638; India is second listing 272 varieties; and
Japan is third with 233 varieties. The total number of mutant cultivars,
including direct-use mutant cultivars and indirect-use cultivars, exceed
these totals. A selection of mutant cultivars developed in Japan, includ-
ing the economic impact of these cultivars, and their characteristics are
reviewed here.

The number of cultivars developed by mutation breeding

Figure 2 shows the number of direct-use and indirect-use (hybrid)
mutant cultivars registered in Japan in each five-year period from 1960
to 2005. The number of direct-use cultivars had been rapidly increasing
until 1995, when 67 cultivars were registered in five years (about 13 culti-
vars per year). This number fell from 2001 to 2005, with only 41 cultivars
being registered (about 8 cultivars per year). The number of indirect-use
cultivars primarily generated in rice has steadily increased over time
and 68 cultivars were registered from 2001 to 2005. This number can be
increased if agronomically useful, direct-use cultivars, such as “Reimei”
with the sdI dwarf gene for rice are developed.

Two hundred and forty two direct-use mutant cultivars comprising
61 species generated through irradiation utilizing Gamma-ray, X-ray
and ion beams, chemical mutagenesis and in vitro culture (somaclonal
variation), have been registered and released in Japan (Fig. 3). More
than 61% of these were induced by Gamma-ray irradiation and those
induced by somaclonal variation and chemical mutagen, not including
those with double chromosome numbers through colchicine treatment,
are 15.7% and 6.6%, respectively. Recently, the development of mutant
flower cultivars, generated by ion beam irradiation, has been a growing
area of mutation induction in Japan.
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Figure 2 Number of cultivars developed by mutation breeding in each 5-year period from
1961-2005. Total number of direct use cultivars is 212 and that of indirect use cultivars
is 230 [4].
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Figure 3 Percentage of total 242 cultivars developed by mutation breeding by using various
kinds of methods in Japan (2008). Chemical mutagen does not include colchicine [4].
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Table 1 shows the number of registered mutant cultivars of some
crops developed by radiation, Gamma-rays, and those irradiated at the
IRB, NIAS [4]. There are 50 mutant cultivars of chrysanthemum, 31
of rice, 16 of soybean, 10 of rose, etc. Among them, 100 cultivars have
been generated at the IRB and these contributions of the IRB regarding
the development and release of superior mutant induced cultivars has
been extensive. This high percentage of Gamma-ray irradiated mutants
indicates that mutation breeding via Gamma-ray irradiation is an effec-
tive and highly successful approach for the generation of commercial
cultivars.

The first mutant rice cultivar is “Reimei,” which means “dawn” in
Japanese, was the first irradiation induced mutant cultivar that illus-
trated the potential of utilizing Gamma-rays for breeding improvements
in Japan. Reduction of plant height, including dwarfism and semi-dwarf-
ism is one of the characteristics that can be induced with high frequency
by irradiation and can be easily detected in the field. “Reimei,” registered
in 1966 [5] was a successful case of an irradiation induced semi-dwarf
mutant. This cultivar exhibits a mutation of the sd-1locus [6] and shows
a culm 15cm shorter than the original cultivar “Fujiminori” The semi-
dwarf is associated with the high-yielding ability and recorded the high-
est yield in Japan in 1967 [5].

Table 1. Number of registered mutant cultivars developed by radiation, Gamma-
rays, and those irradiated in the Institute of Radiation Breeding, NIAS [4]

Mutant cultivars® Radiation = Gamma-rays IRB?
61 Crops 242 188 146 100
Rice 31 14 12 11
Wheat 4 2 2 0
Barley 4 4 8 0
Soybean 16 16 15 9
Chrysanthemum 50 46 32 29
Rose 10 7 7 6
Sea pink (Limonium) 6 6 6 0
Cytisus 8 8 8 8
Apple 2 2 2 2
Japanese Pear 8 3 8 3
Others 108 80 56 32

! Total number of mutant cultivars developed by radiation (Gamma-ray, X-ray and
ion beams), chemicals (Excluding colchicine treatment), somaclonal variation
2 Number of mutant cultivars irradiated in the Institute of Radiation Breeding (IRB)

Table 2. Number of indirect use mutant cultivars in Japan (2008)

Rice Wheat Barley Soybean Tomato Others Total

198 3 7 9 3 7 228

In Japan, the total number of indirect-use mutant cultivars is 228,
which includes 198 rice, 9 soybean, 7 barley, 3 wheat, 3 tomato, 4 lettuce,
1 eggplant, 1 Japanese lawngrass, 1 mat rush, and 1 mushroom cultivar
in 2008 (Table 2). Interestingly, among the 198 indirect-use mutant cul-
tivars in 2008, 89 cultivars (44.9%) were derived from the “Reimei” or
its offspring. This suggests that agronomically useful mutations can be
utilized as parental lines to develop new varieties with this characteristic
and transferred efficiently to the farmers’ field.

The Economic impact of mutant cultivars in Japan

Figure 4 shows the increase of mutant rice cultivars, which were derived
from mutants generated by Gamma-rays, planted in farmers’ fields in
Japan since 1960. “Reimei” was first cultivated on 61,598 ha in 1968,
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(http,//ineweb.narcc.affrc.go.jp/). The number of mutant cultivars has
been increasing and 99 mutant cultivars (2 direct-use and 97 indirect-
use cultivars) were in cultivation in 2005 [4].
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Figure 4 Total number of mutant rice cultivars, which are derived from mutants generated by
Gamma-rays, cultivated in farmers’ field from 1960 to 2005 in Japan [4].
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Figure 5 Total areas of mutant rice cultivars, which are derived from mutants generated by
Gamma-rays, cultivated in farmers’ field from 1960 to 2005 in Japan [4].

Figure 5 shows the total cultivated field of the mutant cultivars, which
are derived from mutants generated by Gamma-rays, from 1961 to 2005.
This increased after “Reimei” was released for cultivation in 1968. The
peak use of mutant induced cultivars reached 250,000 ha in 1986 and
was slightly more than 200,000 ha from 1994 to 2005. In 2005, the total
cultivated area of mutant cultivars was 210,692 ha, which is 12.4% of
total cultivated area of paddy rice (1,702,000 ha) in Japan [4].

The total crude income of farmers selling the brown rice of mutant
cultivars also has been increasing as the increase of the cultivated area,
although the price of the grain is different in each year. The amount of
total income is estimated to be approximately 250 billion Yen (2.34 billion
US dollars) in 2005 [4]). The mutant cultivars, which are derived from
mutants generated by Gamma-rays and have been cultivated on more than
5,000 ha from 2001 to 2005, are the following 17 cultivars, “Kinuhikari
(263,223ha)”; “Haenuki (219,734ha)”; “Tsugaru-roman (106,423ha)”;
“Yume-akari (66,491ha)”; “Yume-tsukushi (58,893ha)”; “Aichi-no-kaori
(53,697ha)”; “Asahi-no-yume (51,04%ha)”; “Mutsuhomare (46,959
ha)”; “Dontokoi (17,008ha)”; “Yume-shizuku (14,076ha)”; “Mine-asahi
(10,698 ha)”; “Yume-hitachi (10,440ha)”; “Yume-minori (9,957ha)”;
Aki-geshiki (7,510ha)”; “Aki-roman (7,450ha)”; “Miyama-nishiki (7,242
ha)”; and “Tsukushi-roman (5,533 ha)” The mutant cultivars, which
have been cultivated in more than 100000ha of farmers’ fields are the
following 5 cultivars, “Akihikari (1,410,810ha)”; “Reimei (886,188ha)”;
“Kinuhikari (263,223ha); “Haenuki (219,734ha); and “Tsugaru-roman
(106,423ha)” Among them, “Reimei” is a direct-use mutation cultivar
and the others are indirect-use cultivars [4].

There are 16 direct-use mutant cultivars of soybean registered in Japan
since “Raiden” and “Raikou” were developed by Gamma-ray irradiation
in 1960. The improved characteristics were early-maturity and late-
maturity, yellow hilum, seed-coat color, short-stem, and the number of
pods/stem, lipoxygenase-free, low allergen etc. Among them, one cul-
tivar was induced by X-ray and the other 15 were induced by Gamma-
rays. The number of indirect-use cultivars is 10. The total cultivated area
of mutant cultivars cultivated in the farmers’ fields came to 13,283 ha
(9.4% of total cultivated area (142,000ha) of soybean in Japan in 2005)
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and total farmers’ crude income was 5.56 billion Yen (ca. 52 million US
dollars) [4]. As a result, economic impact of mutant cultivars is huge in
Japan.

Some useful mutant varieties by using various screening methods

Rice

Although rice is not a high protein grain crop, the protein content is
ca. 7% when the white rice is cooked. A mutant line with a low content
of gulutelin was obtained from the ethyleneimine (EI) treatment to
“Nihonmasari” The “LGC-1” was developed from back-crossing this
mutant with the original “Nihonmasari” to eliminate undesirable char-
acteristics, such as semi-sterility and semi-dwarfism [7]. The seed pro-
tein of the “LGC-1” is composed of mainly of a low amount of digestible
glutelin and high amount of indigestible prolamine. This construction
of protein is disadvantageous for the digestion of rice grains in humans,
though the total amount of protein is mostly similar to the original cul-
tivar. As a result, the “LGC-1” is useful as “low protein rice,” and some
clinical trials on patients with kidney disease indicate that the variety
is a useful and effective daily food for such patients [8]. The defect of
the “LGC-1” is its eating quality, and there are the other loci that con-
trol the biosynthesis of digestible protein, such as globulin. Therefore,
Nishimura, et al. [9] induced a mutant named “89WPKG30-433” with a
deficiency in globulin from the leading Japanese cultivar “Koshihikari”
through Gamma-ray irradiation. They hybridized it with the “LGC-1”
and selected “LGC-Katsu” and “LGC-Jun” from the hybrids, whose
globulin content was as low as the “LGC-1,” where the globulin content
is zero. The total digestible protein content tested to about 30% of ordi-
nary rice. As the eating quality is highly improved and digestible protein
content is lower than “LGC-1,” these two cultivars will greatly help in the
dietary management of proteins with chronic renal failure.

Soybean

Takagi [10] identified two major genes, which control radio-sensitivity,
in some soybean varieties. When the 50% reduction rate (RD_) of root
length was determined with acute irradiation to the seeds or the chronic
irradiation to the plants for the entire growth period, radio-sensitivity of
a sensitive cultivar, “Shinmejiro,” is more than twice that of the resistant
variety, “Tachisuzunari” The differences in radio-sensitivity between the
varieties to the chronic irradiation in the Gamma Field were control-
led by a single recessive gene, rsl. Besides, the second recessive gene
rs2, which was discovered in “Goishishirobana,” whose activity is only
expressed following acute seed radiation.

Falmitic acad
{C18:0)
leennaeyd. 1 ACT symehase 1 Sapl, Fapl
l “‘""It s Pipa, Fape
Stearic acid o | Obeicacid Linoleic cid Linilenic acid
(C18:0) Y oasn || s || sy
firaryl ACP synthaas l web denaburase w3 denaburase
et {GmFAD {GmFAD)
- E i
> mmu;:ﬁnn = P
Erucic acid
(C22:1)

Figure 6 Metabolic pathway and key genes of fatty acid in soybean [13] (courtesy of Prof.
Y. Takagi).



Soybean is the most widely used source of edible oil for human
consumption. Fatty acids of soybean seeds consist of palmitic acid,
stearic acid, oleic acid, linoleic acid, and linolenic acid (Fig. 6). Altered
unsaturated fatty acid content (elevated oleic acid and reduced linolenic
acid) increase the oxidative stability that provides health benefits and
improvement of fatty acid contents. This has been one of the most
important breeding objectives of soybean. As natural genetic diversity
in soybean is limited, mutation induction is one effective approach to
induce modification. Through the use of X-rays or chemical mutagens,
mutants with different fatty acid compositions, such as reduced and
elevated palmitic acid, elevated stearic acid, elevated oleic acid (50%) ,
and reduced linolenic acid (3%) content were isolated and found to be
controlled by major genes (Fig. 6; [11-13]).

Soybean seed has three lipoxygenases called L-1, L-2 and L-3, respec-
tively [14]. The lipoxygenases are the main factors of the grassy-beany
flavor of the products. Soybean lines lacking each of the three genes
have been developed. However, no line lacking all three genes has been
obtained because of tight linkage between L-1and L-2[15]. The F, seeds
derived from a cross between a line without -1, L-3 and a line without
L-2, L-3 were irradiated with Gamma-rays. After surveying 1,813 M3
seeds by using SDS/PAGE, one mutant seed lacking all L-1, L-2, and L-3
was selected [16]. A new cultivar “Ichihime” with this unique character-
istic was registered and released in 1994 [17].

[talian ryegrass

Mutation breeding has been mainly established in seed propagated,
self-pollinated species. Although several methods have been widely used
for the screening of mutants in self-pollinated species by the single-seed
descent approach [18,19] and by single seed descent (one-plant-one-
grain method, Yoshida [20]), these methods have not been applied to
cross-pollinated species. Ukai [21] developed a new method for obtain-
ing mutants of cross-pollinated species efficiently in a temperate forage
grass, Italian ryegrass (Lolium multiflorum L.). The method was called
the “Crossing-within-Spike-Progenies Method” This method is com-
posed of 1) taking seeds separately from each spike from a population of
plants irradiated with Gamma-rays, 2) sowing the seeds in a hill plot as a
spike-progeny, 3) isolating each hill from others at the time of flowering
and allowing the open-pollination of plants within hills, and 4) taking
seeds from each of the hills and sowing the seeds in hill progenies for
the screening of mutants. This procedure is repeated each year. When
300Gy of Gamma-ray was irradiated to the seed, the frequency of chlo-
rophyll mutations was approximately 70.6% per hill progeny and 1.87%
per plant. In contrast, open-pollinated populations exhibited that only
10% per progeny and 0.12% per plant, respectively. This method will be
applied to the other wind- or insect-pollinating outcrossing crop species.

Chrysanthemum

In general, it is very difficult to isolate mutants from mutation sectors
in vegetatively propagated crops although the maintenance of mutant
genotypes is easier than the seed-propagated species. It has been shown
that the combined method of chronic Gamma-ray irradiation and tissue
culture is very effective in solving this problem. By tissue culturing the
floral organs of chrysanthemum (Chrysanthemum morifolium Ramat.)
plants chronically irradiated in the Gamma Field from the seedling to
the flowering stages, many non-chimeric mutants, with various flower
colors and shapes, are obtained [22]. From these mutant lines, 10 culti-
vars were registered. The technology, given the term “radiobiotechnol-
ogy, is not only effective in obtaining non-chimeric mutants but also
effective in producing high mutation frequencies. The method has been
utilized to induce mutations in various vegetatively propagated crops
and many mutant cultivars have been registered.
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Japanese pear and apple resistant to Alternaria disease

A popular cultivar of Japanese pear (Pyrus serotina Rehd. var. culta
Rehd.), “Nijisseiki,” which was a leading variety, occupied 28% of the total
cultivated area of Japanese pear in 1990 in Japan. The cultivar, however,
is highly susceptible to the black spot disease, Alternaria alternata (Fr.)
Keissier (= Alternaria kikuchiana Tanaka), one of the most serious dis-
eases of pear [23]. Growers are required to spray fungicides several times
during the growing season to counter the disease. To induce mutations
resistant to the disease by Gamma-ray irradiation, small plants of the cv.
“Nijisseiki” were planted at every 4 meters from 37 m to 63 m from the
®Co source in 1962 and chronic Gamma-ray irradiation was applied (30
x10-2Gy - 4 x 10-2Gy /day) in the Gamma Field [24]. In 1981, nearly 20
years after the planting, a twig without the symptom of the disease was
found in a plant planted at a distance of 53 m from the irradiation source.
As it was ascertained that there was no difference in other agronomic
characteristics between the mutant and the original variety except for
the resistance to the black spot disease, it was registered and released in
1991 with the name “Gold Nijisseiki’[24]. It was registered as the same
name in Australia in 2004 (Certificate Number 2533).

Dr. Sanada, one of the breeders of this cultivar, mentioned, “The
situation of mutation breeding on fruit trees has been severely criticized
because there have been no successful results” Although it took them
nearly 20 years to identify a useful mutation and 30 years for the registra-
tion, the release of “Gold Nijisseiki” is a monumental achievement for
the Gamma Field.
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Figure 7 Bioassay of resistant to the black spot disease by using the AK-toxin obtained from
the culture of the fungus. Upper to lower leaf disc(1 — 5) means 1 (young) to 5 (older) leaf;
cv.“Chojyuro”, highly resistant; cv. “Nijisseiki”, highly susceptible; cv. “Gold Nijisseiki”,
resistant.

At the same time an easy and effective method for the screening of
resistance to the fungus has been developed by treating leaf discs (7 mm
in diameter) by the AK-toxin produced by the fungus [25]. It was coinci-
dental and lucky for the breeders that Nakashima, et al. [26,27] isolated
and identified the chemical structure of the toxin named “AK-toxin” pro-
duced by the fungus of black spot disease and generating the symptom
of black spots on leaves at the same time. As a consequence, the breeding
group entered into a cooperative research programme with the chemis-
try group and established this unique method. When the leaf discs are
placed on the filter paper soaked with AK-toxin obtained either from the
extract of the fungal body or artificial synthesis in a Petri dish, and kept
for two or three days, susceptible leaves turned to black and resistant
leaves stayed green (Fig. 7). After the development of this method, two
new mutant varieties, “Osa-Gold [28,29]” and “Kotobuki Shinsui [30]”
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were developed in a short period of time by using this screening method.
The economic effect of this research has been great [4].

These researches suggest that the breeding of fruit trees requires
patience and that development of easy and precise screening methods is
a very important addition to the development of methods for mutation
induction.

Achievement of biological researches on mutations induced
by Gamma-ray irradiation

Deletion size generated by Gamma-ray

Naito, et al. [31] studied the deletion sizes of transmissible and non-
transmissible mutations induced with Gamma-ray and carbon ion
beam irradiation by the sophisticated pollen-irradiation methods in
Arabidopsis. It has been revealed that most mutants induced with these
ionizing irradiations possess extremely large deletions (more than 6
Mbp), most of which are not transmittable to the next generation, as
well as small deletions (1 or 4 bp), which are normally transmissible.

In rice, the same tendency was observed in transmissible mutants.
Morita (unpublished) researched the frequency of transmission of dif-
ferent mutations possessing different deletion sizes as obtained with
Gamma-ray irradiation in rice. Among 11 Gamma-ray induced mutants,
one GluA2 mutant exhibited 1 base pair (bp) substitution, and among 10
mutants with a deletion, the deletion size of 6 mutants, which include
CAO (chlorophyllide-a oxygenase), GA3os (GA3-beta-hydroxylase),
GluAl (glutelin Al), and GluA2 (glutelin A2) are 1 bp deletion, and
those of the other CAO mutantsand PLA 1 (Plastochronl) are 3 and 5 bp
deletions, respectively. Those of GluB4/5 (Glutelin B4/5), two a-globulin
mutants are more than 10 kbp, 15 kbp, and 90 kbp, respectively. It is
very interesting that the Gamma-ray induced mutations transmittable
to the next generation are primarily classified into 2 groups, the one
with extremely a large deletion and the other with small deletions (1 to 5
bp). We are not sure whether or not it is very difficult to obtain mutants
with medium deletion size by Gamma-ray irradiations. However, we are
accumulating data to elucidate it.

Different size and location of deletion generates

different kinds of phenotypes

In the course of plant evolution, genes are often duplicated in tandem,
resulting in a functional redundancy. The analysis of function of these
genes by developing double mutants might be difficult because they
would be very tightly linked. Mutants of such tandem duplicated genes
were investigated for their genotypes and phenotypes. There are reversely
repeated two loci, which both codes for mRNA of glutelin production.
There are various mutants that exhibit low glutelin contents isolated by
SDS-PAGE [7, 32]. The mechanisms of low glutelin contents of mutants
that have been studied suggest that the size and the position of deletions
generate different characteristics of mutations. Some act as dominant
genes or recessive genes, and those relationships between genotypes and
phenotypes, etc. are provided as example below.

Mechanism of low glutelin content in the “LGC-1" mutant

The Low glutelin content (Lgc-1) is a dominant mutation that reduces
glutelin content in the rice grain. Glutelin is a major digestible seed stor-
age protein encoded by a multigene family. Kusaba, et al. [33] reported
that in Lgc-1 homozygotes, there is a 3.5 kbp deletion between two
highly similar glutelin genes that forms a tail-to-tail inverted repeat,
that might produce a double stranded RNA molecule, a potent inducer
of RNA silencing (Fig. 8). As a result, glutelin synthesis is suppressed
and the glutelin content is lowered. The Lgc-1 provides an interesting
example of RNA silencing occurring among genes that exhibit various
levels of similarity to an RNA-silencing- inducing gene. This was the first
report that shows the mechanism of a mutation was RNAi.
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Figure 8 Mechanism of low glutelin in LGC-1 through a deletion at the transcription termi-
nation signal and produced double-stranded RNA suppress the glutelin synthesis by RNAi
[33] (by courtesy of Prof. M. Kusaba, Hiroshima University).

Mechanism of low glutelin content in the “glul” mutant

The “glul” is a gamma-ray-induced rice mutant, which lacks an acidic
subunit of glutelin, a major seed storage protein. Morita, et al. [34] elu-
cidated that the g/ul harbors a 129.7 kbp deletion involving two highly
similar and tandem repeated glutelin genes, GluB5 and GluB4. The dele-
tion eliminated the entire GluB5 and GluB4 gene except half of the first
exon of GluB5. As a result, the phenotype of the glul gene is a complete
lack of the acidic subunit of glutelin and acts as a recessive gene for low
glutelin content in rice grains (Fig. 9).

Conclusion

The above examples illustrate that the position and the size of deletions
in the same loci have the capacity to dramatically alter the phenotype of
mutants through the process of transcription and translation. The glul,
which has a large 129.7 kbp deletion, acts as a recessive gene, while the
LGCI, which has 3.5 kbp deletion including probably a terminal signal
of the transcript region acts as a dominant gene.

Furthermore, the GluB5 and the GIluB4 have the same amino acid
sequence in their acidic subunit, suggesting that only the mutation
involving both GluB5 and GluB4 result in the resultant phenotype. That
is the lack of the glutelin acidic subunit deleted in the “glul” mutant. It
probably is very difficult to knock out both loci by chemical treatment
or transposon techniques. Sequenced plant genomes exhibited more that
14% of the genes formed tandem array [3, 35]. This finding, however,
suggests that Gamma-rays can be an effective mutagen to generate
knock-out mutants of both loci and to analyze tandem repeated and
functionally redundant genes.
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Figure 9 Comparison of phenotype, mode of inheritance and mechanism of mutation char-
acter between glul and Lgcl mutation with different size and place of deletion in the same
region of 2 loci, GluB4 and GluB5 (by courtesy of Dr. R. Morita, IRB, NIAS). glul,Morita et
al. [34] ; Lgcl, Kusaba et al. [33]



Genetic studies by the useful mutations induced with
Gamma-ray chronic irradiation

As the history has shown, spontaneous and induced mutation
resources have played an important role not only for mutation breeding
but also genetic studies and the elucidation of gene functions.

Phytochrome

Takano, et al. [36] have isolated phytochrome B (phyB) and phy C
mutants from rice and have produced all combinations of double
mutants. Seedlings of phy Band phyB phyC mutants exhibited a partial
loss of sensitivity to continuous red light but still showed significant
deetiolation responses. The responses to red light were completely can-
celed in phyA phyB double mutants. These results indicate that phyA
and phyB act in a highly redundant manner to control deetiolation
under red light. They also found that mutations in either phyB or phyC
locus causes moderate early flowering under a long-day photoperiod,
while monogenic phyA mutations had little effect on flowering time. The
phyA mutation, however, in combination with phyB or phyC mutation
caused dramatic early flowering. Early flowering mutants were generated
by chronic Gamma-ray irradiation with dose rates ranging between 3
and 6Gy /day [36].

Aluminum tolerance

Ma, et al. [37] isolated a mutant with highly sensitivity to aluminum
concentration from cv. Koshihikari of japonica rice, which has an alumi-
num resistance [38]. The mutant was induced with chronic Gamma-ray
irradiation and exhibited the same phenotype to the wild type with the
absence of aluminum. That is, M, plants were irradiated in the Gamma
Field from seven days before heading to two days after heading under
20Gy /day for eight days. The root elongation of the mutant, however,
was highly inhibited in the presence of 10 uM Al. The mutant also exhib-
ited poorer root growth in acid soil. Genetic analysis showed that the
high sensitivity to Al is controlled by a single recessive gene. The gene
was mapped to the long arm of chromosome 6.

Conclusion

The Gamma Phytotron was established in Korea in 2005 and the Gamma
Greenhouse, approximately doubled the size of the Gamma Greenhouse
located at the IRB, Japan, was established in Malaysia in 2008. Both
facilities are focused on the induction of mutation by chronic Gamma-
ray irradiation to growing plants of important crop species. As described
earlier in this report, chronic irradiation is a useful tool for the genera-
tion of mutant genome resources that have application toward molecular
analysis as well as conventional breeding.

Conclusions
A. M. van Harten [39] describes in “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 tech-
nologies...As a result of these developments mutation breeding seems to
have lost part of its previous attraction for young researchers.”

It is not necessary to mention, however, that mutation breeding is
still a very interesting and useful technology for isolating genes and for
elucidating gene mechanisms and metabolic pathways in various crops.

The record has also shown that mutation induction is a very useful
conventional breeding tool for developing superior cultivars. Today, site-
directed mutagenesis in vivo or in vitro cell can be envisioned and many
researchers are conducting programmes in this direction.

New fields of science and technologies were developed on the basis of
achievements of traditional or classic methods. It is highly desirable that

H NAKAGAWA

the IRB continues their work while incorporating the new knowledge
and technologies. The IRB is well equipped with appropriate facilities
and equipment that will contribute to the future mutation breeding
developments and be a contributor in solving the problems mentioned
in this review.
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Mutation Breeding in Oilseeds and Grain Legumes in
India: Accomplishments and Socio-Economic Impact

S FD’Souza’, K S Reddy, A M Badigannavar, ] G Manjaya & S J Jambhulkar

Abstract

In India, oilseed and legume crops are important food components
as they are major contributors to dietary oils and proteins. In order to
generate genetic variability in these crops, mutation research is exten-
sively carried out at Bhabha Atomic Research Centre (BARC), Mumbai
for the past half a century. Besides cytogenetic studies, the era of direct
mutants as crop varieties began in groundnut, mustard, pigeonpea and
mungbean. Induction of modified traits and their incorporation in an
ideal genotype was achieved by judicious use of induced mutation and
hybridization techniques. So far, 110 varieties in oilseed and legumes
have been developed in India by incorporating desirable traits like large
seed, semi-dwarf habit, high harvest index, better partitioning, fresh
seed dormancy, yellow seed color, drought tolerance, resistance to pow-
dery mildew, yellow mosaic virus, and bacterial pustule diseases. Many
of the national/state breeding programmes have been utilizing these
varieties as parental materials/donors and developed several improved
varieties. Several of these varieties have high patronage from the farming
community and are extensively grown in the country. Groundnut varie-
ties have made considerable impact by giving record yields across the
country. Further, mungbean varieties were also surging ahead by virtue
of their resistance to yellow mosaic virus, Rhizoctonia root-rot and pow-
dery mildew diseases with suitability to rice fallow situations. Blackgram
variety TAU-1 has occupied maximum blackgram area in Maharashtra
state. These varieties also facilitated farmers to develop newer cropping
systems. Thus, induced mutation research remained in the forefront of
Indian agricultural research by developing popular varieties with higher
productivity potential in oilseeds and legumes.

Introduction

India produces variety of oilseeds and grain legumes, which constitute
around 12% and 7% of the total food grain production, respectively
[1]. Large proportion of Indian population relies on grain legumes as a
dietary source of proteins due to economic or cultural reasons. India is
the fifth largest oilseed producer accounting for 8% of the global oilseed
production. Soybean contributes 31.4%, rapeseed/mustard 28.2%,
groundnut 27.7% and sunflower 4.8% to Indian oilseed production
[1, 2]. Among the food legumes, chickpea is the major Indian legume
contributing 40.2% to country’s total legume production followed by
pigeonpea (17.4%), blackgram (10.6%) and mungbean (8.6%) [1].
National productivity levels compare poorly with rest of the world. In
2006, India imported 4.17 million tonnes of edible oils and 1.61 million
tonnes of legumes worth of 2.57 billion USD [1]. Annual consumption
of these is expected to increase further with increased urbanization,
higher disposable incomes and burgeoning population, necessitating
more imports. Many of the issues attributed to lower productivity were
narrow genetic base, lack of tolerance to biotic and abiotic stresses, lack
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of quality seeds of improved varieties and restriction of these crops on
marginal areas with poor inputs.

Development of mutant varieties in oilseeds and grain legumes
Mutation breeding has played a significant role in the last 75 years by
releasing around 2,672 mutant varieties for commercial cultivation in
the world [3]. The major contribution is from cereals followed by orna-
mentals, legumes and oilseeds. Most of mutant varieties were released
in China (27.7%), India (12.7%), Russia (9.8%), Japan (8.7%), Germany
(6.5%), Netherlands (6.5%), USA (4.7%) and others (22.9%). Many
induced mutants were released directly as new varieties, others used as
parents to derive new varieties. Nearly 400 mutant varieties have been
released in oilseeds and legumes in the world, of these 110 varieties were
released from India.

In India, mutation breeding is being carried out in several national/
state universities/institutes like Bhabha Atomic Research Centre (BARC),
Indian Agricultural Research Institute (IARI), National Botanical
Research Institute (NBRI), Tamil Nadu, Agricultural University
(TNAU), etc. Under the peaceful uses of atomic energy in agriculture,
BARC had initiated radiation based mutation techniques for the genetic
enhancement of oilseeds and legumes more than five decades back. At
present, BARC has been concentrating on major oilseeds of country’s
interest like groundnut, mustard, soybean, sunflower and legumes such
as pigeonpea, mungbean, blackgram and cowpea [4]. Initial research
activities focused on the effect of radiation on oilseeds and legumes,
induction of wide spectrum of mutants for various traits, and geneti-
cal and cyto-genetical studies of mutant traits. In most of the mutation
experiments, the objectives were to develop high-yielding varieties with
early maturity, large seed, high oil content, moderate seed dormancy,
ideal ideotype, tolerance to biotic and abiotic stresses and improved
seed quality traits. Both chemical and physical mutagens were used for
induced mutagenesis in oilseeds and legumes. Initial germplasm used
for mutagen treatment was seeds of cultivar, mutant, selection, hybrids
or advanced lines. Induced mutants are utilized directly for varietal
development or in recombination breeding by hybridizing mutant X
mutant, mutant X cultivar, mutant derivative X mutant or mutant deriva-
tive X cultivar. Varietal development using mutation with recombination
breeding in oilseeds and grain legumes and their accomplishments and
societal impact is briefly discussed here.

Sustained induced mutagenesis in oilseeds and grain legumes using
X-rays, beta rays, Gamma-rays, fast neutrons, ethyl methane sulphonate
and sodium azide resulted in wide spectrum of mutants affecting various
traits (Table 1). Of these, six mutants of groundnut, three of sesame and
one of sunflower were registered with National Bureau of Plant Genetic
Resources (NBPGR), New Delhi for their mutant traits. First groundnut
mutant, TG 1 with superior agronomic performance was released for
commercial cultivation in 1973 [5]. Later research efforts with the initial
X-ray irradiation followed by intermittent gamma irradiation and cross
breeding exploited interaction of mutant X mutant, mutant X cultivar,
mutant X breeding line genomes in turn resulted in wide spectrum of
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genetically diverse, agronomically important breeding lines. Planned
irradiation had broken undesirable linkages and enhanced favorable
recombinants. As a result, traits like large seed, increased harvest index,
assimilate partitioning, semi-dwarf habit, earliness, new ideotypes,
improved seed quality, and enhanced disease resistance were incorpo-
rated in oilseed and legumes.

The effective blend of mutation and recombination breeding at our and
other institutes resulted in the release of 50 oilseeds and 60 legume varie-
ties for commercial cultivation in the country (Table 2). Among these, 33
varieties have been released by BARC [4]. These varieties were evolved
by incorporating desirable agronomic features like large seed in TG 1,
TKG 194, Somnath (TGS 1), TPG 41 and TLG 45 (groundnut); TAT 10

and TT 6 (pigeonpea); TAP 7, TM 96-2 and TMB 37 (mungbean); TAU 2
(urdbean); semi dwarf habit, high harvest index and better partitioning in
TAG 24 (groundnut), TRC 77-4 (cowpea); fresh seed dormancy in TG 22
and TG 26 and drought tolerance in TG 37A (groundnut). Additionally,
powdery mildew resistance in TARM 1, TARM 2, TARM 18, TM 96-2;
powdery mildew and yellow mosaic resistance in TMB 37 and TJM 3
(mungbean), bacterial pustule resistance in TAMS 38 and multiple pest
resistance in TAMS 98-21 (soybean); yellow mosaic virus resistance in TU
94-2 (urdbean) were also introduced in these varieties. Mutant varieties
like Aruna of castor, Pusa 408 (Ajay), Pusa-413 (Atul), Pusa-417 (Girnar)
of chickpea, Co-4, MaruMoth-1 of mothbean are among the important
varieties of economic significance released in India.

Table 1. Spectrum of mutants in oilseeds and grain legumes maintained at BARC, Mumbai, India

Mutagen used

X rays, gamma rays, EMS, Sodium azide
Gamma rays

Beta rays, gamma rays

Gamma rays

X rays, gamma rays, EMS

X rays, gamma rays, EMS, Sodium azide.
Gamma rays, fast neutrons, EMS

X rays, gamma rays, EMS, Sodium azide.

Crop Botanical name No of Traits mutated
mutants
Groundnut Arachis hypogaea 176 Plant height, leaf, pod, seed, disease, oil, salinity tolerance
Soybean Glycine max 55 Plant height, leaf, protein traits, fatty acid, root nodulation, flower colour, trypsin inhibitor
Mustard Brassica juncea 12 Earliness, seed colour, low erucic acid, high oil, leaf type and col-
our, appressed pods, powdery mildew tolerance
Sunflower Helianthus 10 Plant height, leaf colour, seed colour, male sterility, high oil, less ray florets, small ray florets
annuus
Mungbean Vigna radiata 124 Plant height, leaf, branches, flowering, pod, seed, yield, disease resist-
ance, drought tolerance, resistance to pre-harvest sprouting.
Blackgram Vigna mungo 74 Plant height, leaf, branches, flowering, pod, seed, yield, pod shattering resistance, disease resistance
Pigeonpea Cajanus cajan 25 Plant height, leaf, branches, flowering, pod, seed, yield, disease resistance
Cowpea Vigna 34 Plant height, leaf, branches, flowering, pod, seed, yield, disease resistance, drought tolerance
unguiculata

Table 2. Mutant varieties of oilseeds and grain legumes released for commercial cultivation in India

Crop Botanical name No of Mutagen
varieties
Groundnut Arachis hypogaea 28 X-rays, Gamma rays, Sodium azide.
Soybean Glycine max 7 Gamma rays
Mustard Brassica juncea 7 X-rays, beta rays, gamma rays
Castor Ricinus communis 4 Fast neutrons, Gamma rays
Sesame Sesamum indicum 3 Gamma rays, EMS
Sunflower Helianthus annuus 1 Gamma rays
Mungbean
Cowpea Vigna unguiculata 8 Gamma rays, DMS
Chickpea Cicer arietinum 7 Gamma rays, Fast neutrons
Blackgram Vigna mungo 7 Gamma rays,X-rays
Pigeonpea Cajanus cajan 6 X-rays, Fast neutrons, Gamma rays, EMS
Mothbean Vigna aconitifolia B Gamma rays, EMS
Lentil Lens culinaris 3 Gamma rays
Field bean Dolichos lablab 2 Gamma rays
Pea Pisum sativum 1 El
French bean  Phaseolus vulgaris 1 X-rays
Others S Gamma rays

Socio-economic impact of mutant varieties

Traits improved

Large seed, early maturity, seed dormancy, high shell-
ing out-turn, high harvest index, drought tolerance

Dwarf, earliness, bacterial leaf pustule resistance
Earliness, large seed, high oil, seed coat colour

Early, high yield, drought tolerance

Dwarf, high yield, Cercospora leaf spot (CLS) tolerance

Seed coat colour

Earliness, green fodder, high yield, fodder

High yield, profuse branching, Fusarium wilt resist-
ance, robust plant type, salinity tolerance

Large seed, terminal podding, tolerance to PM and YMV
High yield, large seed, profuse branching, wilt resistance
High yield, YMV resistance, high protein, high harvest index
Large seed, protein content

Large seed, Photo-insensitiveness

Semi-erect, high yield

Earliness, YMV resistance

High yield, earliness, large seed

The majority of the mutant varieties not only benefited the Indian farming community, but are also being used as genetic resource material in
national/state breeding programmes. Among the groundnut varieties, TAG 24, TG 26, TG 37A in normal seed class and TKG 19A and TPG 41 in
large seed class, became popular among the farming community in India. These are being used as check varieties in the respective national and state
varietal trials. As a first step to transfer the benefits of these varieties to the farmers, large-scale breeder seed production programmes were undertaken
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by involving several national institutes and state agricultural universi-
ties. In the last decade (1998-2008) 1,022 metric tons of breeder seed of
these groundnut varieties worth 1.18 million US dollars was produced
and supplied to various National and State Seed Corporations, State
Agricultural Universities, seed companies, non-governmental organiza-
tions, farmers, etc. Based on the feedback received from National Seed
Corporation, Pune, they supplied 1,190 metric tons worth 1.3 million
US dollars of certified seed of TG varieties to farmers in the last five
years. Further, several millions worth trading of groundnut mutant vari-
eties has been taking place in most of the groundnut markets.

Farmers have been realizing the high-yielding ability of groundnut
varieties by harvesting record groundnut yields in many parts of the
country. By cultivating these mutant varieties, the groundnut pro-
ductivity in major groundnut states like, Gujarat, Andhra Pradesh,
Mabharashtra, Karnataka, Orissa and Rajashtan has been almost doubled.
Hundreds of farmers were harvesting significantly improved productiv-
ity even up to seven tonnes/ha and earning a net profit up to 1,200 US
dollars/ha, when recently released groundnut varieties were introduced
in these states [6]. Progressive farmers had harvested a record yield of
more than 10 tonnes/ha dry pods in TAG 24 and TG 26 varieties by
growing them under suitable agro-ecology such as summer environ-
ment, balanced nutrition and uninterrupted but controlled irrigation to
achieve record yields in groundnut [7]. TAG 24 and TG 26 comprised
most of the ideal morpho-physiological traits defined for groundnut.
Both the varieties were grown at Field Research Laboratory, Leh at an
altitude of 3,505 meters above mean sea level using polythene mulch.
This might be the world’s first report of groundnut cultivation at that alti-
tude. According to Valls, et al. [8], some of the wild Arachis species are
grown at an altitude of almost 1,600 meters. A drought tolerant variety,
TG 37A has rekindled groundnut cultivation in desert areas of Rajashtan
state. Existing large seed varieties were with long duration, longer seed
dormancy and low productivity. However the recent release of large seed
mutant varieties like TPG 41 and TLG 45 benefited many farmers, trad-
ers and exporters by virtue of their earliness, moderate seed dormancy
and superior productivity.

Looking into advantages of these varieties, several organizations were
conducting large-scale field demonstrations and many seed companies
have taken up large-scale seed multiplication in order to reach larger
pockets of farming community. Directorate of Oilseeds Development,
Hyderabad had allocated 9,700 minikits of TG 37A and TPG 41 in major
groundnut growing states. Trombay varieties also facilitated farmers to
develop newer cropping systems like intercropping groundnut with sweet
corn, Bt cotton, sugarcane; polythene mulch technology in groundnut.
Our own estimates, breeder seed demand and feedback received from
various agencies indicate Trombay groundnut varieties cover around
25% area of groundnut in the country.

In mungbean, BARC has made major break through in developing
disease resistant varieties. TARM 1, TARM 2 and TARM 18 were the
varieties released for the first time with powdery mildew resistance for
southern and central zones of India [9]. TMB-37 has been released for
summer season, having early maturity (55-59 days) and yellow mosaic
disease resistance that made available an additional area for mungbean
cultivation under crop diversity programme. Another mungbean variety
TJM 3 is the first variety with multiple disease resistance for powdery
mildew, yellow mosaic virus and Rhizoctonia root-rot diseases. The
recently released mungbean variety TM 96-2 is the first variety for rice
fallow cultivation in India, which has powdery mildew resistance and
synchronous maturity which are the essential traits for rice fallow culti-
vation, where nearly four million hectares of rice fallow area is available
in India and considered prime area under crop diversity programme.
Disease resistance in Trombay mungbean varieties not only enhanced
the productivity but also benefited in recovering quality seeds. Based
on the breeder production during last few years, Trombay mungbean

varieties are estimated to cover around 10% (300,000ha) of mungbean
area in the country.

Urdbean mutant varieties TAU 1 and TU 94-2 are very popular varieties
in central and southern zones of India. TAU 1 ranks first for breeder seed
demand every year. Based on the feedback received from Maharashtra
State Seed Corporation, Akola and National Seed Corporation, Pune,
they supplied 21,013 metric tons worth 18.5 million US dollars of cer-
tified seed of TAU 1 to farmers. Recently released soybean varieties,
TAMS 38 and TAMS 98-21 are becoming popular among the farmers in
Vidarbha region of Maharashtra state and are being cultivated on around
150,000 hectares [10].

Conclusion

Our experiences have shown that induced mutation has come to stay
as an efficient plant breeding method towards improvement of oilseeds
and legumes and development of commercial varieties for our farming
community. Evidently, this methodology has benefited the farmers, trad-
ers, exporters and end-users and will continue to play a significant role
in addressing food and nutritional security. In the present genomic era,
induced mutants would be ideal genetic material for future functional
genomic studies.
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Abstract

IAEA/RAS/5/040 project aims to form a regional cooperation network
of mutation germplasm with emphasis on seed-propagated crops among
the Member States in Asia and Pacific commencing in 2002 and ending
in 2006. It comprised of two components, the establishment and imple-
mentation of mutant multi-location trials and the establishment of muta-
tion germplasm network. Thailand participated with two major grain
legume crops, soybean and mungbean, of both components. Significant
achievements are summarized. Soybean mutant multi-location trials:
Two introduced mutants, DT84 from Vietnam and Bangsakong from
Korea were well adapted in the upper and lower north of Thailand. DT84
produced similar yield and matured 18 days earlier than Chiang Mai 60
whereas Bangsakong gave 11% greater yield with 12 days earlier than
Sukhothai. Soybean mutants resistant to Soybean Crinkle Leaf: The
disease, caused by virus, is a major disease in Thailand. It is transmitted
by whitefly (Bemisia tabaci). Seed of a soybean linecm9238-54-1(ST)
was irradiated with 200 gray. A number of mutant lines were selected
under natural field infections and tested in laboratory. Six mutant lines
resistant to the disease were finally selected. Soybean mutants with
high grain protein: The government policy is to increase grain protein
soybean for soy food products. Seeds of three soybean varieties namely
Chiang Mai 60, SSRSN19-35-4 and EHP275 were irradiated with 200
gray. Pedigree method of selection was used and grain protein of the
mutants was analysed. Thirty two mutant lines were selected. The result
of a preliminary trial showed that the lines gave average grain protein
of 0.8, 2.0 and 1.0% higher than the original parents of 41.8, 40.3 and
41.9%, respectively. Soybean mutants with high seed germination
and vigor: Chiang Mai 60, a high yielding soybean variety, has a poor
character of seed germination and vigor. Seed of Chiang Mai 60 was
irradiated with 100 gray. Pedigree method of selection was used in late
generations. Accelerated Aging Test was also used to test the seed vigour
of the mutant lines. In dry season trial, eight mutant lines had seed ger-
mination of 65-75% compared with the parent of 30%. In rainy season,
12 mutant lines had seed germination of 75-89% whereas the parent had
only 41%. Mungbean mutant multi-location trials: The highest yield-
ing variety across five trials during 2003-2005 was a Thai mutant, Chai
Nat 72. It produced large seed of 70g/ 1,000 seeds which is a desirable
trait for Thai and international markets. However, this mutant is suscep-
tible to powdery mildew disease. An introduction from the Philippines,
LM19-Native Variety, showed resistant to the disease. It can be utilized
for mungbean breeding programme. Novel mungbean germplasm
derived from induced mutation; variegated leaf: All F, plants from the
cross between variegated mutant and normal leaf parent showed normal
green leaves without reciprocal while the F, plants segregated well in a
3 : 1 ratio. The number of F, lines showing all green plants, segregating,
all variegated plants fitted well with the 1 : 2 : 1 ratio. The variegated
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leaf character is controlled by a single recessive gene. Multiple leaflet:
A mutant with small pentafoliate was crossed with a large heptafoli-
ate mutant to study the inheritance. It was found that their F, plants
segregated in the ratio of 9,3,4 with tri (N,-N,-), penta (NI-n2n2) and
heptafoliate (n,n,N,- and n n n,n,). The n, may be closely linked to the
gene controlling leaf size as well. There are three AFLP markers linked
to number of leaflets per leaf and all of them corresponded to the n,
locus. The mutants of soybean and mungbean will be utilized for futher
breeding programme and demonstrated in farmers’ field.

Introduction

IAEA/RAS/5/040 project, Enhancement of Genetic Diversity in Food,
Pulses and Oil Crops and Establishment of Mutant Germplasm Network,
aims to form a regional cooperation network of mutation germplasm
with emphasis on seed-propagated crops among the Member States in
Asia and Pacific. The project was first approved in 2002 and ended in
2006. It comprised of two components, the establishment and implemen-
tation of mutant multi-location trials and the establishment of mutation
germplasm network. Thailand participated in two major grain legume
crops, soybean (Glycine max L. Merrill) and mungbean ( Vigna radiata
L. Wilczek), of both components. Soybean is the most important grain
legume in Thailand. The annual planted area during the past five years of
2002-2006 was 156,000ha with an annual production of about 232,000t
[1], only 15% of the country’s demand. Presently, 70% of the domestic
demand is used for vegetable oil extraction and 10% is used for food
products. Thai government policy is to increase the national productivity
and improve grain quality of high protein for domestic consumption and
for exports of soy food products. Mungbean is the second most impor-
tant grain legume, occupying an annual planted area about 210,000ha
during 2002-2006 with an annual production of 151,000t [1]. It can be
cultivated three seasons of the year, the late rainy season commencing
between late August and September is strongly recommended. Most of
the annual mungbean production is used for bean sprouts. Therefore,
germination and sprout quality are very important. Then bold seed is a
preferred trait for domestic use and exports. Significant achievements of
the research project are summarized.

Soybean mutant multi-location trials

The objective of this study was to evaluate grain yield and adaptability
of introduced soybean mutants and their parents. The experiment was
conducted at Chiang Mai Field Crops Research Center (FCRC) (18°14'N
lat., 99°30’E lon., 316 m alt.) and Sukhothai Plant Production and
Technical Service Center (PPTSC) (17°10’N lat., 99°52’E lon., 54 m alt.),
the representative areas of the main soybean production in northern
Thailand. RCB design was used with three replicates. A total number
of 15 varieties included three mutants from Indonesia (GH-7, M-220,
1-209), one parent and two mutants from Korea (Kumkangdaerip,
KEX-2, Bangsakong), two mutants from Vietnam (M103, DT84), two
parents and two mutants from China (HC18, HC18M, AJMD, AJ]MDM),
and a parent (Chiang Mai 60), a mutant (CM60-10KR-71-PS-21) and a
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local check (Sukhothai 2) from Thailand. Plant population density was
about 30-40 plants/m2 with 50cm between rows, 20cm between hills and
three to four plants per hill. Seed was inoculated with Bradyrhizobium
at Chiang Mai FCRC. Fertilizer grade of 12-24-12 at a rate of 156 kg/ha
was applied during 15-25 days after sowing (DAS). Pre-emergence her-
bicide was sprayed plus hand weedings prior to flowering. Insecticides
were sprayed to control key insect pests, beanfly, whitefly, pod borers
and bugs. Soybean was planted during either rainy or dry seasons. The
amounts of rainfall during the crop duration in rainy season at Chiang
Mai FCRC were 488 mm, 649 mm and 1,007 mm in 2003, 2004 and
2005 and at Sukhothai PPTSC were 546 mm and 672 mm in 2004 and
2005, respectively. In dry season 2004 and 2005, the plots were irrigated
by flood-furrow system five times at Chiang Mai FCRC. In dry season
2005 at Sukhothai PPTSC, the plots were sprinkled six times with a total
amount of 300 mm of water. Plants were harvested at 95% of pods reach
their maturity.

Table 1. Soybean traits of exotic mutants compared with Thai varieties

Area/ variety Grain yield (/ha) Days to maturity? 100 seed wt. (g)

Upper north (5 trials, 2003-2005)

DT84 1.74 83 15.2
Chiang Mai 60! 1.69 101 13.7
Lower north (2 trials, 2005)

Bangsakong 2.08 82 15.0
Sukhothai 2! 1.89 94 14.5

! Thai check varieties
2 days after sowing

At Chiang Mai FCRC, Chiang Mai 60, the most popular variety among
Thai farmers in the upper north and central region, gave an average grain
yield of 1.69 t/ha (Table 1), compared to the national average yield of
1.53 t/ha during 2003-2005 [1]. In general, the later days to maturity
of the soybean, the greater the yield produced [2]. A mutant DT84
from Vietnam matured 18 days earlier than that of Chiang Mai 60, 101
DAS. However, it gave average grain yield of 1.74 t/ha, similar to that of
Chiang Mai 60 (Table 1). In addition, DT84 had 11% larger seed size
than Chiang Mai 60, 13.7 g/100 seeds. Desirable soybean grain of the
Thai market for food products should have similar or larger seed size
than Chiang Mai 60. DT84 is suitable to be grown in the rice-based crop-
ping system and it is very promising for farmers in the upper northern
area of the country [3].

At Sukhothai PPTSC, no introduction gave better yield than Thai vari-
ety Sukhothai 2, except a mutant Bangsakong from Korea produced the
highest grain yield of 2.08 t/ha averaged from the 2005 trials, 11% higher
than that of Sukhothai 2 (Table 1). Bangsakong matured 12 days earlier
than Sukhothai 2, 94 DAS (Table 1). It produced similar seed size with
Sukhothai 2, 14.5 g/100 seeds. Bangsakong is also a promising mutant
for farmers grown in rice-based cropping system in the lower north of
Thailand [3].

During 2006-2007, mutant varieties DT84 and Bangsakong were
improved by the method of mass selection at Chiang Mai FCRC. The
seed of two varieties was also multiplied for further test of their perform-
ance in farmers’ fields prior to released.

Soybean mutants resistant to Soybean Crinkle Leaf

Soybean Crinkle Leaf (SCL) disease, caused by a virus, is a major disease
in Thailand. It was first found in Thailand in 1979 [4]. It is transmitted by
whitefly (Bemisia tabaci). Since 1998, the disease has been found in most
main soybean-producing areas, in all growing seasons, and currently is
a major constraint to soybean production [5]. Grain yield of soybean
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can not be produced if the disease infects at the early stage of growth
to flowering. Several insecticides are recommended to control whitefly.
However, it is costly and not environmentally friendly.cm9238-54-1(ST)
is a soybean promising line, it gave 5-10% higher grain yield than cv
Chiang Mai 60. But the line is susceptible to SCL disease. Then seed of
the linecm9238-54-1(ST) was irradiated with 200 gray. Pedigree method
of selection was used from M,-M,. A number of mutant lines were
selected under natural field infections at Lop Buri PPTSC and tested in
laboratory at the Department of Agriculture, Bangkok. In laboratory,
virus-free whitefly was tranferred to infected soybean plants for a day.
Then the disease agent was transmitted by releasing 30-40 whiteflies per
plant for two days on M, seedlings lines. Thirty plants were used per
line. The plants showing SCL symptom were observed at 40 days after
transmission. Yield trials were conducted in 2005 and 2006 at Lop Buri
PPTSC. In the 2005 trials, no insecticide was sprayed from emergence to
flowering for free whitefly infestations. Later it was sprayed three times
after flowering till full seed development to control pod borers and bugs.
In the 2006 trial, insecticide was sprayed nine times from emergence
to full seed filling stage to completely control whitefly and other insect
pests.

Six mutant lines resistant to the disease were finally selected. The
disease reaction under the laboratory test is shown in Table 2 compared
with the original parent and two check cultivars. The results from the
2005 trials, the six lines gave average grain yield of 2.24-2.33 t/ha, 74-81%
higher than that of the original parent under natural disease infections
(Table 2). The yield reduction of the parent and check cultivars was due
to the susceptibility to the disease leading to a decrease in the number
of seeds per pod. Under no SCL disease symptom in the 2006 trial, the
orginal parent gave the highest yield of 3.76 t/ha resulted from the high-
est number of pods per plant. However, the six mutants produced higher
grain yield than the check cultivars. The mutant lines are being tested for
their adaptability in farmers’ fields.

Table 2. Grain yield and disease reaction of soybean mutant lines
resistant to SCL disease in 2005 and grain yield under no dis-
ease symptom in 2006, Lop Buri PPTSC, Thailand

Mutant line/variety Grain yield (t/ha) SCL
disease
dry season rainy season mean rainy  yreaction
2005 2005 season
2006
1-4 1.95 abc 2.54 ab 2.24 3.32b R
16-42 1.81 bc 2.66 a 2.24 3.28b MR
18-46 2.06 ab 2.59a 2.33 280c R
19-49 2.02 ab 2.58a 2.30 3.38b MR
20-50 2.14 a 2.36b 2.25 3.26b R
30-1 2.04 ab 2.6la 2.32 33l1b R
CM9238-54-1(ST) 1.76 ¢ 0.82d 1.29 3.76a S
Chiang Mai 6! 0.52d 0.92d 0.72 2.24d VS
Sukhothai! 0.64 ¢ 1.21c 0.92 2.49d S
Mean 1.66 2.03 1.84 3.09
CV (%) 7.6 8.1 7.9 6.0
Sowing dates 10 Jan 29 Jul 6 Jul

Means followed by a common letter are not significantly different at 5% level by DMRT.
Grain yield at 12% moisture, Season 2005 x Variety interaction is significant. Labora-
tory test of SCL disease, R = resistant, all plants showed no symptom; MR = moderately
resistant, 1-10% of plants showed symptom; S = susceptible, 11-50% of plants showed
symptom; VS = very susceptible, >50% of plants showed symptom. ! = check varieties.

Soybean mutants with high grain protein
The most popular soybean variety of Thai farmers is Chiang Mai 60. It
gives about 36-38% of grain protein depending on locations and seasons.
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The government policy is to increase grain protein of soybean for soy
food products. Then soybean variety improvement to increase grain
protein content was initiated. The seed of three soybean varieties namely
Chiang Mai 60, SSRSN19-35-4 and EHP275 were irradiated with 200
gray. Pedigree method of selection was used at Nakhon Ratchasima
FCRC and grain protein of the mutants was analyzed in laboratory at the
Department of Agriculture, Bangkok [6].

A number of 32 mutant lines were selected. The result of a prelimi-
nary trial at Nakhorn Ratchasima FCRC in 2007 showed that the lines
gave average grain protein of 0.8, 2.0 and 1.0% higher than the original
parents of 41.8, 40.3 and 41.9%, respectively [7]. Then it is possible to
enhance grain protein percentage with similar or higher yield in the
soybean varieties using induced mutation. The promising mutant lines
will be further tested for their protein yield in farmer fields.

Soybean mutants with high seed germination and vigor

Chiang Mai 60 is a high yielding soybean variety in Thailand. However, it
has a poor character of seed germination and vigor. Then induced muta-
tion was used to improve seed quality of the variety, seed of Chiang Mai
60 was irradiated with 100 gray. Pedigree method of selection was used
in late generations of M,-M, at Chiang Mai FCRC. Accelerated Aging
Test was also used to test the seed vigor of the mutant lines.

A total number of 23 mutant lines were finally selected. In preliminary
trials conducted in dry season 2006, eight mutant lines had seed germi-
nation of 65-80% compared with the original parent of 30%, whereas in
rainy season 2006, 12 mutant lines had seed germination of 75-89%, and
the parent gave only 41% [8]. The selected mutant lines are being tested
for their yield in standard trials.

Mungbean mutant multi-location trials

The objective of this study was to evaluate grain yield and adaptability
of introduced mungbean mutants and their parents. A total number of
18 mungbean accessions including introduced mutants, their parents
and three Thai check varieties were tested for their yield and adapt-
ability in the central region of the Kingdom, Chai Nat FCRC (15°15’N
lat., 100°15°E lon., 16m alt.) and Kasetsart University, Kamphaeng Saen
Campus (14°01°N lat., 99°58’E lon., 5 m alt.). Details of experiment car-
ried out are shown in [9].

The highest yielding variety across five trials during 2003-2005 was a
Thai mutant, Chai Nat 72. It produced large seed of 70 g per 1,000 seeds
which is a desirable trait for Thai and international markets. However,
this mutant is susceptible to powdery mildew dise9ase. An introduction
from the Philippines, LM19-Native Variety, showed resistance to the
disease. It can be utilized for further mungbean breeding programme
in Thailand [9].

Novel mungbean germplasm derived from induced mutation

Variegated leaf

Variegated mutant was obtained from Gamma-rays irradiation at a rate
of 500 gray. All F, plants from the cross between the variegated mutant
and the normal leaf parent showed normal green leaves without recipro-
cal, while the F, plants segregated well in a 3 : 1 ratio. The number of
F, lines showing all green plants, segregating, all variegated plants fitted
well with the 1:2: 1 ratio. Thus it can be inferred that the variegated leaf
character is controlled by a single recessive nuclear-encoded gene. We
propose varl as the gene symbol [10].

Multiple leaflet

Two new multiple leaflet mungbean mutants were also obtained from
Gamma-rays irradiation. A mutant with small pentafoliate was crossed
with a large heptafoliate mutant to study the inheritance at Kasetsart
University, Kamphaeng Saen Campus. AFLP markers were also screened
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to make a partial linkage map around the genes controlling multifoliate
leaflets. The number of F, plants was tested againsta 3, 1 ratio for segrega-
tion in a single locus and 9: 3 : 3 : 1 for 2 independent loci using the Chi-
square goodness of fit test. The heterogeneity among the F, families was
also tested accordingly. Crossing between 7 large leaflet (L-7) and 5 small
leaflet (S-5) mungbean mutants resulted in the normal-trifoliate (N) F1.
The F, can be classified into number of leaflet per leaf and leaflet size with
large-trifoliate (V,-N,-), small-pentafoliate (N, -n,n,), large-heptafoliate
(n,n N,-), and small-heptafoliate (1,1 n,n,) at the dihybrid ratio of 9 : 3
: 3: 1. The finding is thus evident that leaflet number was controlled by
n, locus and leaflet size was controlled by n2 locus of genes, respectively.
However, all three AFLP markers associated with leaflet number in this
study corresponded to n1 locus only. The n, locus can have a pleiotropic
effect upon the leaflet size such that the N, allele controls large leaflet size
as well. Another hypothesis is that the n, locus might be closely linked
with the s locus so that there was no progenies with large pentafoliate
leaflet (hypothetically carrying N, - n,n,S-genotype). [10]
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Development of Mutant Varieties of Crop Plants at NIAB
and the Impact on Agricultural Production in Pakistan

M A Haq

Abstract

The Nuclear Institute for Agriculture and Biology is the prime institute
of Pakistan Atomic Energy Commission in the agricultural sector.
It began to function in 1969. The main objective of the institute is to
conduct research in agricultural and biological problems, especially in
those areas where nuclear techniques have an edge over conventional
methods. The institute has been conducting research and development
work related to crop improvement through mutation breeding. Mutation
breeding involves the use of induced beneficial changes for practical
plant breeding purposes both directly as well as indirectly. The main
objectives have been to confer specific changes such as improvement
of plant architecture, earliness in maturity, resistance against diseases
and pests, and improved physiological characters, i.e. heat tolerance,
cold tolerance, uniform maturity, photoperiod insensitivity etc., in
the native well adapted crop varieties/exotic lines to make them more
productive. The use of induced mutations for crop improvement has
lead to the development of 24 improved varieties of different crops at
NIAB which clearly indicates the potential of this technique. In addition,
a wealth of genetic variability has been developed for use in the cross
breeding programmes and a few varieties of cotton and chickpea have
been developed in Pakistan by using induced mutants as one of the par-
ents. These improved crop varieties in Pakistan have played a significant
role in increasing agricultural production with positive impact on the
economy of the country. The estimated additional income accounted by
the selected varieties of NIAB was 1.744 billion US dollars up to 2005.

Introduction

Nuclear Institute for Agriculture and Biology (NIAB), Faisalabad is a
prime agricultural institute of Pakistan Atomic Energy Commission.
NIAB is one of the four agricultural research centers of the Commission
and it now constitutes an important element in the infra structure of
scientific research in the country. NIAB has made an indelible mark
in the field of agricultural research in the country. Its output in terms
of both basic and applied research has more than justified the modest
expenditure on its establishment and operation. The main objective
of NIAB is to promote peaceful applications of atomic energy in the
biological research in general and agricultural research in particular.
It was established to demonstrate how modern and advanced nuclear
techniques could contribute to major improvement in agricultural
output both in quantity and quality, and thereby bringing the economic
benefits of atomic energy to the people of Pakistan, 80% of whom earn
their livelihood through agriculture.

By a very careful selection of research projects, NIAB has concen-
trated on devising methods and evolving crop varieties for increasing
agricultural productivity and on conservation of inputs and produce. It
has been able to make a significant contribution not only in agricultural
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research but also in understanding some relevant basic biological proc-
esses. It has clearly established a role for radiation induced mutations
in crop improvement and has succeeded in evolving better germplasm
of selected key crops. Work on improvement of cotton, rice, and grain
legumes is in progress through the use of mutation breeding, conven-
tional breeding and wide hybridization techniques. The prime strategy
in mutation-based plant breeding has been to upgrade the well-adapted
varieties by altering one or two major traits. These include characters
such as plant height, maturity, seed shattering, and disease resistance,
which contribute to increased yield and quality traits [1]. In several
mutation-derived varieties, the changed traits have resulted in syner-
gistic effect on increasing the yield and quality of the crop, improving
agronomic inputs, crop rotation and consumer acceptance [1]. The
breeding efforts have resulted in the development of 24 improved varie-
ties of crop, including six varieties of cotton, two of rice, four of chickpea,
10 of mungbean and two of lentil. In addition, many mutants of these
crops are at advanced stages of testing.

In the present paper the development of induced mutants and muta-
tion-derived varieties at NIAB is discussed and their economic impact
presented.

Materials and Methods

The research work at NIAB was started during 1969. In crop improve-
ment programme the self-pollinated crops i.e., cotton, rice, chickpea,
mungbean and lentil were selected. Mutation breeding involves the use
of induced beneficial changes for practical plant breeding purposes, both
directly as well as indirectly coupled with the conventional hybridiza-
tion in some cases. The main objectives have been to confer specific
changes such as improvement of plant architecture, earliness in maturity,
resistance against diseases and pests, and improved physiological char-
acters i.e. heat tolerance, cold tolerance, uniform maturity, photoperiod
insensitivity etc., in the native well adapted crop varieties/exotic lines to
make them more productive. The strategy in mutation breeding was to
upgrade the well-adapted varieties by altering one or two major traits.
Gamma radiation treatments and different EMS concentrations have
been tried depending upon radio sensitivity tests. As a result of these
breeding efforts different varieties of these five mandate crops have been
developed at NIAB.

Results and Discussion

The efforts at NIAB have resulted in evolving 24 improved varieties of
cotton, rice, chickpea, mungbean and lentil (Table 1). These self-polli-
nated crops were selected because of little variability available in them to
improvement through conventional techniques. The area and additional
income from selected varieties of NIAB during 2004-05 is given in Table
2. Some of the salient results have been described here.

Cotton
The mutation breeding programme in cotton was initiated in 1970 to
create genetic variability for development of early maturing, high yield-
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ing varieties and germplasm having resistance to diseases, insects and
other stresses with better fiber qualities.

Crosses were made between a local (AC 134) and an exotic variety
(Delta pine) followed by the irradiation of F, hybrid. From the selec-
tions, line NIAB 78 had the desired fiber quality and gave the highest
yield. It was released as a commercial variety in 1983. It has proved to be
adapted to the different agroclimatic areas of the country. Since its intro-
duction cotton, production registered a quantum jump in Pakistan [2].
The cumulative additional income to the farmers because of this variety
was 612.4 million US dollars from 1882-83 to 2005 (Table 2). The insect
resistant and high yielding variety NIAB 86 was evolved as the result
of a cross between a pest resistant mutant H 1-9-6-2 and a long staple
mutant SP 16. It was released as commercial variety in 1990. Crossing of
mutant line with an exotic germplasm having nectariless leaf resulted in
the development of NIAB 26 which was released in 1992.

The onset of CLCuV disease in early nineties resulted in a sharp
decline in cotton production inflicting severe set back to our economy.
This necessitated incorporation and/or induction of CLCuV resist-
ance into the adapted cotton cultivars. Besides induction of mutations,
various sources of CLCuV disease resistance tried to achieve the desired
objectives. A nectariless line that had tolerance to heat and leaf curl virus
disease was released as a commercial variety ‘NIAB Karishma’ in 1996.
NIAB Karishma brought farmers US $ 294.4 million additional income
since 1997-98 to 2005. Moreover, a number of elite mutants viz., NIAB-
92 (Stoneville), NIAB 313/12 (G. barbadense x G. hirsutum), Hi (PIMA
x G. hirsutum), St-3, Hi-9, M 555, Mutant Chandni and Mutant 39 have
been developed with specific characteristics of economic value. These
mutants proved an asset as a number of varieties viz. Shaheen, NIAB-86,
CIM-109, SLS-1 and CRIS-9 have been evolved by various organizations
in the country by employing these mutants in their breeding programme
[3].

Mutant NIAB-999 has been derived from H1 x LRA 5166 cross
combination followed by 300Gy of F, seed. It has heat resistance, early
maturity, high yield and wider adaptability. Its earliness makes it suit-
able to fit in wheat-cotton-wheat rotation system. It was approved for
general cultivation during 2003. Another mutant strain NIAB-111 has
been derived from the intraspecific hybridization, NIAB-313/12 (ISM) x
CIM-1100 followed by F, seed treatment with 300Gy . It is a high yield-
ing, CLCuV resistant, superior fiber and heat tolerant variety of cotton
approved for general cultivation during 2004.

Rice

Rice is the third largest crop after wheat and cotton in Pakistan. It is
high value cash crop and is also major export item. It accounts for 5.7%
in value added in agriculture and 1.2% in GDP. It is grown on an area
of 2,621 thousand ha producing 5,547 thousand tons with paddy yield
of 2116 kg ha-1. Pakistan grows enough high quality rice to meet both
domestic and export demands. Different varieties of rice are grown in
Pakistan, viz. Super Basmati, Basmati 385, Irri-6, Niab-Irri-9, KS-282
and KS 133, etc. Pakistan is primarily known for its aromatic rice. Two
types of rice dominate the market: Basmati, which is mainly grown in
the Punjab province and Irri types, which is mainly grown in Punjab and
Sindh provinces. Genetic diversity for early maturity, disease tolerance,
semi-dwarfism etc. needs to evolve in Basmati rice for its sustainable
production. The IRRI varieties introduced in Pakistan have higher yields
than the traditional cultivars but their grain quality does not meet the
consumers’ demand.

A research programme was initiated at NIAB for creation of genetic
variability in Basmati and IRRI background through induced mutations
and hybridization. The objectives for Basmati improvement were to
evolve early maturing, short statured, high-yielding, good quality and
salt tolerant lines while grain quality improvements were desired in the
IRRI varieties.
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Earlier research efforts resulted in the release of an early maturing
mutant Kashmir Basmati (derivative of Basmati 370) as a variety for
general cultivation in Azad Kashmir during 1977. A number of short
statured mutants were also developed [4,5]. Several semi dwarf mutants
were selected from basmati varieties and used in genetic studies [6].
Studies to identify new gene sources of early maturity and dwarfism in
the adapted Basmati background revealed that early maturity gene in
Kashmir Basmati was non allelic to that in variety C-622. Similarly, the
gene for dwarfness in mutant DM 107-4 was found non allelic to that in
IR-6 [7]. The information thus obtained was utilized in the development
of short statured and early maturing varieties of Basmati rice. Among
other mutants, NIAB-6 proved to be salt-tolerant producing high yields
at salinity levels of ECe 10 dSm-1. NIAB-6 was approved and designated
as “Niab-Irri-9” by the government of Punjab during 1999 for general
cultivation. Niab-Irri-9 is a non-aromatic, fine grain, salt tolerant and
high yielding mutant line (derived from IR-6). This variety occupies
about 64% area under non-aromatic rice in Punjab and gave 2.43 million
US dollars additional income to the farmers during 2004-05 and 16.18
million US dollars from 1999-2000 to 2005 (Table 2). Some of extra long
grain mutants namely EL-30-2-1, EL-30-2-2 in Basmati Pak background
having grain length and width of 10 and 1.60 mm respectively and elon-
gation of more than18 mm are being utilized in cross breeding and a
number of recombinants with desired traits have been selected.

Chickpea

Pakistan ranks second in terms of acreage and third in terms of chickpea
production. With protein content nearly twice that of cereals, it is a cheap
source of quality protein that complements the proteins in cereals thus
enhancing the nutritional value of cereal-dominated diet. Chickpea is of
two main types, desi and kabuli. Both are botanically similar, but there
are strong consumer preferences in one or the other. The contribution
of kabuli to the production is 15%, which is declining due to its greater
susceptibility to various stresses than desi type. As a result the price of
kabuli remains high and we have to spend more than 250 million rupees
annually on its import. In Pakistan, the crop is grown on more than 1.0
million hectares with an annual production of 0.58 million tones. Low
yield is due to low yield potential of land races and poor crop manage-
ment. Ascochyta blight and Fusarium wilt diseases are also major con-
straints to its production. To develop high-yielding, widely adapted and
disease resistant varieties, a programme at NIAB was initiated in 1974,
where an integrated approach to chickpea improvement is being pur-
sued. A high priority has been given to screening of segregating material
and advanced mutants for Ascochyta blight and Fusarium wilt resist-
ance. Yield testing of new mutants/varieties is conducted in cooperation
with various national and international agencies.

Every year at NIAB, seeds of at least two chickpea genotypes (one desi
and one kabuli) are treated with mutagens for the creation of genetic
variability. During last 34 years, 29 genotypes/ varieties have been treated
with at least two doses of gamma irradiation and ethyl methane sulpho-
nate (EMS). Mutation breeding requires an effective mutagen treatment
and an efficient way of selection [8]. For gamma radiation treatments,
dose range of 150 to 750Gy and for EMS treatments, concentrations
ranging from 0.1-0.5% have been tried depending upon radio sensitivity
tests.

An achievement of these efforts has been the evolution and release
of an Ascochyta blight resistant and high-yielding variety of chickpea
namelycm 72 in 1983. Air-dried seed of blight susceptible but high yield-
ing genotype 6153 were exposed to gamma radiation treatment of 150Gy
in 1974; selections made in M,-M, generations [9]. This mutant cultivar
covered more than 40% chickpea growing area in the country in 1987
and has helped greatly to stabilize chickpea production.

As a result of efforts to induce blight resistance in different genetic
backgrounds other than 6153 to produce alternate sources of resistance,
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ablight resistant and wilt tolerant mutantcm 88 was derived from variety
C 727 and released in 1994. Air-dried seed of C 727 were exposed to
gamma radiation treatment of 100Gy in 1977-78. The M2 was screened
in the Ascochyta Blight Nursery (ABN) in 1978-79 and resistant plants
were selected. The resistant plant progenies were further evaluated in the
ABN and also evaluated for various morpho-agronomic traits and yield-
ing ability in Preliminary, Cooperative and National Yield Trials in the
successive generations.cm 88 proved to be higher yielding and resistant
to Ascochytablight and Fusarium wilt [10].

K850 is a bold seeded high yielding variety but it is highly susceptible
to Ascochyta blight. Efforts were therefore made to rectify this through
induced mutation. Seeds of this variety were treated with different doses
of Gamma-rays and screening for disease resistance in M, generation
was done in the nursery by artificially creating disease epiphytotic condi-
tions. Selected progenies of resistant M, plants were studied for agro-
nomic characteristics and samples of each line were tested for disease
resistance. Based on yield potential, bold seed and Ascochyta blight and
Fusarium wilt resistance;cm 31-1/85 was selected and released as a vari-
etycm-98 in 1998 [11]. The release of this variety meets the consumer’s
demand/ preference for large seed size variety.

Large scale cultivation of these high yielding and disease resistant
varieties has helped greatly to stabilize/increase chickpea production in
the country and since their release no serious blight epidemic has been
reported [11].

Many good sources of Ascochyta blight resistance are available in
the exotic germplasm especially from ICARDA. However, they are not
well adapted in Pakistan and are badly affected by Fusarium wilt. The
breeding work on kabuli chickpea has resulted in the release of a high-
yielding and disease-resistant varietycm2000 in 2000. This variety has
been evolved by creating genetic variability in an exotic variety ILC 195
using 150Gy gamma radiation [12]. It is recommended for cultivation
in rainfed and irrigated areas of Punjab. Large-scale cultivation ofcm
2000 greatly helped in increasing the kabuli chickpea production in the
country.

The current area covered by these mutant cultivars is more than 30%
of the total area under chickpea. The additional income to the farmers
has been estimated at 11.76 million US dollars during 2004-05 and 752.3
million US dollars from 1997-98 to 2005 (Table. 2).

To induce resistance against wilt disease in susceptible kabuli variety
(Pb.1), seeds were treated with different doses/concentrations of physical
and chemical mutagens and screening for wilt resistance in M, genera-
tion was done in the natural wilt sick field. From M, segregating popula-
tions and subsequent generationscm94/99 was selected and evaluated in
various yield trials. This mutant exhibited 38.0 and 66.8% increased yield
than check varietycm2000 in Chickpea National Uniform Yield Trials
(CNUYT)- kabuli during the years 2003-04 and 2004-05, respectively.
The candidate linecm94/99 was cleared by the technical experts in
the spot examination during March, 2008 and will be discussed in the
meeting of Punjab seed council for approval as a commercial variety for
general cultivation.

As a result of mutation breeding efforts, an excellent asset of genetic
variability has been created in both types (desi and kabuli) of chickpea
through induced mutations. More than 600 disease-resistant (Ascochyta
blight, Fusarium wilt) and morphological mutants affecting most parts,
such as leaf, flower, plant height, plant type, pods, maturity and seed
were selected from M, and subsequent generations. Most of the selected
mutants have been confirmed for mutational traits and evaluated for
various morpho-agronomic traits. The true breeding mutants have been
added to the gene pool being maintained at NIAB, Faisalabad and PGRI,
Islamabad. This variability is supplied as germplasm to various national
and international organizations for use in breeding programmes.
Interspecific hybridization between different cultivated varieties and
annual wild Cicer species has provided useful genetic variability.

Mungbean

The work on mungbean improvement was initiated at NIAB in 1970s.
The main objective of the mungbean improvement programme was to
create genetic variability through induced mutations and hybridization,
to evolve high-yielding and disease-resistant varieties having compact
plant type, earliness and uniform maturity. Since then 10 high-yielding,
early-maturing and disease-resistant varieties have been released. Of
these, five varieties viz. NM 28, NM 13-1, NM 19-19, NM 20-21, and NM
121-25 are derivatives of small seeded, local adapted germplasm whereas
the large seeded varieties viz. NM 51, NM 54 resulted from hybridization
between exotic and local germplasm [3]. The most popular bold seeded
variety NM 92 was released in 1996 and a medium seeded variety NM
98, having shiny seed coat color was released in 1998 [13]. During 2006,
another bold seeded variety NIAB Mung 2006, a derivative of an exotic
AVRDC accession VC 1560D and an adapted variety NM-92 having
high seed yield, purple hypocotyls and stem, synchronous pod maturity,
higher number of pods per plant, and resistance to Cercospora Leaf Spot
(CLS) and Mungbean Yellow Mosaic Virus (MYMV) diseases has been
approved by the Provincial Seed Council for growing in the irrigated
tract of the Punjab province. Purple hypocotyle and stem colour can be
used as morphological markers for varietal identification. Varieties NM
92, NM 98 and NM 2006 have been under cultivation on more than 70%
of mungbean acreage in Punjab province. NM 92 and NM 98 was grown
on an area of 181 thousand hectares and brought 7.56 million US dollars
addition income to farmers in 2004-05 and 68.8 million US dollars from
1996-97 to 2005 (Table 2).

Lentil

The improvement work on lentil through induced mutations and con-
ventional breeding techniques was started in 1986. Research efforts have
culminated in the development of two lentil varieties. NIAB Masoor
2002, a high-yielding, disease-resistant and early-maturing variety was
released for cotton based cropping pattern. NIAB Masoor 2002 matures
one month earlier than Masoor 93, and farmers of cotton area can grow
cotton easily after the harvest of this variety. It is the result of hybridiza-
tion between an exotic Argentinian variety Precoz and a local cultivar
Masoor 85. Punjab Seed Council has approved this variety in the year
2002 for cotton growing areas of the Punjab province.

Another high-yielding and disease-resistant variety, NIAB Masoor
2006, has been developed through induced mutation (ILL 2580 exposed
to 200Gy ) and was approved by Punjab Seed Council for traditional
lentil growing areas of the Punjab province during 2006.

The discovery that ionizing radiations and chemical mutagens can
cause genetic changes and modify linkages offered promise to the
improvement of crop plants. Mutation breeding involves the use of
induced beneficial changes for practical plant breeding purpose both
directly as well as indirectly. Mutation breeding can be used to comple-
ment and supplement existing germplasm resources [14]. The prime
strategy in mutation-based plant breeding has been to upgrade the
well-adapted varieties by altering one or two major traits and these
include characters such as plant height, maturity, seed shattering, and
disease resistance, which contribute to increased yield and quality traits
[1]. Induced mutations have been used in the improvement of major
crops such as wheat, rice, barley, cotton, peanuts, beans, which are seed
propagated [15]. More than 1,800 cultivars obtained either as direct
mutants or derived from their crosses have been released worldwide in
50 countries [16]. Among the mutant varieties released, cereals are at the
top followed by legumes, demonstrating the economics of the mutation
breeding techniques.

In Pakistan, the use of mutation breeding technique for the improve-
ment of crops has led to the development of 59 cultivars of cotton, rice,
wheat, chickpea, mungbean and rapeseed which have played a signifi-
cant role in increasing crop production in the country.
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Conclusion

The use of induced mutations for crop improvement has lead to the
development of 24 improved varieties of different crops at NIAB which
clearly indicates the potential of this technique. In addition, a wealth
of genetic variability has been developed for use in the cross breed-
ing programmes and a few varieties of cotton and chickpea have been
developed in Pakistan by using induced mutants as one of the parents.
These improved crops varieties in Pakistan have played significant role in
increasing agricultural production with positive impact on the economy
of the country.
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Socio-Economic Impacts of Mutant Rice Varieties in

Southern Vietnam

KT Do

Abstract

Rice production plays an important role in the socio-economic develop-
ment of Vietnam, especially in the Mekong River Delta (MRD) region,
which is responsible for more than half of the total and 90% of the
national rice export. Before 1995, no mutant rice varieties (MRV's) were
cultivated in the MRD. At present, rice variety improvement is the main
focus of the national breeding programme and 8 rice mutants have been
developed, occupying 10.3% of the total modern varieties in Southern
Vietnam. The mutant varieties developed so far have better resistance to
lodging, disease and insect damages, higher tolerance to soil stresses such
as acid sulphate soil, drought etc., and also exhibit earliness and higher
yield potential. Some of the best mutant varieties, namely VND95-19,
VND95-20, VND99-3, TNDB-100 have already been released for large-
scale production in the MRD. VND95-20 has become one of the top 5
exported varieties and is grown annually on more than 300,000 ha in
Southern Vietnam.

Some of these mutants have given promising recombinants through
hybridization and in particular the varieties VN121, VN124, OM2717
and OM2718 have been released into production. A successful combina-
tion of aromatic characteristics, short duration, high yield, tolerance to
new diseases (GSV & RSV) and insects (BPH), and consequent reduction
of spraying times of pesticide per crop, have greatly benefitted health &
environmental protection.

During the past 8 years under the IAEA Technical Co-operation (TC)
project, the total cultivated area of MRVs in Southern Vietnam has
been more than 2.54 millions ha. Until 2008, the 8 rice mutant varie-
ties produced an added return of 374 million USD over the previous
years and continue to produce added return for farmers. More specifi-
cally, VND95-20, VND99-3, TNDB100, VND95-19, OM2717, OM2718,
VNI121 and VN124 returned 300.00, 9.0, 37.5, 6.0, 12.0, 8.4, 0.8 and 0.7
million USD, respectively. The application of MRVs reduced spraying
times per crop two- to three-fold due to their tolerance to diseases &
insects.

MRVs are used in the strategy programme ‘Eradicate hunger and alle-
viate poverty of different national projects, particularly for the ethnic
minorities in mountainous and remote regions of Southern Vietnam.
Due to the significant contribution of MRV to socio-economic devel-
opment, their development has received many prizes by the national &
local Government.

Introduction

Vietnam is an agricultural country and 73.5% of its population lives
in rural areas. In 2006, Vietnam’s Gross Domestic Product (GDP) was
valued at 973,790 billion VND (Vietnamese dong) (at current prices,
equivalent to 60.86 billion USD). Agriculture & forestry GDP shared
12.39 billion USD, which occupied 20.36% of the total national GDP [1].

Institute of Agricultural Sciences for Southern Vietnam
Phone: 84-8-38297889; Fax: 84-8- 38297650
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Rice plays an important role in the socio-economic development of
Vietnam. The country has made great achievements in paddy production
and has become the second largest rice exporting country in the world
since 1989. Paddy production is a traditional activity of Vietnamese
farmers, hence it always holds the central role in Vietnam’s agriculture
and socio-economic issues. The rice sector accounted approximately for
37.0% of agricultural GDP and 26.0% of the agricultural product export
value between 2000-2004.

In 2006, the paddy land and sown areas were approximately 4.2 mil-
lion ha and 7.3 million ha, respectively, occupying 16.9% of the agricul-
tural and 65.3% of the annual crop land areas.

In 2007, total rice production was 36.0 million tons, of which 4.5 mil-
lion tones was exported (valued at about 1.5 billion USD). The Mekong
River Delta (MRD) produced 18.73 million tones (52% occupation) and
exported 4.0 million tones (90% of the total rice export). Over the past
20 years, Vietnam has exported 60 million tones of rice to different con-
tinents of the world, averaging 4.5 million tones per year for the period
between 2002-2007. This has been achieved thanks to the reformed
Government policy and the innovative technologies used. Breeding
of modern varieties has played an important role in agriculture and
increasing the income for farmers.

Between 1987-2006, 78 rice varieties were released in Southern
Vietnam: 32 by introduction (41.0%); 33 by hybridization (42.3%); 8
by mutation (10.3%); and 5 by pure line selection (6.4%). Before 1995,
there were no mutant rice varieties in production, in Southern Vietnam.
Consequently, the rice varieties delivered solely by introduction and
hybridization could not meet the production requirements, particularly
concerning varieties having traits with high tolerance to adverse condi-
tions, high yield & good quality.

Since 1992 rice mutation breeding combined with other methods has
been undertaken, leading to the successful creation of mutant varieties
with distinct characteristics, which have significantly affected the socio-
economic issues of Southern Vietnam. Some of the best mutant varieties,
VND95-19, VND95-20, VND99-3, TNDB-100, OM2717 and OM2718
have been released for large-scale production in the MRD region.
Among them, VND95-20 has become one of the top 5 exported rice
varieties and is grown on more than 300,000 ha in Southern Vietnam
[2]. Some mutants gave promising recombinants in aroma, tolerance to
BPH, Grassy Stunt Virus (GSV) & Ragged Stunt Virus (RSV) diseases.
Selected varieties such as VN121, VN124 have been released into pro-
duction in recent time [3].

Breeding, development and production of mutant varieties

Mutation breeding

Since 1993, under the TAEA Technical Co-operation (TC) project since
1997, the mutation breeding programme was initiated for rice. The
breeding programme used introduced varieties (IR64, IR50404), local
varieties (Nang Huong, Tam Xoan, Tai Nguyen and Tep Hanh) and
mutants (VND31, VND22-36) as genetic material to be induced with
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mutations and combined with hybridization. After 5-6 years, the best
mutants were released into production. Methodically, dry and germi-
nated seeds were exposed to gamma rays of a °Co source at the Nuclear
Research Institute, Dalat city, Southern Vietnam. The doses of 200 and
300Gy were applied for seed treatments. Populations of 10,000 - 15,000
M, plants were established and evaluated from M, to M, generations. The
best lines were tested, released and approved as temporary and national
varieties by the Ministry of Agriculture & Rural Development (MARD).

Development and production of mutant varieties

IR64 is good quality variety but has a rather long duration, and is not
suitable for the wet season. VND95-20 is a mutant variety derived from
IR64. The variety inherited the main good characteristics of IR64 and
added some desired characteristics through mutation.

VND95-20 was released into production & approved as a national
variety by MARD in 1999. Since 2000, VND95-20 has been developed in
21 provinces over 280,000 - 350,000 ha per year. The variety is cultivated
in Dong Thap, Long An, Tien Giang, Can Tho, Tra Vinh, An Giang, Vinh
Long (Mekong River Delta), Dong Nai, Lam Dong, Tay Ninh, Baria-
Vung Tau (East-Southern VN), Daklak and Gialai (Highland area).
Recently, VND95-20 has been the key variety for production and export.
Advantages of this mutant variety is short duration 90-100 days (7 days
shorter than the original variety IR64), high adaptation and can be cul-
tivated in diverse seasons and locations. Generally, mutant varieties are
tolerant to intermediate acidic soil. This characteristic is very important
because the acidic soil in the Mekong River Delta region covers more
than 41% of the total cultivated land.

VND95-19 (another mutant from IR64) has high yielding potential
(can yield 11 tons /ha), high tolerance to acidic soil and adverse condi-
tions. The variety is resistant to Brown Plant Hopper (BPH) and Blast
disease (BL), and is developed in several provinces: Soc Trang, Bac Lieu,
Kien Giang, Dong Nai and the Highland area [4]. During 1997-2000 its
cultivated area covered about 20,000ha per year. However, due to high
chalkiness, the variety is only for domestic consumption.

VND99-3 is a mutant variety obtained from the Nang Huong variety,
a local aromatic variety. The Nang Huong variety has long duration, low
yield, photoperiodic sensitivity and is limited in production. VND99-3
was approved as a national variety in 2006. It is highly accepted due to
having short duration (92-100 days), high tolerance to adverse condi-
tions such as acid sulphate and drought conditions in Southern Vietnam.
These improvements combined with iron toxicity tolerance, show that-
the mutant variety has inherited desirable traits from the parent local
variety and shows similar characteristics or better than the original vari-
ety. Presently VND99-3 covers 15,000-18,000 ha per year of cultivated
area in Southern Vietnam and continues to spread widely in Southern
Vietnam [5].

TNDBI100 is an induced mutation from the Tai Nguyen local variety,
generated by gamma rays. The variety has very short duration (95-100
days), good quality, high yield (5-8t/ha) and intermediate tolerance to
BPH and BL. TNDB100 was released by Cuu Long Delta Rice Research
Institute (CLRRI) in 1997 and developed 50,000 ha/year during 2000 -
2005 [6].

VNI121 is a new variety which was generated from mutation induc-
tion combined with hybridization. VN121 is widely accepted by farm-
ers, because of its characteristic short duration, high yield, good quality
(aroma, long grain, no chalkiness) and its tolerant to BPH, BL and GSV.
The variety has been expanded in some Southern provinces: Tien Giang,
Long An, Ba Ria - Vung Tau, Dong Nai, Tay Ninh & Dak Lak.

The VN124 variety has also been accepted for production due to its
very short duration, aroma, good quality for export, tolerant to BPH, BL
and GSV. The variety has been sharply expanded in Long An, Tay Ninh,
Dong Nai and other provinces.
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Socio-economic and environment impacts

Socio - economic impacts

Before 1995, in Southern Vietnam, many had thought that mutation
breeding had very little hope and also that mutant varieties could not be
stable in production. Through the developments of recent years, however,
it has been proven that mutation breeding is a very good way to obtain
novel varieties and that mutant varieties have a prolonged production
life (more than ten years in the case of VND95-20). Nowadays, through
practical approaches, many leaders and junior scientists have changed
their doubtful thinking and have started to believe in the significant role
of mutation breeding.

In general, mutation breeding has the advantage of saving 30% of the
breeding programme time compared to hybridization techniques, espe-
cially in local varieties. While breeding new varieties takes 8-9 years or
more, new varieties through mutation breeding takes only 5-6 years [7].
Mutation breeding is a very useful tool that can be applied in institutions
that lack infrastructure such as green houses, field areas etc.

The rice mutation breeding programme of IAS and CLRRI have an
annual budget of about 20,000 USD, so 300,000 USD from 1992 up to
2007. A quick calculation for the variety VND95-20 that is cultivated
on average over an area of 250,000 ha (from 200,000-340,000 ha/year)
x 8 years (from 1999 - 2007) x a yield of 6.0t/ha x 10% added return (in
practical production it gets a higher yield than 10%) x 4 million VND/
ton of rough rice (VND/t is price for ordinary paddy) gives us 4,800
billion VND (equivalent to 300 million USD). Exported rice is usually
20-25% higher in price than the ordinary domestic rice.

A similar calculation for VND99-3‘s added return, 15,000 ha x 4 years
x ayield of 6.0t/ha x 10% added return x 4 millions /t gives us 144 billion
VND (equivalent to 9.0 million USD). In the case of the varieties like
TNDB100, VND95-19, OM2717, OM2718, VN121 and VN124 the pro-
duced added return reaches 37.5, 6.0, 12.0, 8.4, 0.8 and 0.7 million USD,
respectively (Table 1). Support from international programmes (IAEA
and others) and investments in the rice project of the IAS and the CLRRI
was about 400,000 USD. With an added return of 374.0 million USD
from 8 mutant varieties in Southern Vietnam makes this project a very
effective investment. For poor countries, the influx of money depends
greatly on agricultural activities, at a significant level, particularly for
farmers and rice exporters. These mutant varieties will continue to pro-
duce valuable return in coming years. For the past 8 years, the total sown
area of the mutant varieties has been about 2.45 millions ha in Southern
Vietnam.

Due to their high adaptation in large-scale production, different sea-
sons and tolerance to adverse conditions, the mutant varieties were the
main varieties selected in many national projects of * Eradicate hunger
and alleviate poverty” programmes of the Vietnam Government in
Southern Vietnam. These mutant varieties have contributed food secu-
rity for the ethnic minorities such as Ragley, St'ieng, Nung, K*ho, Khime
leading to better condition for forest protection in mountainous regions.

For example, the large number of Ragley ethnic people in the Khanh
Dong hamlet, the Khanh Vinh district and the Khanh Hoa province usu-
ally have the conventional habit to collect forest products and exchange
them for food as they do not know cultivation. Every year, the local
government offers assistance for food and necessary items to the inhabit-
ants, but it can not resolve the basic problem because hunger and poverty
remain. To resolve the problem, we cooperated with local collaborators
to conduct a project for technology transfer including the adoption of
new rice varieties by the poor ethnic groups during 2003-2005. After
2 years into the project, ethnic people had cultivated VND95-20 and
VND95-19 with high yield (6.4 t/ha) in comparison to other varieties
that yielded only 4.4t/ha. Due to VND95-20’s high adaptation, and good
quality, local people preferred to grow this variety for two crops per year.
Consequently, local people escaped from hunger, poverty diminished
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and deforestation stopped. Now they have a sustainable base to improve
living conditions, beginning from having enough and surplus food.
Another example related to mutant rice varieties was the 2006-2007
outbreak of the Grassy Stunt Virus disease in the Southern areas, trans-
mitted by Brown Plant Hopper. The Vietnam Government organized a
campaign to mobilize different actions to control the pest. Our role was
to transfer new tolerant varieties into production. In some provinces
we supplied new varieties (including mutant as VND95-20, VND99-9,
VN121 and VN124) and guided the production procedure in adverse
conditions. As a result, in the Tay Ninh province and the Ben Cau dis-
trict during the rainy season of 2007, the mutants yielded on average
5.1 t/ha compared to the local varieties that yielded only 4.1t/ha. Due
to farmers having reduced insecticides, fertilizers and seed rate with a
total spending reduction of 27,0% (about 175 USD/ha) in the production
model of the mutant varieties, the added return from the use of mutants
increased by 437.5 USD/ha over the concurrent ordinary varieties.

Environmental impacts

Mutant varieties have high tolerance to insects and diseases, so pesticides
were applied two- to three-fold less during production in comparison
to that for susceptible varieties. This not only saves investment capital
and improves the safety of the rice products, but also strongly protects
human and animal health.

Table 1. Mutant rice varieties & their economic impacts in Southern Vietnam

No. Mutant variety The year of release Cultivated area since release (ha)

1 VND95-20 1999 2,000,000 300
2 VND 99-3 2004 60,000 9.0
S TNDB100 1997 250,000 87/.5)
4 VND95-19 1999 50,000 6.0
b) omM2717 2004 100,000 12.0
6 0M2718 2004 70,000 8.4
7 VN121 2007 5000 0.8
8 VN124 2007 5000 0.7
Total - 2,540,000 374.4

Prizes for achievement from mutant varieties in Southern Vietnam
Due to the significant contributions to socio-economic development, the
development of mutant rice varieties has received many prizes by from
national & local governments and they are as follows :

—

. First prize and Second prize in the Technology Creative Competition
in Ho Chi Minh City, 1998

2.2 Gold medals in the Fair of “ International Green Week” exhibition
in Vietnam, 2000

3.1 Golden Panicle Prize in the International Agriculture Fair organ-
ized in Can Tho, 1999

4. The National Prize on Science & Technology for Significant
Contribution for Socio-economic issues of the country, 2005

5. Prizes for 30 Typical Science & Technology Achievements during
the 30 years of the HCM City, 2005

6. The Golden Cup for Agriculture Products contributed to the coun-
try, National Agriculture Fair in 2006

7. The Creative Labor medal awarded by the Vietnam government,

2007

Conclusion
In brief focus, some significant impacts of the mutant rice varieties in
Southern Vietnam are described below.

Added return since release time (million USD)

Economic impacts

. Over the past 8 years, the total cultivated area of MRVs in
Southern Vietnam has reached about 2.54 million ha.

o The mutant varieties contributed for production have produced
added returns of (in millions USD): VND95-20 (300.0); VND
99-3 (9.0); TNDB 100 (37.5); VND95-19 (6.0); OM 2717 (12.0);
OM 2718 (8.4); VND 121 (0.8) & VN124 (0.7).

o 8 mutant varieties contributed an added return of 374 million
USD over the past years and will continue to provide valuable
return for farmers in future crops.

o The new mutant varieties are tolerant to new diseases and insects,
have replaced susceptible varieties and will continue to have a
significant impact on sustainable rice cropping systems in the
future.

Innovative techniques of MRVs
o Higher yield of more than 10% in comparison to control varieties.
o Very short growth duration: MRVs can be cultivated for 2-3
crops per year, escaping early flooding.
o Tolerance to adverse conditions, large adaptation allowing MRVs
to be cultivated in different areas (acid soil, alluvial, affected
salinity, wet season).

Main superior characters
Large-scale adaptation, good quality,
Tolerant to acid soil, good plant type
Good quality, short duration
Tolerant to acid soil, good plant type
Tolerant to BPH, short duration
Tolerant to BPH, short duration
Aromatic, tolerant to BPH, GSV
Aromatic, tolerant to BPH, GSV

o Successful combination of aromatic characteristics with short
duration, high yield, tolerant to diseases (BL, GSV & RSV) and
insects (BPH).

o Shorter breeding times, reaching 30% reduction compared to
hybridization methods.

o  Confirmation that doses of gamma ray “Co treatment induces
high mutation.

Socio—Environmental impacts

o MRVs are resistant to insects & diseases: Two- to three-fold
reduction of spraying times per crop, saves production invest-
ment capital and protects from pesticide over-usage.

o Contributed to the strategy programme of “Eradicate hunger
and alleviate poverty* and “Deforestation reduction” of different
national and local projects, particularly for the ethnic minorities
in mountainous and remote areas.
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Mutational Events in a Homeobox Gene Vrs1 that
Created a Six-Rowed Spike in Barley Domestication

T Komatsuda® & M Pourkheirandish

Abstract

Early cultivators of barley (Hordeum vulgare ssp. vulgare) selected a
phenotype with a six-rowed spike that stably produced three times the
usual grain number during domestication. SLX-ROWED SPIKE 1 (Vrsl)
isolated from barley encoded a homeodomain leucine zipper I-class
protein (HD-ZIP I), a potential transcription factor. Vrs! is expressed
only in lateral spikelet primordia of the early developmental stage. Fifty-
four six-rowed mutant lines showed mutational events at the vrsI gene
except for five mutant lines, which suggested mutational events at the
regulatory regions of Vrsl. We found three haplotypes among six-rowed
barley revealing loss-of-function mutation of the homeobox gene Vrsl,
while another allele showed no DNA changes throughout the coding
region of the VrsI gene indicating another origin of the six-rowed barley.

Introduction

Throughout the process of cereal domestication started about 10,000
years ago [1-3], humans have deliberately selected individuals of wild
species to emphasize seed recovery [4-6] and improved seed yield [1, 7].
The appearance of six-rowed spikes during the domestication of barley
(Hordeum vulgare ssp. vulgare) is one of the most conspicuous instances
of this process. The barley spike is composed of “triplets” (each with one
central and two lateral spikelets) arranged alternately at rachis nodes.
All three spikelets of six-rowed barley are fully fertile and develop into
grains, but the lateral spikelets of two-rowed barley are reduced in size
and sterile. Wild barley (H. vulgare ssp. spontaneum), the progenitor of
cultivated barley [1, 8], is two-rowed, and its arrow-like triple spikelets
are an adaptive specialization that ensures the seeds will bypass stones
and pebbles and reach soil when they fall to the ground [9]. Spontaneous
six-rowed mutants are eliminated naturally from wild barley population,
thus, six-rowed barley occurs primarily as cultivars or weeds [8].

The development of a six-rowed spike is controlled by a single allele,
vrsl (formerly v for vulgare), that is recessive to the dominant allele
responsible for the two-rowed spike (VrsI) [10, 11]. VrsI has been the
primary target of mutation during the evolution of six-rowed barley. It
has been assumed that six-rowed barley developed from domesticated
two-rowed barley by means of spontaneous mutation [1, 12], but the
origin of six-rowed barley has not yet been confirmed. Recently, map-
based cloning of the vrsI gene revealed that Vrsl encodes a member
of the homeodomain-leucine zipper (HD-ZIP) I class of transcription
factors [13, 14]. Transcription of VrsI was abundant during the early
developmental stages of the immature spike, and VrsI was expressed
only in the lateral spikelet primordia. The dominant nature of VrsI
suggests VRSI protein represses directly or indirectly the expression of
genes for the development of lateral spikelets. In this paper, mutational
events at the homeobox gene VrsI in mutant lines were characterized to
infer the function of the VrsI gene.

National Institute of Agrobiological Sciences (NIAS), Plant Genome Research Unit, Kan-non-dai
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Figure 1 Analysis of mutants allelic to wrsl. Lesions at Vrsl detected in 49 mutants.
Arrows pointing down indicate amino acid substitutions, arrows pointing up with a solid
line indicate new stop codons, and the 3 arrows pointing up with a dotted line indicate
single nucleotide substitutions in the introns with a changed splicing. The arrowheads and
horizontal broken lines indicate deletions, where five mutants have a partial deletion and
seven mutants have a complete deletion of Vrsi. After [13] with slight modifications.

Variable mutational events at vrs1 in mutant lines

DNA sequences of a total 57 mutants, which were derived from five two-
rowed cultivars mainly by the Swedish mutation research group [11],
were analyzed [13]. The hexastichon (hex-v) mutants have six-rowed
spikes with fully fertile, well-developed, and long-awned lateral spikelets
[15], and thus resemble normal six-rowed barley. The Intermedium
spike-d (Int-d) mutants produced sterile or partially fertile lateral spike-
lets with variable awn length. Allelism of these mutations with vrsI was
documented in a previous study [16]. Lesions in VrsI were correlated
with morphological changes in 49 mutant lines. Twenty-two mutant
lines revealed a single amino acid substitution, where most of their
mutations were located at the homeobox (Fig. 1). Twelve mutant lines
revealed truncation of the protein by a new stop codon. Amino acid sub-
stitution and creation of new stop codon at the 3’ region downstream the
HD-ZIP region also resulted in the change of row type indicating there
are some additional functions at this region (Fig. 1). Three mutant lines
showed a single nucleotide substitution in the conserved GT-AG splic-
ing sites of introns (Fig. 2A). These mutants showed modified mRNA
splicing of their Vrs! transcripts by deleting or replacing the conserved
GT-AG splicing sites (Fig. 2B).

Five mutant lines had a frame shift mutation caused by a deletion, and
seven revealed complete deletion of the Vrs! region [13]. These deletions
(>182 kb), which were generated by means of irradiation, always resulted
in hex-v-type six-rowed spikes under a range of growing conditions
[13]. The phenotypes observed in mutants that consistently exhibited
six-rowed spikes support our hypothesis that complete deletion of Vrsi
occurred. Since the 7 deletion mutants did not show any developmental
lesions, Vrsl appears to be dispensable in barley.
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We detected five mutants that did not show any DNA changes through-
out the coding region of Vrsl (Int-d.80, hex-v.7, hex-v.16, hex-v.33,
and NGM13). Expression analysis showed that all of the five mutants
exhibited no transcripts of Vrsl. This result suggests the occurrence of
the mutational events in regulatory regions for Vrsl. The regulatory ele-
ments may correspond to 5 up-stream cis-elements of the Vrsl, but it
was also noticed that the hex-v.33 mutant has a small deletion of a DNA
sequence corresponding to e34m13-260S marker at the 3> down-stream
of VrsI (Supporting Information of Table 2 in [13]).

hex-v.46, hex-v.47 and hex-v.48 were also included in this category
because no DNA changes were detected, but gene expression was detect-
able. Further allelism test, crossing these mutant lines with hex-v.23
(stop codon) and hex-v.49 (splicing modification) as testers indicated
that these mutants do not have genes allelic to the vrsI locus because
lateral spikelets of the F, plants were very poorly developed (data not
shown). In a separate allelism test, all three hex-v mutants (hex-v.46, 47
and 48) got crossed to hex-v.3and hex-v.4. In F  all of them were noticed
as a very weak six-rowed spike or only S plants (pointed lateral spikelets
with very short awns), suggesting that hex-v.46, 47 and 48 are no six-
rowed mutants (U. Lundqvist, personal communication). It was noted
that the three mutants were not typical six-rowed spikes and irregular,
and hex-v.48 looks similar to intermedium (int-e.26) mutant. Therefore
the three mutants must be excluded from hex-v mutant lines. Since the
hex-v.46 showed a transcription level of Vrsl the same as two-rowed
barley.

hex-v.08 was scored without any DNA changes throughout the coding
region of Vrsl [13], but detailed analysis of the DNA sequence and rese-
quencing revealed that the mutant had a single amino acid substitution
at the homeodomain of VrsI as did hex-v.39 and Int-d.50. Therefore,
data concerning hex-v.08, 46, 47 and 48 reported previously [13] were
corrected in this paper.
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Figure 2 Analysis of mutants with a single nucleotide substitution in the conserved splicing
sites of introns in Vrs1. (A) Splicing changes in first intron and second intron results from
nucleotide substitutions. Arrows pointing up indicate the position of a single nucleotide
change in Bonus. (B) Scheme of cDNA for the three mutants through the expression analy-
sis. Broken lines indicate the original splicing site in functional Vrs1.

Mutational events at vrs1 in cultivated six-rowed barley

Survey of barley cultivars and wild barley identified Vrsl.b2and Vrsl.b3
alleles in two-rowed barley and vrsl.al, vrsl.a2, and vrsl.a3alleles in six-
rowed barley [13]. vrsl.al and vrsl.a2 have a deletion and insertion of
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one nucleotide respectively, which results in a frame shift of the deduced
amino acid sequence of VRS1. The vrsi.a3allele has a substitution of one
nucleotide in which an amino acid at a highly conserved position in the
DNA-binding domain was substituted. The DNA sequences were identi-
cal among each allele except that the vrsi.al had three sub-haplotypes
due to SNPs at the non-coding region. A direct descent of vrsl.a2 from
Vrsl.b2 and vrsl.a3 from Vrsl.b3, as a result of point mutation were
deduced. The progenitor of the vrsi.al allele remains to be identified.

In addition, vrsl.c allele was found in “Arlington Awnless”(awnless)
and “Hayakiso 2” (lateral spikelets awn-reduced), but all the spikelets
are filled with grains producing six-rowed spikes. These six-rowed forms
occur in East Asia, most dominantly in Tibet and Nepal. These cultivars
did not reveal a change of amino acid sequence at VRS1 from two-rowed.
The progenitor of the vrsI.callele remains also to be identified.

Discussion and Outlook

Deletion mutants are powerful tools for the initial gene targeting by
map-based cloning. Gene identification and biological function of
genes could be confirmed by analysis of mutant lines revealing single
nucleotide substitutions and insertion/deletions. Our study indicated
that mutant lines are extremely useful for the identification not only of
coding regions of target genes but also of their non-coding regions such
as splicing sites and cis-regulatory elements. Secure storage of mutant
lines and their systematic documentation are essential for sustainable
molecular genetics in plants, especially cereal plants in which analysis of
biological gene function by transformation remains difficult.

The creation of six-rowed spikes in the loss of function nature is simi-
lar to the gigantism that occurs during domestication [17]. The domi-
nant nature of VrsI and the potential DNA-binding activity of HD-ZIP
I proteins suggest that VRS1 is a repressor protein that may bind to the
DNA of genes that regulate the development of lateral spikelets. Further
investigation of the subcellular localization of VRSI proteins will be nec-
essary to test this hypothesis. Expression analysis of genes downstream
of Vrsl could link the vrsI mutations and morphological changes in
barley spikes.

The inflorescence architecture in the Poaceae could be a continuous
story of reduction from a more original “panicle” (as seen in rice and
oats) to a “spike” [18]. Spikes contain a single sessile spikelet per node
in wheat and rye and three sessile spikelets per node in barley. In two-
rowed barley, strict temporal and spatial regulation of VrsI expression
leads to reduction and sterility of the lateral spikelets. We speculate that
either strong alleles or differential regulation of VrsI orthologs could
lead to complete repression of lateral spikelet formation at inflorescence
nodes found in wheat and rye. A Poaceae-wide assessment of variability
and regulation of VrsI orthologs would be an exciting and productive
way to improve our understanding of plant development and of the
evolution of grass species.
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Irradiation-Induced Wheat-Alien Translocation Lines
and their Application in Wheat Breeding

P D Chen’, T D Bie, Y P Cao, S W Chen & X E Wang

Abstract

Wild relatives are rich gene resources for wheat improvement. Transfer
of useful alien genes to wheat through development of wheat-alien
translocations, especially small alien segment translocations, is impor-
tant for wheat breeding. Wheat-alien genetic stocks such as amphiploid,
addition or substitution lines were irradiated for translocation induc-
tion. Mature male or female gametes before flowering on the spikes were
irradiated by “Co-Gamma-rays at doses ranging from 800 to 2240 rad.
Chromosome C-banding and genomic in situ hybridization (GISH)
was used to identify chromosome translocation. Backcross of M| plants
using normal fresh pollen of common wheat was employed to enhance
the transmission rate of various structural changes in their progenies.
The results showed that a dose of 800~1200 rad was suitable for pollen
irradiation while 1500~2000 rad was suitable for female-gamete irra-
diation. Irradiation treatment just before gamete maturation is advanta-
geous to acquire more M, hybrids with a high frequency of chromosome
structural variation. The frequency of plants with at least one transloca-
tion chromosome in M, could be increased up to 70% through pollen
irradiation of Triticum durum-Haynaldia villosa amphiploid. More than
100 translocated chromosomes have been identified in the BCI and
BC2. Translocations with small alien chromosome segments, 57 termi-
nal and 80 intercalary, were induced through female gamete irradiation
conducted on Taestivum-H.villosa 6VS/6AL translocation line. For the
2240 Rad dosage treatment, the induction frequencies of interstitial
translocation, terminal translocation and deletion were 21.02%, 14.01%,
and 14.65%, respectively, which were much higher than those previously
reported. The Taestivum-H.villosa 6VS/6AL translocation has been
used in wheat breeding and many elite cultivars, such as Nannong 9918,
Neimai 9, Shimai 14, etc. have been developed and released.

Introduction

Wild relatives of crops are rich in gene resources, such as resistance or
tolerance to biotic and abiotic stresses, as well as high yield and good
quality. However, because of their distant genetic relations, it is dif-
ficult to introduce these useful genes into cultivars by normal cross-
ing, chromosome pairing and recombination between homologous
chromosomes. The gene transfer can be achieved by chromosome
manipulation, i.e. developing amphiploid, alien addition, and substitu-
tion and translocation lines. The amphiploid contains a complete set of
the alien chromosomes, and the addition or substitution lines contain a
whole chromosome. In these materials, many redundant genes would be
introduced into cultivated species along with the target genes. Therefore,
the best way for gene transfer should be the production of translocation
lines, especially interstitial translocation with a small alien chromosome
segment.
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Spontaneous alien translocation could be observed as a result of occa-
sional chromosome breakage and re-union in the process of wide hybrid-
ization, but the frequency is extremely low and the breakpoint usually
occurred near the centromere and produced whole arm translocation.
Ionizing-irradiation is a popular method for the induction of chromo-
some translocation. Irradiation of dry seeds is most convenient, but the
frequency of chromosome structure rearrangement is very low. Sears
(1956) developed a common wheat- Aegilops umbellulata translocation
line through irradiating pollen of a Triticum aestivum- Ae.umbellulata
addition line by X-ray, followed by pollinating the irradiated pollen to
common wheat cv. Chinese Spring, and successfully transferred leaf rust
resistance of Ae. umbellulata into common wheat [9]. Irradiation was
also used successfully in the transfer of Fusarium head bright resistance
from Leymus racemosus into common wheat in the form of chromo-
some translocation [3, 6, 7].

Haynaldia villosa Schur. (syn. Dasypyrum villosum Candargy, 2n=14,
VV), arelated species of wheat, has been reported to be resistant to pow-
dery mildew, rusts, take all and eyespot diseases, and tolerant to drought
and cold stresses. The powdery mildew and spindle streak mosaic
virus resistances of H. villosa have been introduced into common
wheat through development of alien addition, substitution and whole-
arm translocation lines (4VS/4DL and 6VS/6AL) in the Cytogenetics
Institute, Nanjing Agricultural University (CINAU) [1, 2, 5, 8, 10]. For
further fine mapping and better utilization of useful genes of H. villosa,
it is urgent to develop more translocation involved in different chromo-
somes, different regions and with various fragment sizes of H.villosa.

Materials and Methods

Plant materials
Triticum durum-Haynaldia villosa amphiploid and Taestivum-H.vil-
losa 6VS/6AL translocation were developed by CINAU and used as basic
materials for irradiation. T aestivum cv. Chinese spring was used as the
recurrent parent.

Irradiation treatment

Irradiation of mature pollens

Flowering spikes of T.durum-H.villosa amphiploid were cut off with
flag leaves, maintained with their cut lower ends in water, and irradi-
ated with **Co-Gamma-rays (800 ~ 1600 Rad ) at a dose rate 100 Rad/
min. Fresh matured pollen harvested from irradiated spikes at 1 ~ 3 days
after irradiation was pollinated to emasculated florets of T aestivum cv.
Chinese Spring. Matured hybrid seeds were harvested and sown to set
up a M, population. Pollen collected from untreated 7. durum-H.villosa
amphiploid plants was used to pollinate Chinese Spring as a control.

Irradiation of mature female gametes

The mature female gametes, two to three days before flowering, on the
plants of 6VS/6AL translocation line 92R137 were irradiated by “CO
Gamma- ray using the dosages of 1600 Rad, 1920 Rad or 2240 Rad.

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009, 74-76



The irradiated spikes were emasculated the same day and pollinated
with normal fresh mature pollen of common wheat cv. Chinese Spring
after two to three days, and the produced hybrids were named as M.
Irradiation treatments were carried out at the Jiangsu Academy of
Agricultural Sciences.

Cytogenetics and molecular analysis The chromosome transloca-
tion between wheat and alien species were detected by genomic in situ
hybridization (GISH)[11] and C-banding [4].

Results

Induction of chromosome translocation by irradiating mature pollen of
T.durum-H.villosa amphipliod Fresh mature pollen harvested from irra-
diated spikes at about one to three days after irradiation with 800~1600
Rad was pollinated to emasculated florets of Taestivum cv. Chinese
Spring. The hybridization seed-set rate was 87.2~93.1%, which was
similar to the control (89.6~96.0%)(Table 1). In 719 of 1009 M, plants,
at least one translocation chromosome between wheat and H.villosa was
detected by chromosome in situ hybridization using labeled genomic
DNA of H.villosa as probe. The average induction frequency was 71.2%.
The highest induction frequency of 96.0% was observed in the treatment
of 1600 Rad (Table 2). The translocation chromosomes consisted of
whole arm, terminal and interstitial translocations with different sizes of
alien chromosome segments. These translocation chromosomes could
be transmitted to the next generation by backcrossing with normal fresh
pollen of common wheat Chinese Spring, and the transmission rates of
the translocation chromosomes were 72.9% in the M, to BC, and 100%
in the BC, to BC,, respectively (Table 3). The transmission rate of trans-
location chromosome through female gametes was higher than through
male gametes (Table 4).

Table 1. Hybridization seed-set rates in different treatment dosages.

CHEN ET AL

Induction of chromosome translocation and deletion involved in the
small segment of 6V short arm by irradiating mature female gametes of
translocation line 6VS/6 AL The structurally aberrant translocation chro-
mosome (TC) and transmission ratio (TR) involved in the short arm of
6V of H.villosa were detected by GISH. Among the 534 M, plants, 97
plants with 192 structurally changed chromosomes of 6VS were identi-
fied, including 57 terminal translocation, 80 interstitial translocation and
55 deletion chromosomes (Fig. 1). The frequency of plants with small
fragment structural changes of 6VS was as high as 18.3%. The highest
induction frequency of terminal translocation (14.0%), interstitial trans-
location (21.0%) and deletion (14.7%) was observed in the treatment of
2240 Rad dosage (Table 5). The backcross seed-set rate using fresh pollen
of common wheat Chinese Spring was 70.2%~ 82.5%. Most of the struc-
tural changed chromosomes observed in the M, were rediscovered in the
M,. These lines are potentially useful materials for chromosome-based
physical mapping. Two heterozygous interstitial translocation lines with
a segment of 6VS (FL0.40-FL0.70), which showed high powdery mildew
resistance, were obtained.

Utilization of T aestivum-H.villosa translocation 6VS/6AL with Pm21
The powdery mildew resistance of H.villosa has been transferred into
common wheat through the development of 6V addition and 6V(6A)
substitution lines, and the resistance gene was located on chromosome
6V [1, 8, 5]. Taestivum-H.villosa translocation line 6VS/6AL with
powdery mildew resistance was produced by irradiation of the F, dry
seed derived from the cross of T.aestivam cv.Yangmai 5 / Taestivum-H.
villosa substitution 6V(6A) in CINAU. The powdery mildew resistance
gene was further located on the short arm of 6V and designated as Pm21
[2]. Up to now, using the translocation lines as parents, new varieties
including Nannong 9918, Neimai 8~10, Shimai 14, Shimai 15, Zhongyu

Treatment 2006 2007
No. of florets pollinated No. of hybrids obtained Percentage of seed set No. of florets pollinated No. of hybrids obtained Percentage of seed set
OR 317 284 89.6 227 218 96.0
800R 855 759 88.8 612 570 €8 1l
1200R 763 665 87.2 843 781 92.6
1600R 1107 1003 90.6
%Rcontrol
Table 2. Effect of different dosages on the production of intergeneric translocations.
Treatment 2006 2007
No. of plants No. of plants Occurrence fre-  No. of total TCs No. of TCs No. of plants No. of plants Occurrence fre-  No. of total TCs No. of TCs
observed with TCs quency of TCs per plant observed with TCs quency of TCs per plant
800R 98 54 55.1 112 1.14 93 46 49.5 83 0.89
1200R 98 75 76.5 165 1.68 93 70 7.3 177 1.90
1600R 100 96 96.0 239 2.39

T¢ translocation chromosomes

Table 3. Recovery analysis of translocation chromosomes in different generations.

Generation No. of plants investigated No. of TCs investigated

in the former generation
M,-BC, 18 48 65
BC,-BC, 22 39 370
BC,-BC, 18 20 247

T¢ translocation chromosomes

No. of plants investigated
in the later generation

No. of TCs recovered Recovery frequency %

85 72.9
39 100.0
20 100.0
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9 and Yuanzhong 175 etc., have been developed and released from dif-
ferent breeding institutes of China, and a number of elite lines have been
selected for national regional tests.

Table 4. Analysis of translocation transmission by male and fe-
male gametes from BC2 to BC3 generation.

No. of plants No. of plants detected Transmission rate (%)
investigated with translocation

Female gametes 221 75 72.9

Male gametes 221 56 100.0

AR Vim L
e

Figure 1 Part of structurally changed chromosomes involving the short arm of 6V chromo-
some of H.villosa detected by GISH in M, plants. 1-8: interstitial translocation chromo-
somes with small fragments, 9-16: terminal translocation. chromosomes, 17-22: deletion
of chromosome 6VS.

Table 5. Effect of different irradiation dosages on the induc-
tion frequency of small fragment structural changes of 6VS.

Treatments  Inducing frequen-  Inducing frequen-  Inducing frequen-  Inducing frequen-

cies of small cies of interstitial cies of terminal cies of chromo-
fragment struc- translocation translocation some deletion

tural changes

2240Rad 24.84 21.02 14.01 14.65

1920Rad 21.30 18.93 12.43 10.06

1600Rad 10.58 7.21 6.73 7.21

Control 0.00 0.00 0.00 0.00

Discussion

For mass production of various translocation lines involving different
alien chromosomes or chromosome fragments, the 7.durum-H.villosa
amphiploid containing a complete set of H.villosa chromosomes were
used for irradiation and at least one translocation chromosome was
observed in 72% M, plants. The identified translocation chromosomes
involved different fragments and regions of chromosome 1V to 7V of
H.villosa. These translocation lines could be further used for the con-
struction of translocation pools and were useful genetic resources for
the introgression and further utilization of alien genes as well as physical
mapping of the target genes.

In order to improve the efficiency for creation of interstitial translo-
cations, the whole arm translocation 6VS/6AL was used in the present
research for irradiation. In this case, one breakage in the alien chromo-
some can generate small fragment interstitial or terminal translocations,
or deletions of the alien chromosome. We found that not only small
fragment terminal translocations and deletions but also intercalary
translocations were observed at a high frequency.

The increase of dosage and dosage rate will significantly increase
the frequency of breakage-reunion events, including double breakage-
reunion events, hence producing more chromosome structural changes,
especially interstitial translocation. We used mature female gametes
of 6VS/6AL for irradiation because female gametes were less lethal-
sensitive and could endure higher dosages and dosage rates. The female
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gametes were irradiated just before fertilization and were pollinated with
normal fresh pollen after irradiation. Like this, the structural aberrations
had more chances to be involved in the fertilization process before resto-
ration or elimination and transmitted to the next generation. These irra-
diated female gametes could be pollinated with mature and fresh pollen
of normal wheat. This avoided the elimination of structurally aberrant
chromosomes due to the fertilization competition mainly occurring in
the male gametes, and a high proportion of the chromosome aberrations
could be saved in the M, plants. A small fragment interstitial transloca-
tions with high powdery mildew resistance were identified in the back-
crossing progenies by GISH and powdery mildew resistance evaluation.

As more disease resistance genes were cloned from model or other
plant species, it was found that resistance genes were often present as
a gene cluster in a specific chromosome region. By the development
of alien translocation lines, more than one single useful gene can
be introduced simultaneously without any safety issues brought by
genetic modification. The translocation lines are genetically stable and
their resistance is more durable compared with single-gene transfer.
The wheat-rye 1RS/1BL translocation has been successfully utilized in
breeding programmes worldwide, one important reason is that several
useful genes, especially disease-resistant genes, are located in 1RS. More
and more translocation lines, especially intercalary translocations with
multiple useful traits will be used in modern wheat breeding with the
accelerated development of various translocation lines involved in dif-
ferent alien species.
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Induced Mutation in Narrow-Leafed Lupin Improve-
ment: An Example of Herbicide Tolerance
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Abstract

Spontaneous mutation has been discovered and utilized in domestica-
tion of narrow-leafed lupin (Lupinus angustifolius L.). As a result of
domestication, lupin has become a dominant grain legume crop in
Western Australia. Facing the new challenge of developing herbicide
tolerant cultivars, chemical mutagenesis has been used to create new
tolerance to herbicide. This paper reports the characterization of two
lupin mutants (Tanjil-AZ-33 and Tanjil-AZ-55) that are highly toler-
ant to metribuzin herbicide. A dose response study of over eight doses
revealed that Tanjil-AZ-33 was six times more tolerant to metribuzin
than the original parental cultivar Tanjil, as measured by LD, . This
mutant Tanjil-AZ-33 is the most tolerant germplasm in narrow-leafed
lupin. Both mutants also maintain the high resistance to the disease
anthracnose as in cv Tanjil. Seed yield based on small field plots (3.6
m?) under irrigation was 4.2 t/ha for Tanjil-AZ-33 and 1.9 t/ha for Tanjil
when the seedlings were subjectted to 300 g/ha metribuzin at the six-leaf
stage. Seed yields of both Tanjil-AZ-33 and Tanjil-AZ-55 were similar to
Tanjil in absence of the herbicide. These facts indicate that the mutation
process has created tolerance to metribuzin in Tanjil, without altering its
yield capacity and anthracnose resistance. The mutant Tanjil-AZ-33 has
been used as a parent in the lupin breeding programme and we expect
future lupin cultivars to have increased metribuzin tolerance. Induced
mutation proved to be an effective tool in lupin improvement.

Introduction

Narrow-leafed lupin (Lupinus angustifolius L.) is a wild native species
of the Mediterranean region that has become a major grain legume crop
in Australia since the release of the first sweet cultivar Uniwhite in 1967.
Domesticating the plant for modern agriculture involved discovery and
utilization of spontaneous mutants of several key domestication genes
[1]. For example, Uniwhite contains natural mutants of non-shattering,
low-alkaloid and soft-seed genes. The early flowering mutant Ku gene,
present in cv Unicrop released in 1973, brought flowering forward by two
to five weeks and allowed narrow-leafed lupin to be grown as a successful
commercial crop in the Mediterranean climate of Western Australia [2].
Most cultivars released after Unicrop have disease resistance in addition
to these domestication genes.

Under the current lupin production system in Australia, the top agro-
nomic issues are weed and disease management control. Cultivars with
increased tolerance to herbicides are needed to expand weed manage-
ment options in the minimum tillage farming systems. The anthracnose
resistant cultivar Tanjil has been widely used as a parent in the lupin
breeding programme in Australia as a source of anthracnose resistance.
Unfortunately, it was found to also be sensitive to metribuzin herbicide

! Center for Legumes in Mediterranean Agriculture, Faculty of Natural and Agricultural Sciences,
The University of Western Australia, 35 Stirling Highway, Crawley, 6009, Australia.

2 Department of Agriculture and Food of Western Australia, Locked Bag No. 4, Bentley Delivery
Center, WA 6983, Australia

* Corresponding author. E-mail: pingsi@cyllene.uwa.edu.au

[3]. Therefore, improving tolerance to metribuzin in progenies contain-
ing Tanjil parentage has become very important.

One approach to improve tolerance to metribuzin in Tanjil is to create
it through chemical mutagenesis. Mutants induced from cv Tanjil have
been selected for metribuzin tolerance and several mutants were found
to be highly tolerant to metribuzin [4]. This paper reports the charac-
terization of two highly tolerant mutants in terms of LD50, seed yield
in the presence and absence of metribuzin application, and anthracnose
resistance in the disease nursery.

Materials and Methods

Two metribuzin tolerant mutants Tanjil-AZ-33 and Tanjil-AZ-55 [4],
along with the metribuzin-sensitive cv Tanjil (the original parent of the
mutants) and the metribuzin tolerant cv Mandelup were examined in a
dose response study involving eight doses, four replicates and 20 plants
per replicate. Experimental procedures were the same as reported in [3].

The two mutants were compared with cultivars Tanjil and Mandelup
for seed yield when 300 g/ha metribuzin was applied to seedlings at the
six-leaf stage with boom spray fitted on a motorbike with output of 72
L/ha. Metribuzin at 300 g/ha was applied on July 7, 2006 to six to eight
leaf stage lupin plants. Herbicide damage was scored at three weeks after
spray. Plants were grown in 3.6 m? (1.5 x 2.4) plots sown at 50 seeds/m2.
Plants of each plot were harvested by hand at maturity and seed yield
obtained.

For seed yield measured in the absence of metribuzin at regional sites,
trial preparation and management was the standard of field evaluation of
breeding materials by the lupin breeding programme at the Department
of Agriculture and Food of Western Australia.

Assessment of anthracnose resistance was conducted in the irrigated
disease nursery at the Medina Research Station, Western Australia in
2006 and followed the same protocols as used for all the breeding materi-
als from the lupin breeding programme.

120

—g— Tanjl

—o— Mardelup
—p—TanbAZ-33
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Figure 1 Percentage of plant survival of induced mutants Tanjil-AZ-33 (), Tanjil-AZ-55 (A)
compared with original parent cv Tanjil (o) and a tolerant cv Mandelup (0) in metribuzin
dose responses with plants grown in a 20/12°C (day/night) phytotron.
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Results

Dose response

At high herbidice rates (Fig. 1), mutants Tanjil-AZ-33 and Tanjil-AZ-55
had a greater percentage of survival than the wild type Tanjil. At the
metribuzin rate of 800 g/ha, all Tanjil plants died whilst the mutants sur-
vived at 100%. The difference by LD, between the mutant Tanjil-AZ-33
and Tanjil was six-fold. The mutant Tanjil-AZ-33 had much higher
survival than Mandelup at rates greater than 1600 g/ha, suggesting a
tolerance even greater than that of cv Mandelup.

Seed yield in the presence of metribuzin

Seed yield of mutant Tanjil-AZ-33 was 4.23 t/ha under irrigation, more
than twice that of Tanjil when they were subject to metribuzin at 300 g/
ha during the six to eight leaf stage, but very close to that of the tolerant
cultivar Mandelup (Table 1). Both mutants showed no symptoms of leaf
damage from metribuzin at three weeks after application whilst Tanjil
plants were severely damaged.

Table 1. Seed yield of metribuzin tolerant mutants subject to
300 g/ha metribuzin in the field at Shenton Park in 2006.

Genotype Seed yield (t/ha) Visual damage score
against metribuzin®

Tanjil-AZ33 4.23 0

Tanjil-AZ55 2.62 0

Tanijil 1.86 3

Mandelup 4.63 0

Lsd. (P<0.05) 1.19

A Damage score against metribuzin with O=no symptom, 3=most
plants had scorch on first six leaves and 5=plant dead.

Seed yield in the absence of metribuzin

Seed yield of the two mutants Tanjil-AZ33 and Tanjil-AZ55 in the Stage
2 field evaluation (in the absence of metribuzin) was not significantly dif-
ferent (P <0.05) from that of Tanjil at three regional locations in Western
Australia in 2006 (Table 2), although the actual seed yield varied from
location to location. Mandelup had significantly higher yield than the
two mutants at the sites of Merredin and Wongan Hills.

Anthracnose resistance

The visual scores of resistance to anthracnose of the mutants Tanjil-AZ
33 and Tanjil-AZ 55 were not significantly (P < 0.05) different from those
of Tanjil in the disease nursery in 2006 (Table 2), suggesting a similarly
high resistance to anthracnose. The mutants had slightly higher scores
than cv Mandelup.

Table 2. Anthracnose resistance and seed yield (t/ha) of mutant
lines in the absence of metribuzin at regional sites in 2006.

Variety VarietyAnthrac- Badgingarra Merredin Wongan Hills
nose resistance
score®
Mandelup 6.0 1.14 1.38 1.52
Tanjil 7.0 1.08 1.12 1.29
Tanjil-AZ-33 6.8 1.05 1.01 1.26
Tanjil-AZ-55 7.0 0.99 0.99 1.27
Isd (P = 0.05) 1.0 0.34 0.32 0.22

A Disease resistance was evaluated in disease nursery at Medina Research Station in 2006.
1=plants severely damaged, 9=plants immune.
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Discussion

Two mutants induced from the metribuzin-sensitive Tanjil are highly
tolerant to metribuzin, with a six-fold increase in tolerance to metribuzin
compared to the original parent Tanjil as revealed by the dose response
study, thus confirming that induced mutagenesis is a useful breeding tool
to develop tolerance to herbicides. Mutation breeding has been success-
fully used in soybean for an increased tolerance to sulfonylurea herbicide
[5]. The mutant Tanjil-AZ-33 has even greater tolerance to metribuzin
than the tolerant cultivar Mandelup. Mandelup was released in 2004 as a
high-yielding, early-flowering cultivar tolerant to metribuzin in the field
at recommended rates. The degree of metribuzin tolerance in Mandelup
is similar to other tolerant cultivars [3]. Tanjil-AZ-33 is the most herbi-
cide tolerant genotype in the lupin germplasm collection. This, in fact,
indicates that mutation created new tolerance. Mutants with tolerance
better than Mandelup are valuable sources for the development of lupin
cultivars with greater tolerance. Tanjil-AZ-33 has been used as a parent
as a source of metribuzin tolerance in the breeding programme.

Cultivars with greater tolerance would lead to greater safety margin
to this herbicide and could potentially lead to higher application rates
to allow better weed control. When 300 g/ha metribuzin was applied
to seedlings at the six-leaf stage, tolerant mutants had no symptoms
of foliage damage whilst Tanjil seedlings were severely scorched.
Consequently, seed yield of Tanjil-AZ-33 was twice that of Tanjil in pres-
ence of metribuzin, even though seed yield potential of the mutants is
similar to Tanjil in absence of metribuzin as tested in the Stage 2 field
trials across three locations. Seed yield of Tanjil-AZ-55 was lower than
Tanjil-AZ-33, largely due to the observed damage caused by thrips
during flowering. Mandelup yielded higher than Tanjil and the two
mutants in the Stage 2 field trials. However, seed yield of Tanjil-AZ-33
was comparable to Mandelup at 300 g/ha metribuzin. It is expected that
new cultivars combined with the high yielding background of Mandelup
and high metribuzin tolerance of Tanjil-AZ-33 would be able to toler-
ate higher herbicide rates and coupled with a greater safety margin and
hence higher yield.

The two mutants Tanjil-AZ-33 and Tanjil-AZ-55 were selected among
several other tolerant mutants on the basis of their carrying the molecu-
lar marker of anthracnose resistance gene [4]. Presence of the specific
molecular marker for Tanjil's resistance to anthracnose in all seedlings
of the two mutants suggests that these mutants retained the anthracnose
resistant gene [6]. We hoped that some mutants would retain the anthra-
cnose resistance of Tanjil but also show an improvement in the tolerance
to the herbicide. Anthracnose resistance screening in the disease nursery
confirms that both mutants are as highly resistant to anthracnose as
Tanjil.

In conclusion, induced mutagenesis has created two new mutants
highly tolerant to metribuzin, but has not altered the characteristics
of Tanjil in yielding capacity and anthracnose resistance. The induced
mutant Tanjil-AZ-33 has replaced the original parent Tanjil as parental
source for both anthracnose resistance and metribuzin tolerance in the
lupin breeding programme. Mutation breeding will continue to provide
genetic variation for the improvement of lupin required to adapt to the
changing farming systems.
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Results of Utilization of Chernobyl Radio Mutant in
Breeding Programmes of Triticum aestivum L.

L A Burdenyuk-Tarasevych

Abstract

A large spectrum of mutations was observed as a result of winter wheat
Taestivum L. irradiation for two consecutive vegetative seasons (during
1986-87) in the fields close to the ruined reactor of the Chernobyl
Nuclear Power Station. Mutants taken from the different generations
(L147/91, BC 47 square head, dwarf 20104/89) were used for develop-
ment of the varieties Lybid, Yasochka and Tsarivna to utilize traits from
the mutants such as hardiness, drought tolerance, disease and lodging
resistance and bread quality. These varieties were included in the State
Variety Register of Ukraine, while another one, Lisova Pisnya is included
in the list of perspective varieties.

Introduction

The genetic changes in winter wheat that occurred due to the ionizing
radiation, which appeared as a result of Chernobyl Nuclear Power Plant
accident, were investigated during 1988-2007 at the research station
in Bila Tserkva. Irradiation received by plants was chronic. External
gamma-irradiation, internal irradiation, irradiation by beta and alpha
particles from incorporated radionuclide formed a cumulative incor-
porated doze. [1] 239 accessions of common wheat, which during two
years in plantations in 1986 and in self-sowing 1987, grown near the
Chernobyl Reactor were picked up by academician D.M. Grodzinsky,
and professors PK. Shkvarnikov and V.E Batygin, who kindly provided
them to our station for further investigation and analysis. The objective
was to assess their possible utilization in breeding by selecting among
them the mutants with attractive agronomic important traits to be
subsequently introduced in breeding programmes. Another goal was to
identify the remote consequences of the irradiation, which may later be
used to forecast genetic changes for numerous populations remaining in
the zone polluted by the radionuclide. [2]

Results and Discussion
The four varieties of common wheat, Bilotserkivska 47, Poliska 70,
Myronivska 808 and Kyianka were planted at the fields of Chernobyl
area before the accident. Even in M, a large spectrum of mutations was
discovered. Because of genetic instability, the mutant diversity increased
each year and, to date, the collection includes up to 2,000 mutants.
[3] Plants with different kinds of abnormalities in structure appeared
among mutants of different generations. We called them chimerical
plants and they had no value for breeding. Moreover, the direct selection
from mutants of all studied varieties did not yield positive results due to
the high instability of all characteristics in many generations. This was
particularly true for the segregation in plant height and morphology
observed as well as for yield and gluten quality.

At the same time, several selected lines of mutants that showed some
advantageous agronomic characteristics, were applied to the breeding

Bila Tserkva Division of Research and Breeding, Institute of Sugar Beet UAAS, Kiev, Ukraine
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programmes. The first one was Mutant 20168/89, where even in M,
segregation was observed in the progeny of seeds collected from one ear:
54% of plants had square head ear with awns, a stem height 90-105cm
and were resistant to brown rust, whereas 46% of plants closely resem-
bled Myronivska 808 - lyutestsens sub-variety, with a stem height of
116cm and were highly susceptible to lodging and brown rust.

In M,, a heterozygous ear mutant of Lyutestsens 147 (L147) was
selected. The segregated population from this mutant (M,) exhibited
89% awnless plants with a normal ear density, 10% of plants appeared to
be square head form and 1% of plants were small chimeras with a height
of 25cm. A separate segregation by height was also observed simulta-
neously, with variation between 75 and 110cm. Genetic instability of
Mutant 20168/89 was also observed in later generations. (Fig. 1)
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Figure 1 Splitting of genetically unstable mutant — 20168/89 in later generations (M6-
M12): 1 - Lyutestsens with normal ear density L147/91, which became the female parent
in the creation of Lybid and Yasochka; 2 — compactoid semi-awned with twisted ear stem;
3 - “transparent” ear without ear stem, with spikelets attached to each other; 4 — ear with
deformed awns and sterile upper part; 5 — awnless squared head; 6 — well developed awned
squared head with noticeable changes in the middle of the ear.

In M,, the segregation of L147 continued by ear morphology and plant
height. In this population the constant mutant L147/91 was selected,
awnless and with high resistance to brown rust, septoria and Fusarium
spp., because of which the plants have green leaves during all stages of
ripening. This mutant has high gluten content in seeds — up to 41-48%,
coupled with low quality of this gluten.

Further, mutant L147/91 with normal awnless ear was selected as a
female component for crossing with the strong common wheat variety
Novoukrainka Bilotserkivska. This was aimed at decreasing height and
increasing thickness of the stem of cv. Novoukrainka Bilotserkivska
while simultaneously improving its resistance to a number of diseases.

An F, population of 2,000 plants from those progenitors was studied
and 105 among them were collected and sown. In the F, population from
those plants, 23 families were selected for control nursery. Such lines
were highly productive, winter-resistant (especially in winter conditions
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with snow) as well as lodging-resistant, and they had high gluten con-
tent of good quality. Therefore, in this crossing the low gluten quality
derived from mutant L147 was inherited as a recessive trait and the level
of gluten content as heterozygous.

Line Ne 728/98, which was selected for further investigation in control
nursery, was registered in Ukraine in 2006 as variety Lybid* and recom-
mended for cultivation in all zones of Ukraine. This variety is awnless,
with an intermediate date of ripeness, high winter resistance (it success-
fully passed the 90-days of ice crust winter condition in 2003), drought
tolerant, has resistance to brown rust, powdery mildew and septoria.
It is a semi-dwarf, highly productive variety and belongs to the strong
wheats. A maximum productivity of 9.6 t. per hectare was achieved by
Bila Tserkva State Variety Testing Station (SVTS) of Kiev State Center for
Plant Variety Expertise (CPVE) during the very dry 2007 season, which
superseded the standard variety Podolianka by 0.9 t. per hectare.

Mutant L147/91 was also successfully used as female parent with vari-
ety Napivkarlyk 3 crossing, resulting in the creation of variety Yasochka.
Unlike regular crossings with stable varieties, splitting by awn trait was
recorded immediately in F: crossing of two awnless parental forms gen-
erated 1% of awned offspring. A wide variety of recombinants was also
observed in further generations. There were 56 hybrid lines studied in F3
with 14 selected for the control nursery. A wide variability was obtained,
both morphologically and for traits useful in breeding.

Thus, the variation in the control nursery for winter resistance ranged
from three to four (on a five-point scale); brown rust resistance ranged
from 2% to 65%, yield from 5.4 to 7.4 t. per hectare, stem height from
90 to 100cm, gluten content from filler with Gluten Deformation Index
(GDI) of 113 to strong wheat with 15% of protein and GDI of 78. The
difference in ripening season reached 10 days. The most productive line
from this crossing, 199/02, was included after the state variety testing in
the State Plant Variety Register for 2006 as Yasochka variety. Yasochka is
awned, of mid-size height and mid-term ripening. It has a high drought
tolerance, above average winter resistance and big kernels, having inher-
ited resistance to brown rust, septoria, Fusarium spp. and lodging from
mutant L147/91. Gluten quantity was also inherited from the mutant
L147/91 with no connection to gluten quality. As a result, the variety was
classified among strong wheats by gluten. A maximal yield of 8.5 t per
hectare was achieved in 2004 in Vinnytsa CPVE and 8.4 t per hectare in
Dnipropetrivsk CPVE. Yasochka is recommended for cultivation in the
Steep-forest region.

Figure 2 Mutants of Bilotserkivska 47 common winter wheat. 4 — parental variety
Bilotserkivska 47, 20035 — mutant of Bilotserkivska 47 — female form in crossing leaded to
development of varieties Tsarivna, Lisova Pisnya and Romantica.

L A BURDENYUK-TARASEVYCH

In the collection of Chernobyl mutants the most numerous and least
stable are a group of mutants of Bila Tserkva 47 — BC 47 squared head
(BC 47 sqr). In M, they differ from the original variety by thicker upper
half of the ear, meaning they possess a squared head ear. In 1989, there
were 40 families of such mutants, with 25% of them awned and of even
height. Others got split by height from 85 to 105c¢m, different morpho-
logical traits of the ear stem and leaves. In different generations different
systemic mutations were noted. They possessed traits of other species:
Tspelta (L), T.compactum (Host) and T.vavilovi (Tum. i Jakubz). [4] All
of them, like the original genotypes, belong to hexaploid wheat. Some
mutations had no noticeable morphological differences but had differ-
ent quantitative traits such as productivity, bread quality, winter resist-
ance, disease resistance etc., of practical application for breeding. For
their identification, analysis of useful traits was conducted along with
the study of morphological changes, whreby mutant BC 47 sqr. # 774/89
(Fig. 2) was selected.

Unlike many other mutants in this group (Fig. 3), BC47 had no
significant deviations from normal ear structure with an exception of
hardly noticeable square head and doubled spikelets on some parts of the
ear. In addition, during nine years of testing (1991-1999), BC 47 sqr. has
proven to be winter-resistant and of high bread quality. After multiple
selections by pedigree method, BC 47 sqr. became more stable and was
introduced for crossing with a steppe ecotype variety, Odesska 162, to
improve winter resistance of the latter. After multiple selections from the
progeny, three selected lines became new varieties: Tsarivna (included in
the State Registry in 2008), and Lisova Pisnya and Romantica (included
in 2009). Romantica variety is presently under state testing. All three
varieties were found to be winter-resistant when tested in freezers, classi-
fied as belonging to the strong wheat group, and having high productiv-
ity. Maximal productivity of Tsarivna variety is 8.8 t. per hectare, while
9.0 t. per hectare was achieved with Lisova Pisnya in the Variety Study
Centre in Kiev region in 2006.

Figure 3 Splitting of genetically unstable mutant of Bilotserkivsra 47 in M9: 9.- spikelets
after threshing; 11.- T. spelta; 10,12- Spelta-Compactum; 14- spikelets are on a single
side of ear stem.

Varieties obtained from crossing with radio mutants are characterized
by high drought tolerance. In dry 2007 in Steppe region (Kirovograd
Testing and Breeding Station), Tsarivna yielded 8.3 t per hectare and
Lybid yielded 8.5 t. per hectare, which is higher than the standard vari-
ety Podolyanka by 0.9 and 1.1 t. per hectare, respectively. In the marshy
woodlands zone at Borodianska Testing and Breeding Station, Lisova
Pisnya delivered 6.2 t per hectare, outperforming Podolyanka by 2.8 t
per hectare.

Another mutant, dwarf 20104/89, was found to be a prospective
parent for future selection. In M3, it was heterozygous by many traits,
the progeny obtained from one ear having a height ranging from 48 to
76¢cm, with compactum-type short ear. In the upper part of the ear many
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spikelets had sterile flowers. In M, and M,, the splitting continued with
square headed, awned and awnless forms, tall and dwarf plants, early
and late ripened plants. In M a dwarf plant (60cm tall), with a strong
stem and good ear density, but with low productivity was selected,
and was introduced for breeding with the good bread-making quality
variety Novoukrainka Bilotserkivska, which was susceptible to lodging.
Transgression by productivity was obtained as a result. In the control
nursery 24 numbers out of 63 surpassed the productivity of the original
variety. The most productive lines achieved 7.7-7.8 t per hectare. They
were resistant to lodging and to brown rust belonging to strong wheats.
The best line, named Vidrada, was taken for the state testing. From dwarf
mutant 20104/89 it inherited strong stem and quality of the strong wheat.

Thus, disease resistance (L 147/91), lodging resistance (20104/89),
drought tolerance and winter resistance traits (BC 47 sqr.), plus gluten
content and gluten quality (20104/89 and BC47 sqr.) were utilized for
breeding. The use of stable (after multiple selections) lines of Chernobyl
mutants as parental genotypes in crosses enhanced the genetic pool of
winter wheat and helped to develop highly productive varieties with
good bread-baking qualities and increased adaptive potential for hostile
environments.
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Sunflower Mutants with Improved Growth and Metal
Accumulation Traits Show a Potential for Soil

Decontamination

E Nehnevajova'>’, R Herzig?, J-P Schwitzguébel® & T Schmiilling'

Abstract

Over the last two decades, the use of plants has been proposed as an
alternative technique to remove toxic metals from contaminated soils.
This technique, called phytoextraction, can use either hyperaccumulat-
ing species, able to accumulate and tolerate high amounts of metal, but
producing low biomass, or high-yielding crops compensating moderate
metal accumulation by a high biomass. Both types of plants can be con-
sidered for metal removal, but soil decontamination still takes quite a
long time. Therefore, plants used for metal removal need to be improved.

This paper summarizes our previous and present work aimed at the
improvement of sunflowers for phytoextraction by chemical mutagen-
esis. Improved yield and metal accumulation in sunflower mutants were
already observed in the M, mutant generation, where three new sun-
flower phenotypes were found: mutants with a significantly enhanced
biomass production and no changed metal accumulation; mutants with
a slightly improved biomass production and an enhanced metal accu-
mulation in shoots; and mutants with reduced metal uptake. The same
alterations in growth and metal accumulation were observed in the fol-
lowing generation. The best M, sunflower mutants showed a three to five
times higher cadmium, a four to five times higher zinc, and a three to five
times higher lead extraction, as compared to the control inbred line. The
stability of improved traits, yield and metal uptake, was confirmed also
in the fourth generation, where mutant lines still provided a significantly
enhanced metal extraction.

Metal translocation from root to shoot and distribution within the
shoot (stem, leaves and flower) of mutant lines and control sunflowers
grown on a metal contaminated soil was studied in detail in the fifth gen-
eration under greenhouse conditions. Sunflower mutant seedlings show
a very good metal translocation capacity after three months of cultiva-
tion on contaminated soils; thus the metals were primarily accumulated
by sunflower leaves.

Introduction

Soils contaminated with metals (such as cadmium, chromium, nickel,
zing, lead, etc.), arsenic, and various radionuclides are nowadays a major
environmental and human health problem. Main sources of soil con-
tamination are the metal smelting industry, residues from metalliferous
mining, combustion of fossil fuel, sewage sludge, waste incineration, car
exhausts as well as some pesticides and fertilisers used in agriculture. In
the European Union, more than 16% of the total land area, an estimated
52 million hectares, is affected by some level of soil degradation [1]. In
contrast to the organic contaminants, which can undergo biodegrada-
tion, heavy metals cannot be destroyed and remain in the environment.
Moreover, they can enter the food chain via agricultural products or
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leach into drinking water. Therefore, there is a need for an effective and
affordable technological solution for soil remediation.

Nowadays, phytoremediation is becoming very popular as a novel
strategy to clean up polluted soils. This decontamination technique
needs green plants and their associated micro-organisms, soil amend-
ments and agronomic techniques to remove, contain or render harmless
environmental contaminants [2, 3]. A great scientific and commercial
interest now focuses on a phytoremediation strategy called phytoex-
traction. It is based on the ability of plants to take up, transport and
concentrate metals from the soil into the above-ground parts of plants
[3, 4]. Plants used for phytoextraction have to be finally harvested, then
disposed or converted into valuable products. The main advantage of
metal phytoextraction is in situ application without further disturbance
of the site. Another advantage is a lower cost than conventional methods
to decontaminate land. The possible recycling of metals and recovery of
bioenergy could provide further economic advantages of phytoextrac-
tion. One of the possible limitations of this method is that its applicability
is restricted to the upper soil layers and low or moderately contaminated
soils [5]. The greatest disadvantage of metal phytoextraction is the need
of a long cleaning up time. The phytoextraction process should prefer-
ably not exceed a few decades [6, 7]. The interest of many scientists is
thus focused on a reduction of time needed for phytoextraction.

Based on long years of experimentation, two groups of plants are
considered to be useful for metal phytoextraction: (1) hyperaccumulator
species (e.g. Thlaspi cearulescens L., Arabidopsis halleri L.) which can
accumulate and tolerate metals that are toxic to other organisms even
at low dosage [8, 9], but produce low biomass; and (2) high biomass
producing species, like Helianthus annuus L. [10, 11]. Although these
plants are among the best candidates for phytoextraction, they are still
not efficient enough to remove sufficient amounts of metals from the
soil within 10 years. For a practical use of this green technology, it is
necessary to enhance phytoextraction efficiency.

Phytoextraction efficiency can be enhanced either at the level of soil,
using fertilizer and chelating agents to enhance metal bioavailability [12,
13] or at the plant level, improving insufficient metal uptake characteris-
tics of high yielding crops or increasing the biomass of hyperaccumula-
tors. The main attention of improvement of phytoremediation technol-
ogy is focused on the achievement of high shoot metal concentration
in high-yielding plants [14]. Genetic engineering as well as traditional
breeding (classical mutation and in vitro breeding techniques) may help
to improve the existing insufficient capacity of the metal phytoextraction
by high-yielding crop species [15, 16, 17].

This paper gives an overview about the possible use of chemical
mutagenesis to improve the capacity of sunflowers for metal uptake,
accumulation and removal.

Mutagenesis as a tool to improve metal tolerance and metal
accumulation by plants

Mutation techniques have contributed significantly to world-wide plant
improvement, including yield, oil quality, disease, salt and pest resist-
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ance in crops. According to the FAO/TAEA Mutant Varieties Database,
more than 1840 mutant varieties involving 164 plant species have been
officially released up to December 1997 and some of them have made an
outstanding impact on the productivity of a particular crop [18, 19]. In
some countries mutant varieties of economically important crops, e.g.,
barley, durum, wheat and cotton occupy the majority of cultivated areas.
Mutation techniques have also been successfully used for the induction
of Al tolerance in wheat [20] and barley [21, 22]. Based on the fact that
ionizing treatments and also certain chemical mutagens could induce a
lot of useful alterations in the genome of crop plants, artificially induced
mutations might lead as well towards crop improvement of metal
accumulation.

Chemical mutagenesis has already been used to obtain new mutant
variants with enhanced metal accumulation traits. Mutant seedlings of
Arabidopsis thaliana L. accumulate a 7.5 times higher amount of manga-
nese and 4.6 times more copper from the soil than the control [23]. Zinc
accumulation is enhanced by a factor of 2.8 and magnesium by a factor
1.8 in the mutant variants. It was found that this recessive mutation
shows a positive correlation with ferric-chelate reductase activity. Two
cadmium-tolerant mutants, initially assessed by root growth, have been
isolated from ethyl methanesulphonate (EMS) mutagenised Arabidopsis
seeds. One mutant, cdhtl, shows an LD50 of 200 uM Cd versus an LD,
of 110 uM Cd for the control plants. The mutants cdht! and cdht4 accu-
mulate 2.3 times less cadmium than control plants exposed to 150 uM
CdCl, [24]. Induced mutations have also been used for rapid creation
of variability in Al tolerance in barley. Thirteen mutants with increased
levels of tolerance to Al have been selected in the M, generation after
mutagenic treatment of four barley varieties with N-methyl-N-nitroso
urea and sodium azide (NaN,) [21]. An enhanced aluminium (Al)
tolerance has also been observed in barley cell lines obtained through
mutagenesis by EMS, sodium azide and Gamma-rays [22]. The chemical
mutagen EMS has also been used recently to improve metal uptake and
accumulation properties in Helianthus annuus L. [25].

Mutagenesis of sunflowers to improve metal uptake,
accumulation and extraction capacity

Over the last 40 years, mutagenesis has played an important role to
improve agronomic characteristics of Helianthus annuus L., one of the
most important oil seed crops in the world. An increased variability in
the fatty acid composition in oil of sunflower mutants, obtained from
seeds mutagenized with EMS has been reported [26]. Chandrappa [27]
has obtained new sunflower mutants with enhanced oil content and
enhanced biomass production after mutagenesis with EMS or DES
(diethyl sulphate). In another study [28], sunflower mutants of M, and
M, generations with high linoleic acid content for diet food and mutants
with high oleic acid content for special purposes like frying oils after
EMS mutagenesis were developed and characterized.

New sunflower variants promising for phytoextraction have been
developed by means of chemical mutagenesis by [25] and tested on a
metal-contaminated field in Switzerland. Sunflower seeds (about 8,000)
of inbred lines have been treated with 0.08 M EMS for 5 h. Mutagenised
seeds have been directly sown out on a sewage sludge contaminated field
with total metal concentrations of 0.9 Cd, 813 Zn and 492 Pb mg/kg dry
weight [25].

Sunflower mutants of the M, and M, generations have been culti-
vated under free-land conditions to assess the effect of mutagenesis on
yield, metal accumulation and extraction characteristics by sunflowers
on metal-polluted soil. The mutant screening was done in the second
generation, where 320 mutants were investigated. Results of cadmium,
zinc and lead shoot concentrations in the tested mutant plants showed
three phenotypes: 1) mutants with a significantly enhanced biomass, but
no changed metal tissue concentration; 2) mutants producing a higher
biomass with an enhanced metal concentration; and 3) mutants with a
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reduced metal concentration (exclusion) in the shoots, potentially inter-
esting for improving food safety [25]. Biomass production and the ability
of metal shoot accumulation in plants are two key factors for an efficient
phytoextraction. Metal extraction (metal accumulation x dry weight)
was thus the main criterion for sunflower mutant screening in the field
experiments. In the M, generation the best sunflower mutant showed a
strongly enhanced metal extraction, as compared to the control plants:
Cd7.5x%,7Zn 9.2 xand Pb 8.2 x [25]. Ten individual M, lines with the sig-
nificantly increased biomass and ten individual M, lines with improved
biomass and an enhanced metal shoot accumulation were selected for
a further study. Descendants of these mutant clones are termed M, and
M, generation. To study the distribution and stability of the selected
traits we analyzed individual descendants of these 20 lines and present
here the overall results for the whole population without considering the
individual mutant families.

The next two generations of sunflower mutants (M, and M,) were
grown on the metal-contaminated field to study the stability of improved
yield and metal uptake traits. In the third and fourth generations, these
sunflower mutants also produced a significantly higher biomass leading
to an improved metal extraction than the control inbred line (Fig. 1).
The best individual M, sunflower mutants of particular lines showed
a three to five times higher cadmium, a four to five times higher zinc,
and a three to five times higher lead extraction as compared to the
non-mutagenized sunflowers. The most interesting M, sunflowers were
self-pollinated and tested for their metal removal efficiency in the fourth
generation. The improved growth and metal accumulation/extraction
characteristics were assessed for each mutant clone individually to study
the stability of the trait or the possible heterogeneity between sunflowers
originating from the same mutant line. Results showed that the mutant
lines kept the improved traits of yield and metal extraction. The follow-
ing enhancement of metal extraction by mutants was found in the M,
generation: cadmium thee to four times, zinc five to seven times, lead
six to eight times and chromium five to seven times higher than control
sunflowers [29].
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Figure 1 Cadmium extraction by individual sunflower mutant progenies of the third and
fourth generation and inbred line (IBL).

We found that EMS mutagenesis mainly led to an enhanced shoot
biomass and consequently an improved metal extraction. The capacity
of metal accumulation in the shoot was also partially improved.

The phytoextraction potential of sunflower mutants and control sun-
flowers was calculated per hectare and year. Results obtained from three
field experiments show that sunflower mutants can produce up to 20.9
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t dry matter per ha and year and remove 10-11 kg Zn and 16-25 g Cd
per ha and year from the metal contaminated field. In contrast, control
sunflower IBL 04 produced only 4.1 t dry matter per ha and year, with
the following metal removal: 4.8 g Cd, 2.2 kg Zn per ha and year [29].

Thus, sunflower mutants obtained during this study show a high
potential for the removal of zinc and also of cadmium, as compared to
the metal extraction efliciency by other sunflower cultivars, tobacco,
maize or even by the hyperaccumulator T caerulescens. For example, for
zinc it was significantly higher than reported for other sunflower plants
[30], where zinc removal is only 2 kg per ha and year.

As already mentioned, a sufficient metal shoot concentration and bio-
mass production are key factors for the practical use of phytoextraction.
Due to this fact, the next objectives of our research were aimed at the
assessment of the metal translocation capacity of these new sunflower
mutant lines. Descendants of M, lines with improved metal accumula-
tion in shoots and biomass were grown in a greenhouse on a metal-con-
taminated soil with 10 mg/kg cadmium and 1110 mg/kg zinc in the M,
generation. Cadmium and zinc concentrations in roots and shoots were
measured after three months of growth on the polluted soil. Moreover,
several growth parameters, such as shoot and root dry weight, were
evaluated in sunflower lines cultivated on non-contaminated soil and
polluted soil to assess the effects of cadmium and zinc on plant growth
and productivity. We observed a growth reduction of both non-muta-
genized inbred line and sunflower mutants on the metal contaminated
soil, as compared to non-contaminated soil. But no other symptoms of
cadmium and zinc toxicity were observed on the polluted soil. However,
M; sunflower mutants still produced a higher shoot and root biomass on
the metal contaminated soil compared to the inbred line. Leaves of the
mutant line exhibited a 2.3 times higher cadmium and a 2.5 times higher
zinc extraction than the inbred line; mutant roots with a 1.5 times higher
dry weight showed a 1.6 times better cadmium and a three times better
zinc extraction than the non-mutagenized line (Fig. 2).

Sunflowers of the mutant line also showed a better root develop-
ment compared to the inbred line. This root enhancement can lead to
improved access to water, minerals, as well as toxic metals. Therefore,
plants with a well-developed root systems are potentially very useful for
phytoremediation.
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Figure 2 Cadmium and zinc extraction by leaves, stem, flower and roots of sunflowers tested
on a metal-contaminated soil in the greenhouse.

The metal concentration was determined in the control inbred line
IBL04 and sunflower mutants of the fifth generation after three months
of growth on polluted soil.

Conclusions

Sunflower mutant lines obtained after chemical mutagenesis showed in
four successive generations (M,-M,) an improved metal removal capac-
ity. Due to the results obtained from field and greenhouse experiments,
we can conclude that classical mutagenesis has a great potential to gen-
erate lines with enhanced metal extraction properties. It is thus still a
valuable alternative to genetic transformation. Important advantages of

this non-GMO approach for practical phytoextraction are the absence of
restrictions for field tests and the direct use of new improved varieties.
In addition, the possible subsequent molecular genetic analysis of the
phytoextraction mutants may help to better understand mechanisms
that govern metal accumulation in plants.
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Anjitha - A New Okra Variety through Induced Muta-
tion in Interspecific Hybrids of Abelmoschus Spp.

P Manju’ & R Gopimony'

Abstract

Studies on interspecific hybrids of okra between A.esculentus (cultivated
type) and A.manihot (wild type) revealed that no useful recombinants
were obtained from the conventional breeding programme because of
the strong linkage between yellow vein mosaic (YVM) resistance genes
and the wild character of A.manihot. This study was aimed at breaking
this undesirable linkage through gamma irradiation (100 200, 300 and
400 Gray) of F, seeds obtained by interspecific hybridization between
A.esculentus var. Kiran and A.manihot and further evaluating and
selecting high yielding YVM resistant types from the generations segre-
gating until F. M. The mutagenic effectiveness and efficiency increased
with increasing doses of Gamma-rays. In the segregating generations,
the irradiated treatments were late flowering and had more leaves, flow-
ers and fruits per plant. Average fruit weight was maximum in 200Gy ,
while fruit yield was maximum in 400Gy due to larger number of fruits.
A few high yielding disease-resistant plants resembling the cultivated
plants were obtained in 300Gy which suggested that 300Gy could be
the ideal irradiation dose in okra. Superior genotypes selected from F M,
generation based on yield and YVM resistance were advanced to CYTs
and farm trials. Cultivar AE18 outyielded the others and was released
as “Anjitha” during 2006, for cultivation in the Thiruvananthapuram
District of Kerala. Anjitha is a high yielding variety having the fruit char-
acters and quality of the cultivated parent A.esculentus var. Kiran com-
bined with the YVM-resistant character of the wild parent A.manihot.

Introduction

Okra or bhindi (A.esculentus (L.) Moench) is an important annual
vegetable crop grown throughout India for its tender green fruits. Due
to its high adaptability, it can be cultivated under a wide range of envi-
ronmental conditions. However, the susceptibility of most okra cultivars
to yellow vein mosaic (YVM) disease is a major problem limiting the
growth and yield of the crop considerably, with yield losses ranging from
50 to 90% depending on the stage of crop growth at which infection
occurs [1]. In India, YVM disease was first reported [2]. The virus, nei-
ther sap nor seed transmissible, is readily transmitted by grafting and
also through whitefly (Bemisia tabaci Gen.) [3]. A.manihot, the semi-
wild species is resistant to the YVM virus [4], while the cultivated species
A.esculentus is usually susceptible. Therefore, A.manihot could be used
as suitable donor of resistance to improve susceptible adapted varieties,
but interspecific hybridization between Abelmoschus esculentus and
A. manihot did not yield useful recombinants due to a strong linkage
between disease resistance and the semi-wild characters of A.manihot
in the F, generation [5]. Variability can be induced by subjecting hybrid
seeds of okra to mutation and compared to the F,, the proportion of
recombinants was higher in the F,M, population indicating the break-
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age of such undesirable linkage through irradiation [6]. This study was
undertaken with a view of breaking the undesirable linkage through
gamma irradiation of F, seeds obtained by interspecific hybridization
between A.esculentus var. Kiran and A.manihot, so that useful recom-
binants with YVM disease resistance, high fruit yield and quality could
be obtained.

Materials and Methods

The study was carried out in the Department of Plant Breeding and
Genetics, College of Agriculture, Vellayani wherein the parents, Kiran, a
high-yielding locally adapted A.esculentus cultivar (P,), and A.manihot,
a YVM disease resistant semi-wild species (Pz), were crossed, and the F,
hybrid seeds were irradiated using Gamma-rays at four doses viz. 100,
200, 300, 400Gy along with a control. F M, F,M, up to F M, generations
were studied and evaluated. Compact Family Block Design was adopted
for F,M, and F,M, generations using seven treatments, five replications
and 10 progeny rows of 10 plants each per treatment, while Randomised
Block Design was adopted for the remaining experiments. Since most
progenies from F, M, had become stable, 13 progenies were selected and
selfed and were subjected to three Comparative Yield Trials (CYT). The
superior cultures from the CYTs were subjected to Farm Trials along
with the standard variety Kiran and a local check variety of the farmer.
The crops were raised under insecticide free condition and susceptible
check Kilichundan was grown as border plants for all the experiments.
Incidence of YVM disease was scored based on the rating scale [7].

Results and Discussion

F,M, generation

Studies on F M, generation revealed that seed germination, survival of
plants and plant height decreased with increased dose of Gamma-rays
while pollen fertility increased in the irradiated hybrids. The undesir-
able changes resulting from chromosomal aberrations and toxicity are
manifested as M, damage such as lethality, injury, sterility, and these
are measured as reduction in germination, survival, plant growth and
fertility, and increase in frequency of chromosomal aberrations and
chlorophyll deficient chimeras. There was a progressive reduction in the
mean values for percentage germination and survival in both laboratory
and field conditions, and germination percentage was found to decrease
with increase in level of irradiation. Such a decrease in germination at
higher doses of Gamma-rays was also reported in brinjal [8]. The treated
hybrids showed delayed germination compared to the control (Table 1).
Similar results were reported in sorghum [9]. This may be due to the
influence of mutagen on plant growth regulators which caused a delay
in the initiation of germination. The reduction in the survival of plants
is an index of post-germination mortality as a result of cytological and
physiological disturbances due to radiation effect. The observations on
internodal length, number of branches and plant height showed that
the rate of growth was reduced by the mutagen. This reduction could
be due to auxin destruction, and it may also be attributed to the influ-
ence of ionizing radiation leading to the genic loss due to chromosomal
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aberrations [10]. The irradiated hybrids showed an increased root to
shoot ratio compared to the control. A progressive decrease in pollen
sterility was observed with increase in radiation dose, that might be the
result of normal chromosome pairing which was dependent on dose of
gamma radiation and indicates the possibility of obtaining high fertile
segregants in the succeeding generations of the irradiated population.
The mutagenic effectiveness was found to increase with increase in dose
of Gamma-rays. Mutagenic efficiency estimated on the basis of lethality
and injury increased with increase in dose of Gamma-rays while on the
basis of sterility, 300Gy treatment showed the highest efficiency. Number
of fruits per plant increased with increase in dose of Gamma-rays while
weight of fruits per plant was more in the irradiated treatments com-
pared to both the parents. Fruit length decreased while girth increased
in the irradiated treatments compared to the cultivated parent. YVM
incidence was low in the irradiated treatments, similar to the semi-wild
parent.

F,M, and F,M, generations

In the F,M, and F,M, generations, the irradiated treatments were found
to be late-flowering compared to the un-irradiated treatment and the
cultivated parent. Irradiation was found to increase the number of leaves
per plant, flowers per plant, fruits per plant, pollen sterility and plant
height and decrease in YVM disease incidence compared to the culti-
vated parent (Table 2). A preponderance of low yielding YVM resistant
plants similar to the donor parents among the F, and F,M, populations
was observed, indicating the presence of a strong genetic mechanism pre-
venting free recombination [6]. Gamma radiation created considerable
genetic variability in interspecific A.esculentus x A.manihot F, hybrids
and they observed that higher doses (above 250Gy ) should be used to
create wider variability in the interspecific hybrids and also reported

Table 1. Effect of Gamma-rays on different characters in F M, .

that, compared to F,, the proportion of recombinants was higher in the
F,M, population indicating the breakage of undesirable linkages through
irradiation [11]. However, a few high-yielding YVM disease-resistant
plants resembling the cultivated parent were observed in 300Gy in the
present study. The fruit yield per plant was more in irradiated treatments
due to the larger number of fruits. The same trend noticed in the F M,
generation was observed in F,M, and F,M, generations with respect to
fruit characters and yield.

F,M,, F,M, and F M, generations

In the F M, , F.M, and F M, generations, out of the 50 families studied,
nine recorded less number of days to 50% flowering than the cultivated
parent. In F M, occurrence of segregants with higher mean values for
number of flowers and fruits per plant than both the parental means
was noticed. Average fruit weight exhibited a reduction in mean value,
whereas fruit yield per plant increased as a result of increase in number
of fruits per plant. This is in conformity with the findings that irra-
diation induced delayed flowering and produced increased number of
flowers, fruits and weight of fruits per plant and YVM resistant plants
in irradiated treatments [12]. Duration of the plants were longer than
the cultivated parent while plant height of the progenies exceeded both
the parents. Incidence of YVM was lower in the F M, EM, and F M,
generations compared to the cultivated parent. By F,M, generation,
number of fruits per plant, yield of fruits per plant, length and girth of
fruit increased in all the families compared to both the parents indicat-
ing good response to selection in the previous generation. The crude
fiber content of the fruits was maximum in the wild parent. All the
E.M, and F M, families had fruits with crude fiber content equal to or
less than than the cultivated parent. Only a narrow range of variability
was noticed for crude fiber content of fruits by [13]. The majority of the

Hybrid/ Gamma-  Germina Survi Internode Branches/ Plant Root/shoot  Pollen No. of Wt.of fruits  Fruit Fruit Girth YVM
parent rays (GY) tion% val% (::emnﬁth plant ht (cm) ratio fertility fruits/plant  / plant (g) length (cm) (cm) incidence
P1xP2 0 74.2(59.4) 100 10.8 255 155.8 0.78 15.2(22.9) 15.0 265.2 11.9 8.1 1.0 (1.0)
P1xP2 100 70.4(57.0) 95.4 10.0 27.5 141.9 1.08 18.2(25.2) 15.6 306.4 10.4 7.4 1.0 (1.0)
P1xP2 200 69.1(55.6) 90.8 10.3 24.9 1359 1.11 22.0(27.9) 159 289.6 10.2 7.6 1.0(1.0)
P1xP2 300 63.4(52.7) 89.7 9.4 21.9 127.1 1.18 24.7(29.8) 16.0 270.8 €3 7.7 1.0 (1.0)
P1xP2 400 54.6(47.6) 84.0 8.7 29.7 120.7 1.27 29.0(32.5) 16.4 287.0 11.3 6.8 1.0 (1.0)
P1 0 79.1(62.8) 100 7.9 11.8 96.1 0.81 90.5(72.0) 10.4 202.2 14.8 6.0 3.3(1.8)
P2 0 82.2(65.0) 100 6.8 18.1 108.0 0.83 94.0(75.8) 6.6 153.7 11.1 8.2 1.0 (1.0)
CD (0.05) 7.07 1.43 1.02 7.87 14.7 0.12 1.23 3.8 71.38 1.00 0.44 0.03
Transformed values are given in parentheses
Table 2. Effect of Gamma-rays on different characters in F,M, and F,M, generations (mean of 2 generations).
Treatment Ne. of Ne. of flowers Pollen Ne. of fruits Wt. of fruits / Fruit length Fruit girth (cm) Plant Plant dura- YVM incidence
leaves sterility% plant(g) (cm) height (cm) tion (days)
0Gy 18.2 12.0 27.8 10.5 130.2 10.7 5.7 145.0 136.2 1.2 (1.1)
100GY 49.1 39.6 37.9 33.7 264.1 8.6 5.1 148.5 142.8 1.5(1.2)
200Gy 50.4 40.6 31.2 &5 313.4 9.4 5.3 152.3 154.5 1.6 (1.3)
300Gy 30.5 229 29.0 19.8 236.5 11.6 5.5 139.8 141.5 2.0 (1.4)
400Gy 45.8 2213 30.5 32.1 314.6 12.0 6.1 134.4 154.4 2.3 (1.5)
P1 19.1 14.0 3.8 13.2 185.9 14.6 5.4 112.6 126.0 2.4 (1.6)
P2 22.0 15.1 26.4 14.1 248.0 145 8.3 121.5 163.0 1.2(1.1)
SE 1.39 1.35 0.93 1.32 15,853 0.27 0.12 3.30 1.01 0.03
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families exhibited increases in the mean values for the economically
important characters and combined high yield with resistance to YVM
disease. The best lines of the families in F.M, generation were selected
and advanced to Comparative Yield Trials.

Comparative Yield Trials

Comparative Yield Trials were conducted using 13 promising genotypes
selected from the F M, generation for three seasons to get consecutive
results. The pooled mean data with regard to yield and yield attributes
and incidence of YVM disease incidence (Table 3) showed that culture
AE 18 had the maximum number of fruits and highest yield, followed
by AE 25 and AE 17. AE 18 had long fruits, the longest being for AE
8. Culture AE 18 had shorter duration compared to the check variety
Kiran and the three cultures AE 18, 25 and 17 had no YVM disease
incidence, while variety Kiran had a very high incidence of the disease
(89.8%). Considering the superiority of AE18 in terms of yield, dura-
tion and YVM disease resistance, it was recommended for farm trials in
Thiruvananthapuram district.

Table 3. Pooled mean data of three Comparative Yield Trials.

Cul.No Fruits / plant Length of Yield Duration(days) Incidence
fruit (cm) tons/ha of YVM (%)
AE 1 11.8 15.9 10.4 95.0 1.2
AE 4 13.1 19.2 10.6 95.1 0.0
AE 7 185 16.0 10.8 94.4 0.0
AE 8 11.5 22.8 9.0 95.8 0.9
AE 11 13.1 15.8 10.4 94.4 0.0
AE 12 13.3 18.9 10.7 93.8 0.0
AE 16 13.8 19.1 11.8 94.3 3.6
AE 17 14.9 18.8 18,5 96.0 0.0
AE 18 16.6 1953 14.6 94.3 0.0
AE 19 12.9 17.7 11.0 93.8 0.0
AE 20 13.7 14.9 11.3 95.7 0.0
AE 24 185 17.3 11.1 94.8 0.0
AE 25 15.6 18.1 14.3 95.1 0.0
Kiran 9.6 14.7 6.6 97.3 89.8
CD (0.05) 2.84 2.73 2.80 2.10 7.18

Table 4. Farm trial with okra culture AE 18.

SI Locations Fruit yield tons / ha YVM Incidence (%) Length of fruit (cm)
Ne AE 18 Kiran AE 18 Kiran AE Kiran
(std check) (std check) 18 (std check)
1. Nedumangad 14.9 8.1 2.5 40 15.0 13.0
2. Pothencode 13.1 51.L) 1.0 100 16.0 14.5
3. Kariyavattam 11.7 9.6 0 78.0 18.5 185
4. Anad 13.7 8.5 1.0 33.0 16.0 13.0
B, Neyyattinkara 11.3 5.8 0 40.0 16.5 11.0
6. Kattaikonam 13.3 8.9 0 30.0 17.0 11.0
7. Kazhakuttam 10.0 3.4 0 90.0 16.0 14.0
8. Kalliyoor 19.1 7.2 0 95.0 18.5 10.5
9. Thannimoodu 14.7 5.8 0 75.0 16.0 185
10. Karakulam 17.5 8.3 0 100 16.0 15,3
11. Venganoor 8.8 3.2 1.7 95.0 18.0 11.0
12. COA Vellayani 17.3 4.1 0 98.0 185 14.0
Mean 13.78 6.52 0.51 72.83 16.9 14.0
CD (0.05) 2.099 16.415 1.05

Farm Trials

Farm trials were conducted with culture AE 18 and the standard check
variety Kiran in farmer fields in 12 locations in Thiruvananthapuram dis-
trict during the summer of 2004. Culture AE 18 was found to be signifi-
cantly superior to the check variety Kiran with regard to mean fruit yield,
fruit length and YVM disease incidence (Table 4). Hence it was released
as a new variety ‘Anjitha’ for cultivation in the Thiruvananthapuram
district of Kerala by the XXIII State Seed Sub Committee during 2006.

Table 5. Description of the variety Anjitha and the parents P, and P,.

SI.No.  Character A lent A ihot Anjitha
var Kiran (P) (male parent) (P,)
Nature of variety/ species Cultivated Wild species New variety
variety
1 Days to first flowering 42 55 39
2. No. of fruits per plant 9.6 11.5 16.6
3 Length of fruit (cm) 14.7 8.5 19.3
4. Girth of fruit (cm) 5.3 8.1 6.0
B, No. of ridges per fruit 5.0 7.6 5.0
6. Fruit yield tons /ha 8.9 9.6 14.6
7. Height of the plant (cm) 103 80.2 135
8 Duration &7/ 159 94.3
9. YVM incidence susceptible resistant resistant
10. Shoot &fruit borer 22.5 3.0 4.0
incidence (%)
11. Crude Fiber (g/100g) 1.7 2.6 1.5
Summary

Anjitha (AE18) is an early flowering type with a larger number of long
fruits having five ridges per fruit developed through induced mutation
(300Gy dose) in interspecific hybrids of Abelmoschus spp (Table 5). The
plant has high fruit yield and good fruit quality with less fiber content. It
is resistant to YVM disease and tolerant to fruit and shoot borer attack.
Anjitha has the fruit characters and quality of the cultivated parent
A.esculentus var. Kiran combined with the YVM-resistant character of
the wild parent A.manihot.
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Genetic Improvement of Chickpea (Cicer arietinum L.)

Using Induced Mutations

] D Barshile & B J Apparao?®

Abstract

The main target of chickpea breeding programmes has been to develop
high yielding cultivars. In an attempt to induce genetic variability for
improvement of locally popular chickpea cultivar Vijay (Phule G-81-1-
1), we employed three well known mutagens, sodium azide (SA), ethyl
methane sulphonate (EMS) and gamma radiation (GR). The objective
was to provide genetic variability in the yield contributing traits that can
be exploited for a genetic improvement of chickpea. Seeds of Chickpea
cultivar Vijay were treated with three different concentrations / doses
of SA (2, 3 and 4 mM), EMS (8, 12 and 16 mM) and gamma radiations
(400, 500 and 600 Gy). In M, generation no dominant mutations were
observed, many different mutants were screened and isolated in M, gen-
eration such as chlorophyll mutations (alnina, chlorina and xantha); leaf
mutations (gigas, compact and curly); pod mutations (small, roundish,
gigas and narrow elongated); seed mutations (green, dark brown, rough
seed coat); flower mutations (white flower and open); morphological
mutations (early, sterile, tall and gigas). True breeding mutant lines in
M, generation differed considerably in their quantitative traits from
the parent cultivar. The early mutant lines matured 10 days earlier than
the parent variety. The range in plant height was expanded from 0.02
to 14.91cm. Gigas mutant lines obtained after 400 Gy gamma irradia-
tion were the tallest (44.44cm), with a 2-3 fold increase in pod and seed
size over the control. Mutagenic treatments also caused changes in seed
size and seed coat. Considerable genotypic variation was observed with
regards to the number of seeds and pods per plant. Small leaf mutants
showed double the number of seeds and pods per plant. As a result of
mutagenic treatments, genetic variation was induced in mutants with
respect to different quantitative characters. Induced mutant lines showed
both positive and negative increase in the quantitative traits. Variation
was also observed for crude protein, globulin and albumin content of
mutants.

Introduction

Chickpea (Cicer arietinum L.) is a widely cultivated and important food
grain legume in the Indian sub-continent. It is a major source of protein
for both humans and livestock. In spite of its high economic importance,
its yield did not witness much appreciation during the past decade [1].
It has been argued that one of the reasons for failure to achieve a break-
through in productivity in chickpea is the lack of genetic variability [2].
The improvement of chickpea using conventional breeding approaches
has been hampered due to lack of sufficient genetic variability. Therefore,
there is an urgent need to develop new plant types for different situa-
tions. A common and efficient tool to create new desirable genetic vari-
ability in chickpea is mutagenesis [3]. Although studies on induced
mutations have been undertaken in the past in some legumes, limited
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414 102.

2 Padmashri Vikhe Patil College of Arts, Science and Commerce, Pravaranagar, At/Po. Loni (Kd),
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* Corresponding author. E-mail: jagannath_barshile@rediffmail.com

reports are available on chickpea [4]. In the present investigation, an
attempt has been made for genetic improvement of the locally adapted
cultivar of chickpea, Vijay, through induction of mutations employing
potent mutagens like gamma radiation, sodium azide and ethyl methane
sulphonate.

Materials and Methods

Seeds of Chickpea (Cicer arietinum L.) cultivar Vijay (Phule G-81-1-1),
were obtained from the Mahatma Phule Agriculture University, Rahuri,
India. Healthy seeds containing 10-12% water were treated separately
with chemical (SA and EMS) and physical (gamma radiation) mutagens.
For chemical mutagen treatments, seeds were presoaked in distilled
water for 6 hours and then subjected to 2, 3 and 4 mM SA and 8, 12 and
16 mM EMS, for 12 hours at 25+2°C. The treated seeds were thoroughly
washed under running tap water for an hour to terminate the reaction of
the chemical. For physical mutagen treatment, dry seeds were irradiated
with 400, 500 and 600 Gy from a “Co source available in the Department
of Biophysics, Government Institute of Science, Aurangabad (M.S.,
India). Each treatment was carried out for 250 seeds.

All treated seeds along with control were sown in the field at a spacing
of 15cm within rows and 45cm between rows to raise the M, generation
during the 2002 growing season. All M plants were harvested separately
to raise M, generation. Screening and evaluation of M, generation was
performed during the 2003 growing season, using a randomized block
design (RBD) with 3 replicates at experiment field of Shri Anand College,
Pathardi. In M, generation, mutant seeds were planted in RBD, with 3
replications. Data were collected for 6 agronomic traits (plant height,
plant spread, number of pods per plant, number of seeds per plant, yield
per plant and 100 seed weight). Total protein, globulin and albumin were
estimated following the method of Lowry, et al. [5]. The nitrate reductase
activity from leaf samples of chickpea at flowering stage was performed
as described earlier by Sawhney, et al. [6]. The analysis and comparison
of proteins were carried out by the SDS-PAGE following the method
of Laemmli [7]. Data was analyzed using Dry software programme.
The genotypic and phenotypic coefficients of variation were estimated
following the method of Burton and De Vane [8]. The heritability and
genetic advance were calculated following the methods suggested by
Hanson, et al. [9] and Johnson, et al [10], respectively.

Results and Discussion
Spectrum and frequency of mutations
M, generation was comprised of 189 families with a total plant popu-
lation of 4898 surviving plants at harvest. The morphological mutants
isolated mainly showed an altered leaf structure, plant shape, seed size,
seed colour, seed structure and days of the maturity (Plate 1). A high
frequency and spectrum of viable mutations was observed in the M, gen-
eration of chickpea cultivar Vijay with all three mutagens, which were
completely absent in the control, and increased in a concentration/dose
dependent manner of the mutagen employed (Table 1).

A high frequency of viable mutations was observed with gamma

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009,91-94
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Table 1. Spectrum and frequency of induced mutations in M, progeny of chickpea cultivar Vijay

Treatment
Conc./Dose

M, popu- 1 Leaf mutants

lation families

2 mM SA 431 21 00
3 mM SA 582 21 00
4 mM SA 615 21 0.16
Mean 0.05
8 mM EMS 525 21 185
12 mM EMS 541 21 1.08
16 mM EMS 550 21 2.40
Mean 1.60
400 Gy GR 596 21 0.17
500 Gy GR 55 21 0.74
600 Gy GR 519 21 0.38
Mean 0.43
Total 4898 189

Spectrum of mutations

Total frequency
of mutations

Table 2. Mean performance for quantitative traits among selected M, mutant lines of chickpea

Mutant/ control Mutagen Plant Plant Spread
and dose height (cm) (cm)
Control - 29.53 25.00
Small leaf 12 mM EMS 32.74 30.94
White flower 8 mM EMS 32.40 28.77
Narrow leaf 400 Gy GR 33.77 22.31
Rough seed 3 mM SA 37.50 22.66
Early 500 Gy GR 29 515 20.44
Gigas 400 Gy GR 44.44 24.66
Compact 4 mM SA 31.41 27.66
Green seed 500 Gy GR 34.08 30.55
Bold seeded 500 Gy GR 32.63 26.11
cv 6.423 8.333
SE + 1.236 1.240
CD(p=0.05) 3.671 3.684
CD(p=0.01) 5.035 5.053

radiation followed by EMS and SA treatments. The frequency of viable
mutations ranged from 1.16 to 6.93. Gamma radiation induced a wider
spectrum of viable mutations. At 500 Gy of gamma radiation, mutation
frequency was highest as seen in the mutagenized population for plant
type, 16 mM EMS treatment induced a high frequency of leaf morpho-
logical mutations (2.40). On the other hand, SA treatments showed the
least spectrum and lowest frequency of viable mutations. Kharkwal [11]
attributed the differences in frequency and spectrum of viable mutations
induced by various mutagens to genetic differences in the cultivars,
while Konzak, et al, [12] have reported that even as small as a single
gene difference could bring about significant changes not only in the
spectrum but also the frequency of recoverable mutations.

In this research with Vijay chickpea, we observed that the spectrum
and frequency of induced viable mutations increased with increasing
concentrations/doses of SA, EMS and gamma radiation. This could be
due to a differential mode of action of the mutagens on different base
sequences in various genes.

Quantitative traits

Nine mutants were compared for mean values of quantitative traits with
parental cultivar Vijay in the M, generation. Both positive and negative
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Plant type Pod/ seed Sterile mutants
mutants mutants
0.92 0.23 00 1.16
1.03 0.51 00 1.54
1.47 0.65 00 2.28
1.14 0.46 00 1.66
1.71 0.57 00 3.62
1.80 0.73 0.36 3.97
1.66 1.10 0.18 5.34
1.72 0.80 0.18 4.31
L 0.67 00 2.34
4.82 0.37 0.18 6.12
4.62 1.54 0.38 6.93
3.65 0.86 0.19 5813
Number of Pods Number of Seed yield 100 seed
plant-1 seeds plant-1 plant-1 (g) weight (g)
36.33 37.00 8.23 22.99
72.00 76.33 11.54 15.13
26.33 27.33 5 31l 19.47
45.33 47.66 7.02 14.87
39.66 45.33 9.33 19.64
42.33 48.33 9.46 19.58
15,33 115,23 5.77 37.78
35.66 37.01 6.06 16.46
24.00 25.33 4.68 18.65
29.66 S35 6.75 S1L.79
24.48 23.81 20.12 10.17
5.12 5.31 0.844 1.19
15.22 15.78 2.507 3.556
20.88 21.65 3.438 4.876

mutation occurred as compared to the parental cultivar. The plant height
ranged from 29.55 to 44.44cm in M, generation as compared to 29.53cm
in the parent. Overall, mean height increase ranged from 33.56% in Gigas
mutant to 21.26% in round seed mutant as compared to the control.
Most mutants showed both a positive and a negative plant spread. A
significant reduction in plant spread was observed in the early mutant.
Conversely, small leaf and green seed mutants showed a significant
increase in plant spread over the control. The maximum number of pods
per plant compared to the control was observed for the small leaf mutant
followed by the narrow leaf mutant. Among all mutant lines, the high-
est number of seed per plant was observed in small leaf mutant (76.33)
compared to control (37). The small leaf mutant showed a significantly
higher yield per plant (11.54 gm) over the parental cultivar (8.23 gm),
whereas it was reduced in the white flower mutant and gigas mutant in
M, generation. Narrow leaf, small leaf and compact mutants had lower
100 seed weight. Gigas and bold seeded mutants showed significantly
higher 100 seed weight, which was attributed to the increased cotyledon-
ary cell volume whilst retaining a similar cell number per unit area [13].
In all the mutants, days to maturity ranged from 89.66 to 110 days. The
early maturing mutant was significantly earlier (at least 10 days) in flow-
ering and maturity compared to the parental cultivar (Table 3). Rough
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Figure 1 (A) Leaf mutation-a. narrow, b. tiny, c. small, d. parent (control), e. gigas, f. com-
pact and g.curly leaf, (B) Early mutant and parent, (C) Parent (right) and compact mutant
(left), (D) Parent (left) and gigas mutant (right), (E) Pod- a. parent, b. gigas, c. long, d. small
roundish, e. narrow elongated and f. small, (F) Seed- a. parent, b. bold, c. blacked spotted,
d. green, e. rough seed coat and f. brown, (G) Parent (left) leaves, pods, seeds and gigas
mutant (right) leaf, pods and seeds, (H) SDS-PAGE protein profile of chickpea in induced
mutants of Vijay in M, generation.

seed and bold seeded mutants showed similar maturity as the parent.
Early mutant matured earlier than the parent and thus will cope better
with the late season and moisture stress that is usually encountered in
the chickpea growing areas in the state of Maharashtra. Early maturing
mutants can be of great importance in the areas with short rainfall also.
Early mutants have been reported earlier in chickpea [14] and pigeonpea
[15]. These findings showed that the mutations induced have generated
a variability for quantitative traits that offers a wide scope for genetic
improvement of chickpea in forthcoming breeding programmes.

Estimation of protein content and nitrate reductase activity

Seed protein content in the parent cultivar was 256.66 mg g while it
ranged between 228.73 to 284.2 mg g-lin mutants (Table 3). Bold
seeded, compact and gigas mutants showed a significantly higher pro-
tein content. The bold seeded, compact and small leaf mutants showed
significantly higher globulin and albumin contents among mutants in

the M, generation. The highest nitrate reductase activity was observed
in gigas mutant followed by compact mutant. The lowest value was
observed in green seed mutant in the leaves examined. Nitrate reductase
activity showed a positive correlation with protein content. Therefore,
the results indicate that nitrate reductase could be used as a tool to cor-
relate with protein content and overall productivity of mutants in early
stage. Our result for nitrate reductase activity is in agreement with those
obtained by Aparna, et al. [16].

Table 3. Mean performance of selected M, mutant lines for maturity, pro-
tein, globulin, albumin and nitrate reductase activity of chickpea

Mutant/ control Days to Protein Globulin Albumin NR
maturity (mgg-1) (mg g-1) (mg g-1) (p moles /
g.fr.wt.)
Control 99.66 256.66 163.30 55.1 2.06
Small leaf 106.33 261.06 181.33 60.16 2.16
White flower 98.66 257.56 170.76 56.36 2.10
Narrow leaf €9 53 235.86 130.6 56.43 1.76
Rough seed 99.66 265.43 171.5 77.23 2.27
Early 89.66 261.73 175.63 79.03 2.16
Gigas 110.00 274.50 171.66 61.96 2.64
Compact 102.66 274.76 176.76 82.33 2.72
Green seed 106.66 228.73 151.63 74.33 1.62
Bold seeded 99.66 284.20 187.81 73.21 3.10
cv 1.638 1.41 1.082 1.60 0.19
SE + 0.960 2.08 1.099 0.70 0.08
CD(p=0.05) 2.853 6.18 3.265 2.078 0.25
CD(p=0.01) 3.913 8.48 4.479 2.851 0.34

Heritability and variability components for quantitative traits
among the mutants

Data in Table 4 indicates that a consistently greater PVC was observed
than the GCV in different quantitative traits among the induced mutants.
Comparison among traits indicated that the number of seeds per plant
recorded the greatest PCV (43.36%) followed by number of pods per
plant and 100 seed weight. Plant height and plant spread had the lowest
PCV among the mutants. Because of the enhanced reproductive growth
in terms of the number of seeds per plant, diversion of the photosynt-
hates towards vegetative growth probably was minimized resulting in
the lowest PCV and GCV for plant height. High PCV and GCV values
for number of pods per plant and number of seeds per plant indicated
further scope of yield improvement through selection of the donor for
breeding in chickpea.

Table 4. Heritability and variability for quantitative traits among the mutants
in M, generation

Quantitative traits PCV (%) GCV (%) H, (%) GA

Plant height (cm) 13.62 12.80 88.32 8.34
Plant spread (cm) 16.77 13.87 73.66 6.43
Number of Pods (plant-1) 42.94 41.84 94.94 30.79
Number of seeds (plant-1) 43.36 42.72 97.07 33.85
Seed yield (plant-1g) 30.97 28.34 87.71 9.97
100 seed weight (g) 34.92 34.20 95.74 14.87

High heritability coupled with high genetic advance was observed for
quantitative traits like number of seeds per plant and number of pods
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per plant (Table 4), may be due to additive genes. On the contrary, both
heritability and genetic advance were less for plant spread. Badigannavar
and Murty [17] reported a high heritability associated with a high
genetic advance for plant height, pod yield and seed yield in gamma rays
induced mutants of M, generation. We are of the opinion that selection
based on heritability and genetic advance for number of seeds per plant
and number of pods per plant may be effective induced mutations for
improvement of chickpea.
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Gamma-Ray Induced Mutations in Soybean [Glycine
max (L.) Merill] for Yield-Contributing Traits

A B Tambe” & B J Apparao

Abstract

Attempts were made to induce genetic variability in yield contributing
traits in soybean [ Glycine max (L) Merrill] employing gamma radiation.
Germplasm of a locally adapted cultivar of soybean, MACS-450 was
irradiated with different doses (10, 20, 30, and 40 kR) of Gamma-rays
and sown in the field during the kharif season of 2006. M, progeny was
raised from the M, seeds, and was screened for yield contributing traits.
The M, progeny raised from 30kR dose of gamma radiation exhibited
several induced mutations for yield contributing traits. Important
among them was a High-yielding mutant, of which about 10 mutant
plants were obtained in the M, progeny. These High-yielding mutants
were all uniformly tall and showed a two-fold increase in plant height.
They produced double the number of pods per plant and thrice the yield
per plant as compared to control. No change in pod length and number
of seeds per pod were observed between the control and High-yielding
mutant plants, except for the 100 seed weight, which was almost 1.5
times higher compared to the control. These mutants seem to be very
promising in increasing the yield of soybean.

Introduction

Soybean is an important oil seed crop, cultivated in 64.50 Lakh hectares
in India, as per estimates of 2003 [1]. Soybean provides a balanced diet to
the poor to make up the deficiencies of proteins, fat, vitamins, minerals
and salts and provide a nutritious diet, within the reach of the poorest in
the country [2]. In spite of its nutritional importance, the yield of soy-
bean is very low [3]. Mutation breeding is one of the plant breeding tech-
niques used for creating genetic variability in yield contributing traits
and to improve the yield of crop plants [4]. In the present investigation,
attempts were made to improve the yield of the existing, locally adapted
soybean cultivar MACS-450, by improving its yield-contributing traits
through mutation breeding.

Materials and Methods

Experimental plant material used in the present investigation was soy-
bean (Glycine max (L) Merrill) cultivar, MACS-450. The main features of
the cultivar are its semi-determinate growth habit, medium maturity and
high-yield potential. Germplasm of soybean (MACS-450) were obtained
from Agarkar Research Institute, Pune. They were irradiated with differ-
ent doses (10, 20, 30, and 40 Kr) of Gamma-rays at the Department of
Biophysics Government Institute of Science, Auarangabad (Maharashtra
State). Each treatment included 300 seeds, out of which 50 seeds were
used for planting along with the control. Both irradiated and control
(non-irradiated) seeds were sown in the experimental fields following
randomized block design (RBD) with three replications, at a spacing of
15cm within rows and 45cm between rows, to raise the M, generation,
during the kharifseason of 2006. All the surviving M, plants were selfed
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and harvested individually to give the M, generation population along
with controls during kharif season of 2006-2007. Necessary cultural
practices were adopted to produce a healthy crop. The M, progeny was
raised following randomized block design with three replications.

Each treatment comprised of 20-21 M, plant progenies and each
M, progeny row consisted of 10 to 25 plants in three replications. The
cultural operations and application of FYM were done as per the stand-
ard schedule. Treated, as well as control plant progenies were carefully
screened from the day of emergence, in all generations for the yield-con-
tributing traits viz., plant height, number of branches per plant, number
of nodes per plant, pods per plant, number of seeds per pod, pod length,
100 seeds weight, seeds per plant and yield per plant.

Figure 1 Field view (A) of dried specimens of control and of High-yielding mutants, (B) of
soybean.

Results and Discussion
The M, progeny from the 30Kr dose of gamma radiation, exhibited sev-
eral induced mutations for yield-contributing traits. Statistical analysis
of data clearly indicated significant variations in yield-contributing
traits of the mutant as compared to the control. The mutants were taller
(98.48cm) than the control (49.10cm), and had double the number of
nodes. No difference in number of branches was found between the
control and mutants. The mutants produced double the number of pods
and of seeds per plant as compared to the control (Fig. 2 and Table 1).
The yield per plant in the mutants was almost three fold as compared to
the control (Table 1). The difference in yield per plant observed between
the control and mutant is statistically significant (Table 1). This mutant
was named High-Yielding Mutant (Fig. 1 A and B). No change in pod
length and number of seeds per pod was observed between the control
and High-yielding mutants. The data recorded on M, generation are
presented in Table 1.

The positive correlation between seed yield and number of pods
observed in the present investigation is in agreement with results
obtained by Anand and Torrie [5] and Lal and Haque [6]. A positive
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and significant correlation between the fertile branches and pods, fertile
branches and seed yield and 100 seed weight and seed yield were also
observed in M, the mutants. The positive and significant correlation
between various quantitative characters of rice and soybean was reported
earlier by Venkateswarulu, et al. [7] and Malhotra, et al [8]. A negative
and significant relationship between seed yield and 100 seed weight was
also reported in chickpea by Baradjanegara, et al. [9]. Seed weight per
plant was found to be positively associated with plant height [10]. The
significance of each correlation was tested using t-test. The mutants
seem to be very promising in increasing the yield of soybean. Such a
high-yielding mutant, which yields almost three times as much as the
existing locally adapted high-yielding variety (MACS 450) has not been
reported so far. The present study confirms that Gamma-rays are highly
effective in inducing polygenic variability for the yield contributing traits
in soybean. A similar increase in yield parameters with Gamma-rays has
been reported by Saric, et al. [11], Micke [12] and Sparrow [13]. These
authors have attributed the increase in plant height to an increase in the
number of growing points due to irradiation. Ionizing radiations are also
known to induce a host of physiological changes in addition to genetic
effects [14,15]. Such stimulatory effects were attributed to an increased
enzymatic activity arising from a depletion of an inhibitor or an effect on
the enzyme itself [14, 16].

Table 1. Yield-contributing traits of control and
high yielding mutant at M, generation.

S.No Parameter Control High-yielding Mutant
1 Plant height (cm) 49.10 98.48*
2 Number of branches per plant 09.40 09.90
3 Number of nodes per plant 13.20 24.10*
4 Pods per plant 97.40 244.40*
5 Number of seeds per pod 02.86 02.87
6 Pod length (cm) 5.01 5.39
7 100 seeds weight (gm) 12.985 17.857
8 Seeds per plant 278.6 702.3*
9 Yield per plant (gm) 36.134 125.447*
* Significant at P=0.001
O Murmiber of pods per plant W Sends pear plant
el 702.3
700 4
G600 4
&%
E 4004
2 200 | 278.6 244,
M1 gr4
100 4
0 =+ .
Control Tall rutant
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Figure 2 Number of pods and seeds per plant of control and High-yielding mutant of
soybean.
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These results on the induction of useful genetic variability for a
number of economically important yield contributing traits, which can
contribute to the development of high-yielding genotypes having an
improved plant type, clearly indicate the vital role of mutation breed-
ing in crop improvement. Systematic and serious efforts in pursuing
the methodology of mutation breeding have already been successfully
demonstrated in development and release of large number of improved
high-yielding varieties in several crops [17].
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Induced Mutagenesis in Mungbean (Vigna radiata (L.)

Wilczek)
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Abstract

A wide range of viable morphological and physiological mutants were
observed in M, and M, progenies of mungbean (Vigna radiata (L.)
Wilczek) cultivars (Vaibhav and Kopargaon-1) raised from seeds treated
with different concentrations of sodium azide, ethyl methane sulfonate
and different doses of gamma radiation. The most striking type of
mutants obtained in the M, progeny included plant habit, leaf structure,
flower type, pod type, seed type, early-maturing and high-yielding and
Lhb mutants. Some of these mutants are new and are being reported
for the first time in this crop. The true breeding mutant lines of M,
generation were compared with their parent cultivar (control) to assess
whether the induced genetic variability was statistically significant. These
mutants can be better fitted in new cropping patterns, with improved
agronomic management and good yielding ability, or can be used in the
genetic improvement of mungbean crop. Chemical mutagens were more
efficient than physical ones in inducing viable and total number of muta-
tions. Along with simple viable mutations, multiple mutagenic effects
on two or more characters were also found in all the mutagenic treat-
ments. Differences in the mutation frequency and spectrum depends
on the interaction of three factors such as mutagen, plant genotype, and
physiological state of the organism at the moment of treatment. The
Kopargaon-1 cultivar was more resistant towards mutagenic treatment
than Vaibhav cultivar. All mutants were analyzed for their protein, albu-
min and globulin contents by Lowry’s method and for protein banding
patterns employing SDS Polyacrylamide Gel Electrophoresis. Mungbean
mutants with high as well as low protein contents ranging from 29.3% to
14.75% vis-a-vis 22.2% in the control were isolated. Results showed that
early flowering mutant and Lhb mutant differed between each other as
well as with other mutants and controls in their protein-banding pattern.
Our results indicated that mutational breeding was effective and useful
for induction of agronomically important mutants in mungbean.

Introduction

Induced mutations have been used to enhance genetic variability, which
was utilized not only to increase crop productivity but also for basic
studies in various crops [1]. Induced mutagenesis has played an impor-
tant role in improvement of mungbean, and as many as 25 cultivars have
been developed so far through induced mutagenesis [2]. In order to
induce variability and utilize useful mutations for efficient plant breed-
ing, the systematic study of induced viable morphological mutations in
M, and M, generation is the most dependable index [3].

Material and Methods
The experimental plant material used in the present investigation were
two local varieties of mungbean (Vigna radiata (L.) Wilczek); Vaibhav
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and Kopargaon-1. These two cultivars were treated with different con-
centrations of two chemical mutagens; ethyl methane sulphonate (EMS)
and sodium azide (SA) and one physical mutagen, gamma radiation,
to induce mutations in the M, and M, progenies of the selected plant
materials. Stock solutions EMS (1.0M) and sodium azide (1.0M) were
prepared in phosphate buffer (pH. 3.5). From these stocks, working solu-
tions of 0.01, 0.02, 0.03, and 0.04 M concentrations each of EMS and
SA were prepared. The seeds were surface sterilized with 0.1% mercuric
chloride solution for about one minute, washed thoroughly and soaked
in distilled water for eight hours. Pre-soaked seeds were subjected to
treatment with various test concentrations of EMS and SA for 12 hours
at room temperature. The source of gamma radiation used in this study
was ®’Co. Dry seeds of Vaibhav and Kopargaon-1 (about 700 each) were
irradiated with 30, 40 and 50 kR doses of gamma radiation. Treated as
the control, seeds were sown in the experimental fields at a spacing of 30
x 20cm apart on the same day.

Each M, plant was harvested individually and M, progeny was raised
in separate rows. The treated and control populations of M, generation
were carefully screened for viable mutations and spectrum of mutation
was counted in M, and is presented in Tables 1 and 2, respectively.
Total proteins, globulin and albumin were estimated in three replica-
tions following the method of Lowry, et al. [4] and Polyacrylamide Gel
Eletrophoresis was carried out following the method of Laemmli [5].

Results and Discussion

Frequency and spectrum of viable mutations

Mutations affecting gross morphological changes in leaf morphology,
plant habit, flowers, pods, days to first flower and maturity, high yield,
the same as mutations affecting seed color, size and shape, were scored
as viable mutations. These mutants were characterized and named on
the basis of specific characters constantly observed in them throughout
the course of the investigation. Effect of mutagens on the frequency
and spectrum of different types of viable mutations in both cultivars of
mungbean in M, generation is presented in Tables 1 and 2. Various types
of viable mutants observed in M, generation are described below.

Plant type mutations

Four classes of viable plant type mutations were observed in the M,
progeny of mungbean cultivars Vaibhav and Kopargaon-1: tall, dwarf,
compact mutations and spreading mutant.

i. Tall mutant: Plants were exceptionally tall (75 to 96cm. vs. 49-51cm
in the control) and vigorous. Tall mutants could be observed in both
varieties after treatment with different concentrations of SA and EMS.
They appeared with a frequency of 30.21% in Vaibhav and 6.18% in
Kopargaon-1.

ii. Dwarf mutant: Plants were dwarf, ranging from 32 to 35cm in
height vs. 49-51cm in the control, and they remained dwarf throughout
the growth period. They showed profuse branching at the base, normal
flowers and pods. Dwarf mutants were induced by all concentra-
tions of SA, EMS and all doses of gamma radiation in both varieties.
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They appeared with a frequency of 34.14% in Vaibhav and 22.08% in
Kopargaon-1.

iii. Compact mutant: These mutants were dwarf due to compactness
of branches. The branching was more at the base, giving rise to dense,
interwoven secondary branches, which ultimately made the mutant
compact. This type of mutant was induced by 50 kR dose of gamma
radiation with a frequency of 1.64% and they were recorded only in
Vaibhav variety.

iv. Spreading mutant: This type of mutants showed spreading or
semi-spreading habit. They were induced by 40 kR dose of gamma radia-
tion with a lowest frequency of 0.70%. Pods of spreading mutants were
small (3.5 to 4cm) and bore faint colored grains. They were found only
in Vaibhav variety.

Leaf mutations

A broad spectrum of leaf mutations with remarkable variation in shape,
size, number and arrangement of leaflets were observed with various
mutagenic treatments.

i. Broad leaf: The leaflets were larger in size with broad lamina. The
plants of ranged from 60 to 86cm high and had pollen sterility up to
22%. Frequency of this type was 13.5% in variety Vaibhav and 7.33% in
Kopargaon-1, and were induced by 0.02 M and 0.03 M of sodium azide
and EMS.

ii. Leathery leaves: The leaflets were thick, leathery and showed waxy
coating on the surface. Plants attained a height up to 55-58cm and the
flowers were normal and had a pollen sterility up to 15%. These muta-
tions appeared in Vaibhav with a frequency 0.93 and in Kopargaon-1
with a frequency 3.69. These were induced by 0.04 M EMS, and all con-
centrations of gamma radiations.

iii. Irregular leaves: These mutants were characterized by the pres-
ence of leaves with notched leaflets and irregular shape of the lamina. In
most leaves, the notch appeared in the middle of the leaflets. Plants were
of medium height but were weak in nature. The pods were small and
possessed smaller seeds. Rate of seed germination was very low and plant
had up to 73% pollen sterility. These mutants appeared in Vaibhav and
Kopargaon-1 with a high frequency of 18.58% and 14.15%, respectively.

iv. Dissected leaves: The lamina of the leaves was dissected in a specific
pattern (Fig. 1). The pods were small and seeds were faint green in color.
They appeared in both varieties with a frequency of 2.12% in Vaibhav
and 0.74% in Kopargaon-1, with 40 kR dose of gamma radiation.

v. Tetrafoliate leaves: This type of mutants produced leaves with four
leaflets. All four leaflets were different in shape and the leaves showed
different arrangements. The plants produced normal flowers, bore
medium pods and had pollen sterility up to 15%. The plant height was
60-65cm. They appeared in Vaibhav and Kopargaon-1, with a frequency
6.78% and 5.11%, respectively.

Flower mutations

Four different types of flower mutations viz., large flower size, small
flower mutations, flower color and abnormal (stamen) flower mutations
were observed in the M, progeny of mutagen administered mungbean
cultivars. All the doses of gamma radiations were effective in inducing
flower mutations. Flower mutations were recorded only in the variety
Vaibhav.

Pod mutations
Five types of pod mutations were observed in the M, progeny following
mutagenesis as follows:

i. Long Pod Mutant: The pods of these mutant plants are long (9.8
to 10.1cm) as compared to those of the control (6.9 to 7.9cm), and con-
tained medium-size green seeds. This type of long pod mutations was
observed in M, progeny subjected to treatment with different concen-
trations of SA and EMS. They were recorded in Vaibhav variety with a
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frequency of 19.14% and in Kopargaon-1 with 21.15%. EMS induced
higher frequencies of mutations in both varieties.

ii. Curved pod: This type of mutation was characterized by the pres-
ence of medium to small sized pods, which were curved and possessed
small seeds. This type of mutation was recorded with a frequency of
12.12% in Vaibhav and 15.34% in Kopargaon-1, as a result of treatment
with different concentrations SA and EMS and all the doses of gamma
radiation.

iii. Hairy pod: This mutation was characterized by thick, dense and
hairy pods (Fig. 2). The pods turned black at maturity and contained
black seeds. This type of mutation was recorded only in Vaibhav variety,
with a frequency 2.34% as a result of treatment with a 50 kR dose of
gamma radiation.

iv. Flat pod: These pods contained small seeds. The mutants were late
in maturity (91 days). They were induced by 0.03 and 0.04M concen-
trations of SA and EMS and all the doses of gamma radiation with a
frequency 8.96% only in Kopargaon-1 variety.

v. Pod Color: This type of mutant pods had a pod wall of different
colors, ranging from dark green to brown and black. Such mutations
in pod color were recorded in Vaibhav variety only. EMS (0.02M) and
gamma radiations (40 kR) were effective in inducing pod color muta-
tions with a frequency of 3.14% and 1.83%, respectively.

High-yielding mutants

High-yielding mutants were isolated in M, generation of both varieties.
They showed high yield contributing characters viz. number of pods, 100
seed weight and yield per plant. These mutants were induced only by
lower concentrations of chemical mutagens in Vaibhav and Kopargaon-1
varieties with the frequencies 3.83% and 2.98%, respectively.

Mutations affecting seed color, size and shape

A large number of seed mutations were isolated in M, generation. Many
of these mutations were associated with other characteristics such as
dwarfness, various types of leaf morphological modifications, plant type
mutations, etc. Mutations of seed shape and size included small, bold,
small with rough seed coat, bold with rough seed coat, wrinkled seeds,
elongated seeds, etc. The seed color mutations included black, faint
brown, dark green and reddish brown (Fig. 3).

Several workers have reported induction of viable mutations employ-
ing physical and chemical mutagens in mungbean [6, 7]. In our stud-
ies, EMS has emerged as a more effective mutagen than sodium azide
and gamma radiation, in terms of mutation spectrum. Comparison of
the spectrum of viable mutation had shown that particular mutagens
induced specific mutations in a relatively large number, which was pro-
duced rarely by other mutagens. The variation in mutation frequency,
within and between treatments noted in the present study may be due to
the number of genes involved in the mutational process. A 50 kR dose
of gamma radiation induced a novel mutant that showed multiple mor-
phological mutations like large flowers with dark yellow petals, dense,
thick hairy pods and black colored seeds. It was named Lhb mutant
(large flower, hairy pod and black seed mutant). Such a mutant had
not been reported earlier in mungbean. These Lhb mutants were also
recovered in M, populations of mungbean. Lhb mutants also showed
multiple mutagenic effects on various other traits. The Lhb mutant raised
through gamma radiation-induced mutagenesis in the present research
seems to be promising in at least for two characters i.e., semi-dwarf habit
and presence of thick dense hairs on the pods. The semi-dwarf habit
of the plant enables it to be lodging resistant. The thick dense hairs on
the pod help in protecting it from insects and caterpillar predators and
may be an economically promising and important character. It can be
used or incorporated in breeding programmes that are aimed at genetic
improvement of mungbean. According to Patil [8], multiple mutations
are either due to mutation of a pleotropic gene, mutation of gene clus-



ters, or to a loss of chromosomal segments. Leaf, flower, pod and seed
mutations obtained in the present investigation might have arisen as a
result of mutations in the genes that control the ontogeny of these organs
through their gene products and altered biosynthetic pathways. Among
the stable mutants only high-yielding mutants showed high levels of
proteins, amino acids, albumins and globulins followed by tall and dwarf
mutants (Table 3). The large seeded mutants may be utilized in breeding
programmes as donors. The early maturing mutant exhibited the pres-
ence of 12 polypeptide bands while the Lhb mutant showed the presence
of nine polypeptide bands (Fig. 4). These bands differed from those of
control and other mutants in position and molecular weight. This differ-
ence in banding pattern of these two mutants (early-maturing and Lhb
mutants) can be used as molecular markers to identify them from other
mutants and controls. These mutants are promising and can be used in
breeding programmes of mungbean aimed at genetic improvement of
protein, albumin and globulin contents in the mungbean genotypes.

Figure 1-4 1. Dissected mutant leaves; 2. Hairy pod mutant; 3. Seed mutants; 4.
Electrophoregram of mungbean mutants.

Table 1. Frequency of induced viable mutations (in%)
in M, progeny of mungbean cv. Vaibhav.

Treat- Total Plant Leaf mu- Flower Pod mu- Seed Matu-
ment mutation  type mu- tations muta- tations muta- rity type
Frequen- tations tions tions mutations
cy (%)
SA
0.01M 2.22 0.44 0.22 - 0.44 0.66 0.44
0.02 M 3.01 0.46 0.69 0.23 0.46 0.69 0.46
0.03 M 3.85 0.45 0.90 0.22 0.68 1.13 0.45
0.04 M 2.74 0.45 0.68 0.22 0.45 0.45 0.45
EMS
0.01M 2.91 0.44 0.44 - 0.67 0.89 0.44
0.02M 4.64 0.46 1.16 0.23 0.69 1.16 0.92
0.03 M 4.90 0.44 1.32 0.66 0.89 1.11 0.44
0.04 M 4.35 0.45 1.37 0.45 0.68 0.91 0.45
Gamma
30 kR 2.55 0.23 0.69 0.23 0.46 0.69 0.23
40 kR 3.52 0.23 0.47 0.69 0.69 0.69 0.47
50kR 4.21 0.46 0.70 0.93 0.93 0.70 0.46

INDUCED MUTAGENESIS IN MUNGBEAN (VIGNA RADIATA (L.) WILCZEK)

Table 2. Frequency of induced viable mutations (in%)
in M, progeny of mungbean cv. Kopargaon-1.

Treat- Total Plant Leaf mu- Flower Pod mu- Seed Matu-
ment mutation  type mu- tations muta- tations muta- rity type
Frequen- tations tions tions mutations
cy (%)
SA
0.01M 1.13 0.45 0.22 0.45 - - 0.44
0.02 M 2.51 0.45 0.68 0.68 - 068 0.46
0.03 M 2.92 0.22 0.67 0.9 0.67 0.45 0.45
0.04 M 2.79 0.23 0.69 0.69 0.69 0.46 0.45
EMS
0.01M 1.60 0.45 0.45 0.45 0.22 - 0.44
0.02 M 3.71 0.46 0.16 0.46 0.69 0.92 0.92
0.03 M 3.29 0.23 1.41 0.70 0.70 0.23 0.44
0.04 M 2205 0.22 1.36 0.68 0.68 - 0.45
Gamma
30 kR 2.15 0.23 0.71 0.71 - 0.47 0.23
40 kR 3.19 0.24 1.23 0.73 0.49 0.49 0.47
50kR 25 0.25 U5 0.75 0.5 0.5 0.46
Table 3. Variation in the protein, globulin and al-
bumin contents of mungbean mutants.
Mutants Protein  Globulin  Albu- Mutants Protein  Globu- Albu-
Mean Mean min Mean lin min
(%) (%) Mean (%) Mean Mean
(%) (%) (%)
Vaibhav Kopargaon-1
Control 22.2 12.7 10.2 Control 21.36 12.76 10.2
Tall mutant 23.3 133 10 Tall mutant 21.5 12.26 8.5
Dwarf 247 13.1 9.2 Dwarf mutant 22.1 11.46 9.23
mutant
High 29.3 16.1 13.7 High yielding 26.46 1443 12.76
yielding
Dissected 19.5 10.4 7.2
leaf
Early 23.4 11.7 9.8 Early 21.26 12.7 9.56
maturing maturing
Late 17.5 )3} 5.7
maturing
Variegated 14.7 7.3 5.1
leaf
Lhb mutant 18.9 10.5 6.4
S 0.35 0.37 0.26 SUE. 0.65 0.16 0.42
C.D. at 5% 1.04 1.12 0.78 C.D.at5% 2.13 0.54 1.38
C.D.at1% 1.43 1.54 1.07 C.D.at1% 3.1 0.79 2
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Genetic Enhancement of Groundnut (Arachis hypogaea L.)
for High Oil Content through Gamma-Ray Mutagenesis

A Badigannavar” & S Mondal

Abstract

Breeding for increased oil content (OC) is important in groundnut since
70% of the Indian groundnuts are utilized for oil purpose. To induce
mutations for higher OC, seeds of TAG 24 were irradiated with 150,
250 and 350Gy Gamma-rays. OC in M, seeds from M, plants estimated
by Nuclear Magnetic Resonance Spectrometer, ranged from 36.39% to
52.85% as compared to 43.38% to 50.83% in the parent. In the M,, 60
plants had superior OC as well as seed yield, 46 plants had superior OC
and 62 plants had superior oil yield. Based on OC and seed yield, 107
plants were advanced. Progeny mean OC in M, seeds indicated 14 prog-
enies bred true by recording 1.5 - 4.9% higher OC than parent. Of these,
11 progenies also recorded superior seed yields of 3.0 - 86.0% and oil
yields of 6.2 - 92.4%. Further in the M, generation, four mutants scored
significantly higher progeny mean OC, seed yield and oil yield with 2.4 -
5.8%, 46.6 - 67.8% and 54.4 - 71.2% superiority, respectively. True breed-
ing behavior of high oil mutants was confirmed by progeny evaluation in
M6 generation. All the mutants had significantly superior OC with three
mutants having greater seed and oil yields. Genetic improvement for
OC was brought about by Gamma-ray mutagenesis of TAG 24, wherein
seven mutants exhibited consistently superior OC of 4.3 - 6.1% based
on pooled mean from M, to M, generations, in addition to an improved
seed yield and oil yield. Thus, induced mutagenesis was successful in
bringing about genetic improvement for a complex trait like oil content
in groundnut.

Introduction

Groundnut (peanut) is an important food, feed and oilseed crop and
contributes 27.7% to Indian and 8.5% to world’s oilseed production [1].
Among vegetable oils, groundnut oil stands in second position in India
and fifth in the world, contributing 21% and 4% respectively to total oil
availability. Around 46% of global groundnuts are crushed for oil pur-
pose while in India the rate is at 70%. Per capita consumption of ground-
nut oil in India (1.568 kg) is almost double that in the rest of the world
(0.778Kg). Frequent groundnut consumption promotes cardiovascular
health by lowering serum LDL-cholesterol levels and reduces the risk of
development of type II diabetes [2].

Groundnuts are valued for their high quality oil, rich in monounsatu-
rated fatty acids like oleic acid. Most of the oil is found in the cotyledons,
which form 72.4% of the seed. Groundnut oil is considered an excellent
cooking medium in Indian culinary, as it does not impair the flavour
of herbs and spices by contributing its own. Besides, it can be stored
at room temperature for 18 months without deterioration [3]. Though
modifications for oil quantity in induced mutants of Brassica spp. [4-5],
Gossypium spp. [6], Arachis hypogaea [7-8], Glycine max [9] and
Helianthus annuus [4,10] were reported, there were no concentrated
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studies for breeding for improved oil content using induced mutagen-
esis. Here, we report breeding for oil content in cultivated groundnut
using Gamma-ray induced mutagenesis.

Materials and Methods

For the induced mutagenesis, a popular groundnut variety, TAG 24 was
irradiated with 150, 250 and 350Gy Gamma-rays (500 seeds each) and
sown in the field along with 100 untreated seeds [11]. M, generation
was raised and all the plants were harvested individually dose-wise. Seed
oil content (OC) was estimated by Nuclear Magnetic Resonance (NMR)
Spectrometer (Oxford MQA 6005 Model, Oxford Instruments UK Ltd.,
Oxan, UK). Seed sample size was standardized initially by analyzing OC
of single, two, three and more sound mature seeds until they reached
the mark on glass tube of NMR. Sound mature M, seeds from 2781 M2
plants (1872 plants in 150; 511 in 250 and 398 in 350 GY) were used
for estimating OC by NMR. Mutant populations were advanced as plant
to row progeny in M,, M, and M, generations and OC was estimated
progeny-wise in each generation. Progeny means for OC of mutants
were compared with parent using t-test in each generation.

Results and Discussion

Since 70% of the Indian groundnuts are utilized for oil purpose, breeding
for increased oil content is an utmost important objective in groundnut
breeding programmes. Increased oil yield is achieved by increased seed
yield and/or increasing oil content. Based on results of oil estimation by
NMR for two seasons for two genotypes, TAG 24 and TG 184, it was
found that oil content (OC) was stable from a sample size of 10g to 18g.
Accordingly, 10-18g of sound mature seeds was analyzed for the OC.

In order to achieve increased oil content, induced mutagenesis of
TAG 24 was carried out using Gamma-rays. It was found that mean
oil percentage in the entire 150, 250 and 350Gy treated and parental
populations was between 45% and 47%. There was a spectrum of genetic
variability for oil content in the M, population (M, seeds). The widest
range of oil content of 36.39 - 52.85% was observed in the 150Gy treat-
ment, compared to 43.38 - 50.83% in TAG 24, followed by 350 and
250Gy (Table 1). The highest was 52.85% oil, noted from plants obtained
by 150Gy treatment. In this M, population, 60 plants had superior oil
content (50.40 - 52.72%), as well as seed yield (19.3 - 44.7g plant-1),
46 plants had superior oil content (48.52 - 50.36%) and 62 plants had
superior oil yield (9.5 - 22.1g plant-1) compared to TAG 24 (oil content:
46.47%; seed yield: 18.3g plant-1; oil yield: 8.5g plant-1). Based on seed
yield and OC, a total of 107 plants were advanced to the next generation.

Of the 107 progenies grown, 14 progenies bred true for high oil con-
tent by recording 1.5 - 4.9% increase in mean oil content of M, seeds
over parent. Among these, 11 progenies also recorded superior seed
yields of 3.0 - 86.0% and oil yields of 6.2 - 92.4% compared to TAG 24.
TGOM 142 recorded the highest mean oil content (51.55%) and TGOM
61 recorded the highest seed yield (43.9 g plant-1) and oil yield (22.1g
plant-1). Further, 10 plants (TGOM 167 to TGOM 176) with oil content
50.00 - 56.18% were selected and harvested separately.
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In an evaluation in M, generation, TGOM 2, TGOM 60, TGOM 61
and TGOM 168 scored significantly higher progeny mean oil content
with a superiority of 2.4 - 5.8% (Fig. 1). Additionally, TGOM 61, TGOM
119, TGOM 168 and TGOM 171 recorded significantly greater seed and
oil yields with 46.6 - 67.8% and 54.4 - 71.2% increase over parental mean,
respectively (Fig. 2, 3). Further, TGOM 61 had the highest oil content,
while TGOM 119 had the highest seed and oil yields.

Table 1. Frequency distribution of number of M2 plants in oil content classes

0il% TAG 24 150GY 250GY 350GY
36.00 - 36.99 3

37.00 - 37.99 2

38.00 - 38.99 10 5 4
39.00 - 39.99 6 5] 2
40.00 - 40.99 25 12 15
41.00 - 41.99 44 4 23
42.00 - 42.99 103 19 37
43.00 - 43.99 g 221 38 45
44.00 - 44.99 6 366 63 62
45.00 - 45.99 6 391 112 62
46.00 - 46.99 5 282 138) 65
47.00 - 47.99 3 149 67 &7
48.00 - 48.99 2 87 26 26
49.00 - 49.99 2 76 22 10
50.00 - 50.99 3 63 5 7
51.00 - 51.99 32 2
52.00 - 52.99 11 1
Total plants 30 1872 Bl 398
Mean 46.47 45.58 45.73 45.1
Range 43.38 - 50.83 36.39 - 52.85 38.54 - 50.46 38.24 - 52.47
SD 2.09 2.38 2.08 2.43
S Em+ 0.382 0.055 0.092 0.122

True breeding behavior of high-oil mutants was confirmed by studying
their performance in M6 generation. All seven mutants had significantly
superior oil content with the highest oil percentage in TGOM 119 (Fig.
1). Among these, TGOM 60, TGOM 61 and TGOM 119 also recorded
greater seed and oil yields with 27.3 - 35.3% and 29.8 - 48.4% superiority,
respectively (Fig. 2, 3). However, oil content in TGOM 167 was higher
than TAG 24 while its seed and oil yields were inferior. Genetic improve-
ment for oil content was brought about by induced mutagenesis of TAG
24, wherein mutants TGOM 2, TGOM 60, TGOM 61, TGOM 119,
TGOM 167, TGOM 168 and TGOM 171 exhibited consistently superior
oil content in M, to M, generations. These mutants had an improved
mean oil content of 4.3 - 6.1% compared to the parent. Additionally,
except TGOM 167, these mutants also registered an improved seed
yield and oil yield of 13.3 - 42.1% and 18.6 - 50.2%, respectively. TGOM
171 was obtained with 250Gy treatment while rest of the mutants with
150Gy.

Thus, induced mutagenesis was successful in bringing about genetic
improvement for a complex trait like oil content. In the literature, it was
reported that oil content varied from 36.0 to 60.3% in cultivated ground-
nut and from 42.2 to 63.2% in wild species based on the genotype,
seed maturity, environment, post-harvest treatment, insect or disease
incidence, time of planting and harvesting, planting density, plant nutri-
tion, and irrigation. In inter-mutant groundnut crosses, an improvement
for oil content was observed due to a combination of favourable genes
resulting in increased genetic variance in mutated backgrounds [12].
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Through pollen mutagenesis using ethyl methane sulfonate (EMS),
Jiang and Ming [13] produced maize mutants with high oil contents. Oil
content in developing seeds increased due to an increase in the number
of oil bodies without changing in size [14]. Wang, et al. [15] found that
lipase activity was proportional to the oil content in high oil and low oil
maize lines. Increased seed oil content may also result from partitioning
of increased amounts of photosynthates into the embryo and decreased
amount into hull. In safflower, the oil content was raised from 20% to
48% due to reduced hull content [16]. In Arabidopsis mutants, the high
oil phenotype is caused by the disruption of the GLABRA 2 gene which
encodes a homeobox protein required for normal trichome and root hair
development [17].
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Development and Utilization of Genetic Variability through
Induced Mutagenesis in Sunflower (Helianthus annuus L.)

S J Jambhulkar” & A S Shitre

Abstract

Studies on mutation breeding at Bhabha Atomic Research Center
(BARC), Mumbai, India, were initiated with the objective of isolating
black seed coat mutant from zebra stripped seed coat variety ‘Surya’
whose yield potential is equivalent to hybrids. Besides black seed coat
mutants, a large number of morphological mutants were isolated.
Prominent among them are a fasciation stem mutation and an extreme
dwarf mutant, each controlled by a single recessive gene. One of the
dwarf mutants had a 90cm plant height with sturdy stem. Furthermore,
variations in number, shape, and size of ray florets were also isolated. In
seed coat color black, white, and brown colored mutations were isolated.
Seed and oil yields of one of the black seed coat mutant genotype TAS82
were superior over three checks. Also, TAS82 was relatively tolerant to
sunflower necrosis disease (SND) and tolerant to low rainfall conditions.
Based on these superior characters, it was identified for release in the
state of Maharashtra and notified by the government of India in 2007.
Morphological and biochemical mutations isolated in other laboratories
along with genetic control are also mentioned here.

Introduction

Sunflower is one of the youngest cultivated crop plants. Wild sunflower
is native to North America. In India, it was introduced in the 1960s. The
cultivated area is around 1.8-2 mha and it ranks fourth after groundnut,
rapeseed-mustard, and soybean. Present yield potential of 10-12q/ha has
been exploited through the development of hybrids using cytoplasmic
male sterility. However, changing nutritional requirements and environ-
mental vagaries have imposed new trust areas for sunflower improve-
ment programmes. Genetic improvement through induced mutagenesis
in sunflower could pave the way to develop desirable varieties/hybrids
with higher seed and oil yields, better nutrition, and tolerance to biotic
and abiotic stresses. Mutation breeding has been successful for induction
of desirable variability and its utilization in developing high-yielding
varieties [1, 2, 3]. Compared to self-pollinated crops, mutation breeding
in sunflower has been limited. However, efforts to enhance the spectrum
of variability for morphological, biochemical, yield and its attributes
have been carried out [4, 5, 6, 7]. Mutation breeding in sunflower is
briefly overviewed in this article.

Morphological mutations

Plant height, stem, leaf, and head (inflorescence) are the important sun-
flower morphological characters. Inflorescence consists of ray and disc
florets. Mutations in various morphological characters are presented in
Table 1. Most of these mutations are controlled by single recessive genes.

Work carried out at BARC
Mutation studies were initiated in 1991 with the objective of isolating
black seed coat mutants from the zebra-striped seed coat variety ‘Surya’
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whose yield potential is equivalent to hybrids. Besides 7 black seed coat
mutants, a large number of morphological mutants were isolated [7].
Prominent among them are a fasciation mutant [16] with 125 leaves
against 30-35 in the parent and an extreme dwarf mutant [12] with a
plant height of 11cm against 180cm of the parent. Single recessive genes
control each of these mutations. Various morphological mutations are
controlled by either a recessive or dominant or additive gene [14] and
could be exploited in sunflower improvement programmes. Dwarf and
semi-dwarf mutants avert lodging and stalk breakage and they have
prominence in breeding [24]. One of the dwarf mutants of ‘Surya, which
grows to 90cm with a sturdy stem, is being exploited to develop dwarf
hybrid/varieties.

Table 1. Various morphological mutations and their inheritance.

Character Mutant Genetic control References
Chlorophyll chlorophyll defi- [81,[9]
cientXantha, virescent [71
Yellow leaf veins
Plant height Reduced plant height Recessive [10]1
Additive & dominance [11]
Extreme dwarf (11cm) Single recessive [12]
Leaf Basilicum leaf Single dominant [13]
Upright leaf Single recessive [14]
Leaf curling Single recessive
Wrinkled & involuted - [7]
Spoon-like leaf roll Single recessive [4]
More leaf number Quantitative [4]
Leaf petiole Erectum Single recessive [4]
Short petiole Two complementary dominant  [4]
Two cumulative dominant [15]
Leaf color Dark green color Two complementary dominant  [4]
Stem Zigzag stem [71
Stem and leaf fasciation Single recessive [16]
stem fascination Single recessive [171
Inflorescenece Chrysanthemoides (chry) ~ Semi-dominant w modifiers [18]
(Ray & Disc Tubular ray flower - [19]
florets) Reduced, zigzag, short = [4]
Broad, thin & more Single recessive [20,[21]
ray florets - [71
Reduced ray florets Two unlinked pairs of alleles [4]
Various shades = [4]
Color shades [21], [22]
Cotyledon Tricotyledon [23]

In seed coat color black, white, and brown seed coat mutations were
isolated. Black seed coat mutants were exploited to develop high yielding
varieties as preferred in the market. Sib-mating of seven black seed coat
mutants resulted in the development of high yielding genotypes. Seed
yield of one of the mutant genotypes TAS 82 (1348 Kg/ha) was superior
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by 17.42%, 12.05% and 53.53% over checks PKVSF9 (1148Kg/ha), Surya
(1203 Kg/ha) and Morden (878 Kg/ha), respectively. Oil yield of TAS 82
(528kg/ha) was also superior by 32%, 20% and 78% over check varieties,
PKVSF9 (397kg/ha), Surya (440kg/ha) and Morden (296Kg/ha), respec-
tively. Other morphological characters were similar to ‘Surya. Besides,
TAS 82 was relatively tolerant to sunflower necrosis disease (SND) and
yielded better in low rainfall conditions. Based on these superior char-
acters it was identified for release in the state of Maharashtra and noti-
fied by Ministry of Agriculture, Government of India in 2007. Induced
mutations for yield and yield components and their use in breeding were
carried out since 1973 [6]. In the USSR, ‘Pervenets’ is the only high yield-
ing variety developed using DMS [33].

Mutations for fatty acids

Edible oil constitutes an important component in human diet and acts
as main energy source. In sunflower oil oleic (30%) and linoleic (60%)
acids contribute more than 80% of the total fatty acids. From a nutri-
tional point of view, increased oleic acid (70%) and decreased linoleic
acids (20%) are desirable. Various mutations for fatty acid content have
been isolated [1],[5] and are listed in Table 2.

Table 2. Mutations for various fatty acids.

Fatty acids Parent Mutagen Mutant References
Palmitic acid ~ Zarya RHA274 Gamma-rays 275HP (25.1%) [25]
NMU/EMS fapl low [26], [27]
BDS 2-691 X-rays CAS5 (25.2%) [28], [29]
BSD-2-423 X-rays CAS5, CAS12 increased [30], [31]
Stearic acid HA821 NMU/ EM Low Stearic [27]
RHA 274 NMU/ EMS M430 (2%) Low [26]
RHA 274 LS-2  NMU/ EMS Low Stearic [271
RDF 1-532 EMS/ NaN, CAS3,CAS4,CAS8 incr. [28]
Sodium Azide CAS14 [32]
Oleic acid VIM1K-8931 DMS Pervenets (79.3%) [33]
HA382 (18.9%) EMS/ NMU M4229 (86.2%) [26]
BSD-2-423 X-rays CAS12 reduced [301
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Genetic Improvement of Soybean Variety VLS-2

through Induced Mutations

] G Manjaya

Abstract

The narrow genetic base of cultivated varieties in soybean is of global
concern. Mutations, spontaneous or induced, are an important source
of genetic variability. Seeds of soybean cultivar VLS -2 were irradiated
with 250Gy Gamma-rays. A large number of mutants with altered mor-
phological characters like plant height, flower color, sterility, leaf shape,
number of pods per plant, seed color, early or late maturity were identi-
fied and characterized. Significantly higher oil content was observed in
the mutant M-387 (22.7%) and dwarf mutant M-126 (20.7%) as com-
pared to the parent VLS-2 (19.7%). A modified rapid and reliable micro
titration plate technique was developed and used for screening trypsin
inhibitor (TI) content in the seeds of 7480 M, plants. The TI content in
the M, generation ranged from 13.5 TIU/mg seed meal to 22.9 TTU/mg
seed meal. Significantly lower level of TT was observed in the mutants
M-104 (13.5 TIU/mg seed meal), M-213 (14.0 TIU/mg seed meal) and
M-291 (15.7 TIU/mg seed meal) as compared to the parent VLS-2 (22.4
TIU/mg seed meal). In the M, generation, 24 mutant lines were evaluated
for various quantitative characters. Analysis of variance showed highly
significant variations among mutant lines for yield per plant. Mutant
M-17 had the yield per plant of 13.1gm, significantly higher than the
parent VLS-2 (8.3 gm). This mutant also exhibited more branches, more
pods and higher harvest index. Genetic diversity study indicated that
mutant M-17 had maximum dissimilarity value of 24% from the parent.
These identified mutants can be utilised in the breeding programme for
developing elite varieties of soybean.

Introduction

Soybean [Glycine max (L.) Merrill] is an economically important
leguminous crop for oil, feed, and soy food products and since 2005 it
has occupied first position among the oilseed crops grown in India; it
shares nearly 37% of the total oilseeds produced and is cultivated over
an estimated area of 8.87 million hectares with a production of around
9.46 million tons. Considering the economic importance of the soybean,
crop genetic research on soybean has increased and with the help of
conventional plant breeding procedures, dramatic improvements have
been accomplished in Indian soybean cultivars. So far more than 93
soybean varieties have been released in India for commercial cultiva-
tion. However, the productivity remains only 1t/ha in India as compared
to world average of 2.2t/ha. In India, along with various other factors,
narrow genetic base of the released soybean varieties is responsible for
low average yields [1].

Soybean is found to be associated with a number of anti-nutritional
factors that exert a negative impact on the nutritional quality of the
protein [2]. Protease inhibitor is one of the important anti-nutritional
factors that exert a negative effect by causing pancreatic hypertrophy,
hyperplasia which ultimately results in the inhibition of growth. The

Nuclear Agriculture and Biotechnology Division, Bhabha Atomic Research Centre, Trombay,
Mumbai 400 085, India

E-mail: manjaya@barc.gov.in

presence of protease inhibitors is a limitation for the use of soybeans in
human and animal feeding. Soybean needs to undergo heat treatment
in order to reduce protease inhibitors; however, thermal treatment does
not eliminate the inhibitor completely and also reduces its economic
viability as a food supplement [3]. Hence, development of cultivars with
low trypsin inhibitors (TT) will help to improve nutritional quality of
soybean for export and domestic use.

Improvement in yield is normally attained through exploitation of
the genetically diverse genotypes in breeding programmes. Mutations,
spontaneous or induced, are an important source for inducing genetic
variability. Improvement in either a single or a few economic traits and
quality characters can be achieved with the help of induced mutations
within a short time span. In India, six soybean varieties (Birsa soy 1,
VLS-1, NRC-2, NRC-12, MACS-450 and TAMS 98-21) have been devel-
oped using induced mutations. Therefore, attempts were made to induce
genetic variability for morphological characters, yield attributes, and oil
and trypsin inhibitor content in the soybean cultivar VLS-2.

Materials and Methods

Plant material and mutation studies

One thousand seeds of the soybean variety VLS-2 were exposed to
250Gy Gamma-rays in a gamma cell GC 220 with “Co source installed
at BARC. The treated seeds along with the parental control were sown in
the experimental field at Trombay to raise the M, generation. The data
on germination was recorded at three to 12 days after sowing. In all,
748 M, plants were harvested individually and the seeds obtained were
used to raise the M, population in plant to row progenies. In M, genera-
tion, 7,480 plants were carefully screened for morphological mutations.
Plants appearing different from the control for one or more morpho-
logical traits were harvested separately. The frequency of the mutants
was calculated on the basis of number of mutants identified versus total
plant population. In the M, generation, 24 mutants for different traits
were evaluated for various quantitative characters in comparison to the
parental cultivar VLS-2.

Determination of oil and protein content

Oil content of seed samples was determined by solvent extraction using
Soxhlet apparatus [Soxtec system — HT (1043)]. The nitrogen content
of the seed was determined by the micro-Kjeldahl method [4] and the
amount of total protein was calculated from percent nitrogen content
using a conversion factor of 6.25.

Analysis of trypsin inhibitor content

One hundred milligrams of ground seed meal/ powder was mixed with
1 ml of 2.5mM HCl and shaken for 30 minutes. The suspension was cen-
trifuged at 25,0008 for 10 minutes at 4°C. The supernatant was collected
and used for analyzing the TI as described by Page, et al. [5]. The TI
activity assay was carried out in micro titer plates in duplicate. The first
two wells had 10ul of trypsin, 80l Tris-HCl buffer pH 8, 5ul seed extract,
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25l of 30% acetic acid (to inhibit the trypsin) and 125ul of BAPNA. The
last two wells of the row had 10pl trypsin, 85ul Tris-HCI buffer pH 8,
5ul (Tris-HCI buffer, 2.5mM HCl in the ratio of 1:1) and 125ul of ImM
BAPNA. The first two wells of the row were considered to be blank and
the last two wells were considered as control (100% trypsin). For meas-
uring the TT activity of the sample, two adjacent wells of the micro titer
plate were used. The wells had 10yl trypsin, 85ul Tris-HCl buffer, 5ul seed
extract and 125ul of ImM BAPNA. After 30 minutes, the reaction was
stopped by adding 25ul of 30% (v/v) acetic acid. The absorbance of each
well was measured at 405nm in an ELISA reader. One TIU is defined as
an increase of 0.01 absorbance unit at 405nm under the above described
conditions. One TIU corresponds to one unit of trypsin inhibited.

Statistical methods

Significance of various observations was tested using standard statistical
methods. Analyses of variance were calculated as described by Panse
and Sukhatme [6]. Statistical analysis of the morphological characters
of mutants was conducted using the programme Numerical Taxonomy
Analysis System, version 2.00 [7].

Table 1. Frequency and spectrum of mutants in
M, generation in the cultivar VLS-2

Character of the mutant No. of plants selected in M, Frequency%
Chlorophyll

Albina 7 0.09
Xantha 85 0.47
Chlorina 69 0.92
Leaf size and shape

Round 7 0.09
Narrow 7 0.09
Small 38 0.02
Sterile 2 0.05
Plant characters

Dwarf 80 1.07
Good bearing 32 0.43
High oil 26 0.34
High Protein 1 0.01
Low Trypsin inhibitor 3 0.04

Results and Discussion

Studies in M, and M, generations

Studies on effectiveness and efficiency based on undesired effects like
plant damage, sterility or lethality of the physical and chemical mutagens
have been carried out in soybean by several workers. Various parameters
like germination percentage, reduction in plant height and plant survival
in M, generation have been extensively used in soybean to measure the
mutagenic effect [8]. In our studies, the germination rate observed in the
M, generation was 74.8%. In the M, generation, chlorophyll and viable
mutants affecting morphological and physiological characters were
identified and selected. The frequency and the spectrum of the mutants
in the M, generation are given in Table 1. Chlorophyll mutations occur
with high frequency following mutagenic treatments of seeds. They are
regarded as the test mutations assuming that their frequency is propor-
tional to the rate of viable mutations. Various chlorophyll mutations
like albino, xantha, chlorina, virescent, maculata and striata have been
observed in soybean [9]. The various chlorophyll mutations observed
in the present investigation were albino, xantha, virescent and chlorina.
The morphological mutants included those affecting plant height, steril-
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ity, leaf shape and number of pods per plant. All 7,480 M, plants of the
cultivar VLS-2 were screened for oil content using the NMR technique.
In the parent, oil content was 19.9% while in the selections it ranged
from 13.9% to 24.61%. Twenty-six selections with higher oil content
ranging between 23% to 24%, identified and mutation frequency was
0.35% (Table 1). Trypsin inhibitor activity was estimated in the seeds
of 7,480 M, plants of the cultivar VLS-2 by microtitration plate tech-
nique. These studies have indicated considerable variation regarding
the TI level and it ranged from 28.5 TIU/mg seed meal to 13.7 TIU/
mg seed meal. All the selections showing low TI as compared to parent
VLS-2 (21.8 TIU/mg seed meal) were identified (Constantin, et al) [10],
observed decrease in survival, plant height and seed yield with increase
in dose rate of mutagen and found 200 to 300Gy of gamma radiation to
be useful in inducing genetic variability in soybean. In another study
100 to 300Gy dose of Gamma-rays was found very effective for inducing
genetic variability [11]. In the present study also 250Gy Gamma-rays
dose was found effective for inducing genetic variability in the cultivar
VLS-2.

Evaluation of mutants of VLS 2

Twenty-four mutants in the M, generation were evaluated for various
quantitative characters in comparison to the parental cultivar VLS-2.
Mean values for important morphological characters are shown in Table
2. The mean plant height of the parent cultivar VLS-2 was 22.5cm. The
plant height in the mutants ranged from 12.0cm to 21.5cm (Fig. 1) (Table
2). Extreme dwarf mutant M-494 (Fig. 2) showed plant height of 12.0cm.
Multi-branch mutant M-17 showed significantly higher number of pods
and high harvest index as compared to the parent VLS-2. Analysis of
variance showed highly significant variation among the mutants for yield
per plant. Yield per plant ranged from 2.8gm to 13.1gm as compared to
the parent VLS-2 (8.3gm). Only one mutant M-17 showed high yield per
plant 13.1gm (Table 2). Induced mutations for quantitative traits [12],
leaf and floral modifications [9, 13 and 14] have been reported.

High oil content was observed in the mutant M-387 (22.7%) and dwarf
mutant M-126 (20.7%) as compared to the parent VLS-2 (19.7%) (Table
1). Mutants with higher oil content have been reported by other work-
ers as well [15]. Protein content in the mutants ranged from 36.7% to
41.7%. Dwarf mutant M-60 demonstrated highest seed protein (41.7%)
as compared to the parent VLS-2 (39.7%).

A simple, reliable method of screening a large number of plants for
identifying biochemical mutants is a pre-requisite for an efficient breed-
ing programme. In the present study, a rapid and reliable microtiter
plate technique was developed and used for assaying TT activity. Three
mutants namely M-213 (13.7 TIU/mg seed meal), M-104 (15.4 TIU/mg
seed meal) and M-291 (15.9 TIU/mg seed meal) showed lower levels
of TI content as compared to parent VLS-2 (21.8 TIU/mg seed meal)
(Table 2). One of the mutants M-225 (28.5 TIU/mg seed meal) showed
higher TT content as compared to the parent. Low TI mutants identified
using this technique can be used in the cross-breeding programme for
developing low TI lines.

Genetic diversity studies of soybean mutants

Induced mutants affecting quantitative characters have been studied
in soybean [12]. The coefficient of variation was found to be higher in
mutants of soybean induced by Gamma-rays [16]. In the present study,
six major clusters were observed based on dissimilarity values between
mutants of VLS-2 (Fig. 3). A maximum of eight mutants was grouped
in Cluster III followed by seven mutants in Cluster I. Cluster II, Cluster
IV and Cluster V had three mutants each. Only one mutant M-17 was
grouped in cluster VI and had maximum dissimilarity value of 24%
from th e parent. Based on the present study the mutant M-17 was found
distinct and diverse and can be utilized in the breeding programme for
developing better varieties of soybean.
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GENETIC IMPROVEMENT OF SOYBEAN VARIETY VLS-2 THROUGH INDUCED MUTATIONS

Table 2. Morphological and biochemical characters of VLS-2 mutants in M, generation

M-16 31 95 16.1 20.4 14.7
M-17 32 95 179 36.6 16.0
M-22 31 95 12.5 21.1 12.0
M-26 31 96 17.0 27.8 15.4
M-40 i) 95 16.5 19.4 16.5
M-51 31 96 19.2 229 15.0
M-60 31 95 13.0 8.5 14.8
M-104 31 95 17.4 24.8 15.6
M-126 31 96 5.7 17.4 5.7
M-170 31 95 18.8 14.7 15.4
M-180 32 95 14.0 28.3 15.8
M-213 S} 95 18.3 7.1 5.2
M-225 32 96 14.8 20.1 159
M-226 31 97 18,3 7.9 14.3
M-229 Sl 95 15.0 15.0 16.4
M-231 82 96 15.8 14.8 155
M-235 31 95 17.0 18.3 16.4
M-285 31 96 17.0 9.4 14.2
M-291 Si) 96 17.3 15.4 15.4
M-387 31 96 7.5 26.0 16.1
M-450 31 96 21.5 19.0 15.2
M-468 S} 96 125 15.2 15.6
M-494 31 96 12.0 253 14.2
M-624 32 96 2.9 279 16.5
VLS-2 31 95 22.5 24.9 15.6
SE 0.4 1.3 0.3

CD 5% 1.3 Sid 1.0

CD 1% 1.8 8.3} 1.4

CV% 3.8 9.5 &3

17.9 40.0 16.8 38.5 6.9
19.0 39.7 20.3 48.2 13.1
18.8 39.1 20.0 31.6 4.1
18.5 40.2 19.8 34.9 9.0
17.7 40.5 17.6 SERE 4.7
18.5 40.7 17.9 38.9 6.2
16.9 41.7 18.3 31.6 83
19.4 38.9 1185 42.6 8.4
20.7 7.7 16.3 BIING! 4.6
18.4 .9 19.4 385 5.0
18.0 40.0 223 41.6 7.4
17.7 40.0 14.0 5.9 4.6
18.4 38.6 20.9 41.5 7.4
19.2 7.7 18.4 35 515)
19.4 36.7 21.7 29.7 3.6
17.9 40.5 20.6 213 BI6
17.7 40.4 22.9 42.3 4.8
18.9 39.7 21.4 22.8 2.8
18.9 38.9 15.7 35.0 3.9
22.7 37,1 18.2 47.1 7.2
18.7 40.0 17.3 36.0 6.5
19.3 36.9 20.4 46.3 8.7
18.5 39.6 20.0 44.4 7.2
18.3 373 21.8 41.0 79
19.7 39.7 22.4 39.8 8.3
0.3 0.5 1.5 1.6 0.8
0.8 1.5 1.6 4.5 2.4
1.1 2.0 2.1 6.1 32
2.14 1.85 4.05 5.9 18.5

Figure 1 Comparison of dwarf mutants

In the breeding programme, hybridization provides unlimited pos-
sibilities of generating new combinations of characters, which can be
selected in the segregating population. In contrast, with induced muta-
tions it is possible to improve a single trait without causing extensive
disruption in the genome. The use of mutation techniques for crop
improvement over the past few decades has shown that it is an effective
plant breeding method to improve yield, quality and resistance to biotic
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Figure 2 Extreme dwarf mutant

and abiotic stresses. Thus induced mutations can be widely accepted as
a supplementary approach in the crop improvement programme, thus
speeding up the breeding programme considerably. The results also
indicated that a dose of 250Gy Gamma-rays is useful to induce broad
genetic variability in soybean. The other mutants identified may be a
useful genetic stock for applied and basic research.
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Figure 3 UPGMA dendrogram obtained from dissimilarity index values.
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Characterization of Two H2AX Homologues in Arabidopsis
thaliana and their Response to lonizing Radiation

N D Huefner"", J D. Friesner? & A B Britt!

Abstract

Phosphorylation of histone variant H2AX at the site of DNA double-
strand breaks (DSB) is one of the earliest responses detected in cells
exposed to Ionizing Radiation (IR). Phosphorylated H2AX (y-H2AX) is
important for recruiting and retaining repair proteins at the site of DSBs
and contributes to the maintenance of cell-cycle arrest until repair is
completed. In this study, insertional mutants of two Arabidopsis thaliana
H2AX homologues were identified and characterized to determine if
both genes are functionally active and whether their roles are redundant
or divergent. We report an approximate ten-fold reduction in y-H2AX in
our double mutant line and demonstrate that the homologues function
redundantly in the formation of IR induced y-H2AX foci. A tendency
towards increased inhibition of root growth was observed in irradiated
double mutant plants relative to both wild-type and single mutant lines.
No evidence indicating a functional divergence between the two homo-
logues was detected.

Introduction

Protection against genomic instability is of major importance to all
organisms. Failure to rapidly identify or appropriately respond to DNA
damage can lead to deletions, chromosomal rearrangement, and loss
of heterozygosity; such changes are frequently deleterious and poten-
tially lethal. DNA double-strand breaks (DSBs), both of intrinsic and
extrinsic origin, constitute one significant source of genomic instability.
Metabolic byproducts [1, 2], ionizing radiation (IR) [3, 4], radiomimetic
compounds [4-6], and meiosis [7] are all known to generate DSBs. Given
the fundamental importance of a timely and reliable response to DSBs,
it is not surprising that a high degree of homology exists between DSB
recognition and repair pathways in yeasts, plants, and animals [8, 9].

One of the earliest observed responses to induction of DSBs is phos-
phorylation of the histone variant H2AX by the PIK-related protein
kinase (PIKK) family member ataxia telangiectasia mutated (ATM)
and to a lesser extent by ataxia telangiectasia mutated and rad3-related
(ATR) [10-12]. This histone variant, characterized by a terminal SQE
motif, is phosphorylated within minutes of induction of a DSB [13].
Phosphorylation of H2AX at the site of a DSB is thought to be important
in retaining and concentrating repair proteins at the site of the break
[14-16]. Evidence indicates that phosphorylated H2AX, termed y-H2AX
[17], also plays a role in recruiting chromatin modifiers to the lesion to
facilitate repair [18]. Following repair, dephosphorylation of y-H2AX is
important for the cell to resume cycling [19, 20].

H2AX s highly conserved among eukaryotes [21]. Two putative H2AX
protein homologues were identified in the model plant Arabidopsis
thaliana [10]. These homologues, termed H2AXa (GenBank locus
At1g08880) and H2AXb (GenBank locus At1g54690) are predicted to
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2 Section of Molecular and Cellular Biology, University of California -Davis
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differ at only two of 142 amino acids. Here we demonstrate that atH2A Xa
and atH2AXb function redundantly in the formation of IR induced
y-H2AX foci; no divergent roles for the two homologues were observed.

Materials and Methods

Isolation of Mutants

Arabidopsis thaliana T-DNA insertion mutants of atH2AXa (At1g54690)
and atH2AXDb (At1g54690) were obtained from the SAIL collection
(‘SALK_007006.29.20.x, and ‘SALK_012255.55.25.x" respectively)
through the ABRC. The T-DNA-specific primer used in the isolation of
both mutants was ‘LBal’ (5-TGGTTCACGTAGTGGGCCATCG-3).
The gene-specific primer used in the detection of atH2AXa was
ALl (5-GCTCCATGAGTTGCATGTATCTGC-3’). 'The  gene-
specific primer used in the detection of atH2AXb was ‘BL2
(5-CTCTTCATCGTTCCTCACTGCAAG-3’). The T-DNA insertion
site of atH2A Xawas sequenced using primers LBal”and ‘AL1’ for one left
border and ‘LBal’ and ‘AUI’ (5-TCGATCAACCCTGGCCATCTT-3’)
for the second left border. Primers ‘LBal’ and ‘BL2’ were used to
sequence the left border T-DNA integration site in atH2AXb. Gene-
specific primers AL2 (5-ACGTGTCTTCTTGTTATCCCTTGC-3)
and AU2 (5-CCTAAAGCCCACTCATCTTC-3’) were used to
detect the wild-type allele of atH2AXa. Gene-specific primers
‘BL1” (5- CTCTTGAGAAGCAGATCCGATATCGC-3’) and ‘BUI’
(5>-CCGCGTGACTCACAACTAACCAAT-3’) were used to detect the
wild-type allele of atH2AXb.

Plant Material and Growth Conditions

Plants used in this study were of a Col background. Plants used for
protein extraction were grown on Premier Pro soil mix (Premier
Horticulture, Quebec, Canada). Seeds to be used for root tip excisions
and for root growth measurements were surface sterilized for 10 minutes
in a solution of 20% bleach and 0.2% Tween, and then rinsed 10 times
in ddH2O. Sterilized seeds were sown on nutritive MS-agar plates and
stored at 4°C for three days before being transferred to normal grow-
ing conditions. Plates were placed in a vertical orientation so that roots
would grow along the surface of the agar. Plants were grown at 20°C and
60% humidity in ConvironcmP4040 growth chambers. A 16 h day/8 h
night cycle was simulated using light from cool-white lamps (100-150
pumol m? s*) filtered through Mylar.

Gamma Irradiations

A Cs137 source (Institute of Toxicology and Environmental Health,
University of California, Davis) was used to irradiate seeds at a dose rate
of 6.9Gy sec’. Plants used for protein extraction were irradiated with
100 or 200Gy IR or mock-treated 14 days after planting (DAP). Above
ground tissue was harvested into liquid nitrogen 15 minutes after treat-
ment and stored at -80°C until the time of protein extraction. Seedlings
used in root tip excisions were irradiated with five or 2.5Gy IR or mock-
treated 5 DAP; samples were fixed in paraformaldehyde five minutes
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after treatment and the root tips excised as described below. Seedlings
used in root growth assays were irradiated with indicated doses 5 DAP.

Protein Extractions and Immunoblots

Histones were harvested as described previously [22]. Sodium fluoride
(Sigma, St. Louis, MO) and sodium ortho-vanadate (Sigma) were used
at final concentrations of 30 mM and 100 puM respectively to inhibit
dephosphorylation of proteins. Extracts were quantified using the
Bradford assay and prepped for immunoblotting as previously reported
[10]. Protein samples were separated on a 12.5% polyacrylamide gel
and then transferred to nitrocellulose membranes over a period of four
hours at 4°C in 20% methanol transfer buffer under a constant current
of 400 mA. Blots were stained for five minutes in Ponceau S (P-3504,
Sigma) solution to qualitatively evaluate protein loading and transfer.
Blots were destained and transferred to a solution of 2% nonfat dry milk
in 1x Tris-buffered saline (TBS)-T (0.05% final concentration Tween-
20) where they incubated on an orbital shaker for one to three hours
at room temperature. Blots were then incubated in rabbit antiplant
y-H2AX primary antibody [10] diluted in 2% nonfat milk in 1x TBS-T
on a rocking platform for 2h at room temperature. Blots were rinsed
twice in ddH,O and once in 1x TBS-T (five minutes each time) on an
orbital shaker, before transfer to a solution of anti-rabbit immunoglobu-
lin horseradish peroxidase-linked secondary antibody (Amersham
Biosciences NA934V, Piscataway, NJ) diluted 1:10,000 in 2% nonfat
milk in Ix TBS-T. Blots were incubated in secondary antibody on an
orbital shaker at room temperature for 1-1.5h, at which point they were
rinsed with ddH20O and 1x TBS-T as above. Blots were then treated with
enhanced chemiluminescence reagents (ECL Plus) as described (RPN
2131, Amersham Biosciences) and exposed to X-ray film (CL-XPosure
film, Pierce, Rockland, IL).

Quantification of Relative -H2AX Content

To estimate y-H2AX content in our mutant lines relative to wild-type,
fresh protein extractions were made from plants irradiated with a dose
of 200Gy as described above. 15.0 ng of extracted protein from ath2axa,
ath2axb, and ath2axa;ath2axb were loaded on a polyacrylamide gel. A
dilution series of WT protein extract was also loaded on the gel (2x, 1x,
0.25x, and 0.0625x where 1x=15ng). Separation, transfer, and immuno-
blotting of y-H2AX was carried out as described above. To increase the
sensitivity of the x-ray film and to increase the linear range of detection,
film was pre-exposed using an automatic flash (Sunpak Softlite 16004,
ToCAD, Rockaway, NJ) masked with porous paper. An optimal exposure
distance of 50cm was empirically determined such that a pre-exposure
flash increased the 540 nm absorbance of pre-exposed film by 0.15 with
respect to film that had not been pre-exposed [23, 24]. Pre-exposed
film was immediately used to detect chemiluminescent signal from
the immunoblots. Developed images were digitally scanned (Epson
Perfection 2400 Photo, Epson, Long Beach, CA), and analyzed using
‘ImageQuant™ v5.2’ (GE Healthcare, Piscataway, NJ). Total signal for
each band was calculated as the integrated intensity of all pixels within
a user defined box that encompassed that band. A local average correc-
tion for each band was used to exclude background signal. The adjusted
signal for the wild-type dilution series was used to generate a standard
curve of signal intensity vs. relative y-H2AX content in 15 ng of protein
extract. This curve was used to estimate the y-H2AX content of our
mutant lines relative to wild-type.

Root Tip Excision, Slide Preparation, and Immunostaining

Root tips were excised and mounted as described [25] with the modifications
reported [10]. Slides were stored at -80°C until they were ready to be stained
and scored. Root tip nuclei were stained to visualize y-H2AX, tubulin, and
chromosomal DNA as described [10]. After an overnight incubation at 4°C,
nuclei were visualized, scored, and images captured [10].
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Root Growth Assay

Seeds used in root growth assays were prepared and irradiated or mock-
irradiated as described above. An image of each plate was captured
immediately after irradiation, 0 days after treatment (DAT), using a
CoolSNAP CCD camera (Photometrics, Tucson, AZ) affixed to a Zeiss
Stemi SV 11 stereomicroscope (Zeiss, Thornwood, NY); plates were
then returned to the growth chamber. A second image of each plate was
captured 7 DAT. Root lengths were determined by tracing the primary
root using the image processing and analysis software Tmage]’ [26].
To reduce error introduced by seeds that did not germinate, seeds that
germinated late, and seedlings whose roots did not achieve or maintain
good contact with the vertical agar surface, only those plants whose
primary root length was in at least the plate’s 66" percentile 0 DAT were
included in the data set. Root length 0 DAT was subtracted from root
length 7 DAT to obtain post-treatment root growth (PTRG). PTRG of
irradiated plants was normalized to PTRG of mock-treated lines.

Results

Isolation of atHZAXa and atHZAXb insertion mutants

The publicly available seed stocks of the Arabidopsis Biological Resource
Center (ABRC) were screened to identify possible insertional mutants in
atH2AXaand atH2AXb. Annotated sequence information from the Salk
Institute Genomic Analysis Laboratory (SAIL) identified two potentially
valuable lines: ABRC line ‘SALK_007006.29.20.x, whose transferred
DNA (T-DNA) mapped somewhere near the first exon of atH2AXa, and
ABRC line ‘SALK_012255.55.25.x, whose T-DNA mapped to the middle
of atH2AXb. Polymerase chain reaction (PCR) primers were designed
according to the DNA sequences found in the SAIL database and used to
verify the presence of the T-DNA in each line. The insertion site of each
line was characterized by sequencing off of the T-DNA border sequence.
Sequencing of the insertion site of ‘SALK_007006.29.20.x" (ath2axa)
indicated that the T-DNA is located 68 bp upstream of the start codon of
atH2AXa. The insertion is accompanied by a deletion of 8 bp and, based
on PCR and sequencing data, has two left borders pointing away from
the insertion site into the genomic DNA (Fig. 1a). Characterization of
the insertion site of ‘SALK_012255.55.25.X° (ath2axb) proved to be more
difficult as we were only able to obtain PCR and sequencing data from
one border of the T-DNA insert. Sequencing off the left border indicated
that the T-DNA is located in atH2AXb’ s only intron, 84 bp upstream
of the second exon (Fig. 1b). While we were unable to obtain PCR
products or sequencing information from the other border using both
left and right border sequence information, genomic primers spanning
atH2AXD’ s coding sequence gave no product in lines homozygous for
the T-DNA insert; those same primer combinations give clear bands in
heterozygous atH2AXb and wild-type lines, suggesting that the T-DNA
insert truly does disrupt the wild-type copy of atH2AXb rather than
simply duplicating a portion of the gene and reinserting elsewhere in the
genome, leaving a wild-type copy of the gene intact.
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Figure 1 Gene structure and T-DNA insertion site of mutant lines athZaxa (a) and athZaxb
(b). Shaded line, UTR; black line, intron; black box, exon; gap, 8 bp deletion; triangle,
T-DNA; LB, T-DNA left border; regular text, genomic DNA sequence; underlined text, T-DNA
border sequence; parenthetical text, DNA sequence that matches neither T-DNA border
sequence nor genomic DNA exactly; ellipsis, continuation of adjacent DNA sequence; ques-
tion mark, unresolved T-DNA border and insertion site.



CHARACTERIZATION OF TWO H2AX HOMOLOGUES IN ARABIDOPSIS THALIANA AND THEIR RESPONSE TO IONIZING RADIATION

After confirming the locations of the T-DNAs, lines athZaxa and
ath2axb were crossed and their F, progeny screened to identify
homozygous lines. Using a T-DNA left border specific primer and
flanking gene specific primers we were able to isolate homozygous
double mutant ath2axa;ath2axb lines as well as recover homozygous
single mutant lines for both ath2axa and ath2axb. Wild-type segregants
were also identified and maintained for use as controls in subsequent
experiments. The mutant lines isolated were both viable and fertile.
No morphological difference was apparent in either single mutant
or double mutant plants. Genetic crosses using ath2axa, ath2axb, or
ath2axa;ath2axb were successful in all cases, regardless of whether the
mutant line functioned as the maternal source (ovule), the paternal
source (pollen), or both (self-cross).

Production of y-H2AX is repressed in H2AX mutants.

To test if ath2axa and ath2axb are still capable of producing functional
H2AX protein, histones from homozygous lines were extracted before
and after exposure to IR and probed with polyclonal Arabidopsis
y-H2AX antibodies [10]. In extracts from wild-type plants taken 15
minutes after exposure to 200Gy gamma radiation, a clear band of ~16
kDa is observed, reflecting the presence of IR induced y-H2AX protein;
comparable bands are detected in extracts from IR treated single mutant
ath2axa and ath2axb plants. In extracts from IR treated double mutant
ath2axa;ath2axb plants, the ~16kDa band is faint, though discernable,
suggesting that at least one of the mutant lines is not a complete loss of
function mutation (Fig. 2a). Control experiments, in which extract from
IR treated double mutant ath2axa;ath2axb plants was run separately
from other positive lanes, indicate that faint y-H2AX signal detected is
not the result of spillover from adjacent lanes. By comparing the signal
intensity of the y-H2AX band observed in the single and double mutant
H2AX lines to that of a wild-type dilution series (Fig. 2b), we estimate an
approximate ten-fold reduction in y-H2AX content for ath2axa;ath2axb
plants relative to wild-type plants (Fig. 2c).
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Figure 2 Quantification of y-H2AX in wild-type and mutant lines. Plants were irradiated with
200Gy gamma radiation and harvested 15 minutes after removal from source. Ponceau S
staining was carried out prior to immunoblotting as a qualitative control for protein loading
and uniformity of transfer. (a) Assessment of y-H2AX induction in response to IR in wild-type
and mutant lines by immunoblot. Image is representative of blots from four experiments.
(b) Linear regression of immunoblot y-H2AX band intensity, corrected for local average
background signal, as a function of relative amount of wild-type (WT) protein extract loaded.
The amount of sample loaded ranged from 2x to 1/16x (inset), where 1x is equivalent to 15
ng of protein extract. (c) Estimate of y-H2AX content in mutant lines relative to wild-type
as determined from (b).

Neither single mutant exhibited decreased levels of y-H2AX content
relative to wild-type. A faint ~16 kDa band is also observed in extracts
from untreated wild-type, untreated athZaxa, and untreated ath2axb
plants; this band is not detected in untreated athZaxa;ath2axb plants

(data not shown). Presence of this band in extracts from untreated
wild-type plants has been previously reported and may reflect some low,
steady state level of phosphorylation in cells, or may be due to low level
detection of unphosphorylated H2AX by the polyclonal antibodies [10].

H2AXa and H2AXb act redundantly in the formation of

IR induced y-H2AX

While it is clear from our immunoblot experiments that both H2AXa
and H2AXb are phosphorylated in response to IR, it was unclear whether
the two proteins function redundantly in the formation of the y-H2AX
foci characteristic of DSB response. To address this question, y-H2AX
foci were quantified in ath2axa, ath2axb, and ath2axa;ath2axb root tips
exposed to IR. Only a slight difference in the number of foci produced
per Gy gigabasepair (Gy*Gbp) was observed in either single mutant
(Fig. 3). This suggests that H2AXa and H2AXb function redundantly
in the establishment of IR induced foci. Consistent with this hypothesis
is the fact that we were unable to detect production of y-H2AX foci in
our ath2axa;ath2axb double mutant plants. Of the 74 mitotic root tip
cells scored, no y-H2AX foci were observed, suggesting that a wild-type
copy of either of these two homologues is essential for the formation
of y-H2AX foci. While our immunoblot results indicate the presence
of some y-H2AX in our IR treated ath2axa;ath2axb double mutant line,
any contribution it may make to the formation of foci is below our level
of detection.
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Figure 3 y-H2AX foci formation in atH2AX mutant lines. (a) Immunoflourescence of mutant
root tip nuclei irradiated with 5Gy gamma radiation. y-H2AX foci (green) are overlayed onto
chromosomes (red) stained with DAPI. Arrows highlight positions of y-H2AX foci. Scale bar,
5 pm. (b) Number of y-H2AX foci generated per Gy per gigabasepair (Gbp) + standard error.
Root tip nuclei were irradiated with either 5Gy or 2.5Gy gamma radiation. n, number of root
tip nuclei scored. %, rate of foci induction in wild-type root tip nuclei exposed to 5Gy or
2.5Gy gamma was calculated from previous experimental data (Friesner, 2005).
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Figure 4 Root growth of IR treated lines in the first seven days after gamma treatment (7
DAT). Values expressed as percent change in root length relative to percent change in root
length of mock treated plants. Error bars, standard error; n, number of plants scored.
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A subtle change in root growth following exposure to

gamma radiation is observed in H2AX mutants.

We sought to further investigate the importance of H2AXa and H2AXb
in response to gamma radiation by assaying root growth in each of our
mutant lines. Monitoring root growth, a product of both cell division
and cell expansion, is a simple means of quantifying the impact of DNA
damaging agents on a plant. In the days immediately following exposure
to gamma radiation, the wild-type line, both single mutant H2AX lines,
and the double mutant line all displayed decreases in overall root growth
correlated to the dose of IR they received (Fig. 4).

Our single mutant lines ath2axa and ath2axb both displayed a slightly
greater inhibition of root growth than wild-type, though the difference
was not statistically significant. In our IR treated double mutant seed-
lings, an even greater inhibition of root growth was observed, though the
difference relative to wild-type was still not statistically significant. This
trend is observed across a range of IR doses, though it is most obvious
at a dose of 100Gy . While the effect of gamma radiation on root growth
is not significantly different between wild-type and mutant lines, the
overall trend suggests that the two Arabidopsis H2AX homologues play
redundant roles in the plant’s response to DSBs.

Discussion

H2AXa and H2AXb may act redundantly in the response of
Arabidopsis thaliana to ionizing radiation.

In this article we report the identification and isolation of a pair of T-DNA
insertional mutants affecting the expression of two H2AX homologues,
atH2AXa and atH2AXb, encoded by the model plant Arabidopsis
thaliana. Although we were unable to obtain a line in which H2AX
production is completely abolished, we demonstrate a roughly ten-fold
reduction in the amount of y-H2AX produced in response to gamma
radiation in our double mutant line. Given that untreated atH2AXa,
atH2AXD, and atH2AXa;atH2AXDb plants exhibit no obvious changes in
either their overall morphology or their growth habits, it is clear that
wild-type levels of H2AX are not essential for viability in A.thaliana.
While it is possible that a full loss of function line would be inviable, our
results are consistent with the observation that H2AX-deficient mouse
embryonic stem cells are also viable [27]. Unlike H2AX-deficient mice,
however, which display a significant reduction in fertility [28], no defect
in fertility was observed in atH2A Xa;atH2AXD plants; this may indicate
that very low levels of H2AX are sufficient to carry out meiotic processes
during gametogenesis. Alternatively, H2AX may be wholly unnecessary
in A. thaliana for normal meiotic recombination and fertility.

While H2AX may not be essential for cell viability, it does play an
important role in resistance to DSB inducing agents [13, 27]. The role of
y-H2AX in IR resistance in plants has not yet been determined. We dem-
onstrate that atH2A Xaand atH2AXb function redundantly in IR induced
y-H2AX foci formation, an early and rapid step in a cell’s response to
DSBs. We report a slight decrease in root growth following exposure to
IR in our double mutant line relative to wild-type, suggesting atH2AXa
and atH2AXb may play a role in mitigating the effects of damage caused
by IR. Whether the minor decrease in root growth we observe is due
to the persistence of unresolved damage, reflects a defect in the ability
of cells to resume normal cycling, or is a result of some other defect is
unknown. It is clear from our results that atH2AXa and atH2AXb act
redundantly in the overall production of y-H2AX in irradiated seedlings
and in focus formation in irradiated root tips of A.thaliana; however, this
does not preclude the possibility that divergent functions may also exist
that distinguish the two homologues. The precise role H2AX plays in
DNA damage response and cell cycling, and more specifically, the roles
atH2AXa and atH2AXb play in A.thaliana, remain open and warrant
further investigation.
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Role of Human Disease Genes for the Maintenance of

Genome Stability in Plants

H Puchta’, D Kobbe, K Wanieck, A Knoll, S Suer, M Focke & F Hartung

Abstract

In the plant genome a row of homologs of human genes can be found
that, if mutated, are correlated with a high incidence of cancer in
humans. Here we describe our recent results on homologs of the breast
cancer genes BRCA1/BARD1 and RecQ helicase homologs in the model
plant Arabidopsis thaliana. HSBRCA1 and HsBARD1 are tumor sup-
pressor proteins that are involved in many cellular processes, such as
DNA repair. Loss of one or the other protein results in early embryonic
lethality and chromosomal instability. The Arabidopsis genome harbors
one BRCA1 homolog, and we were able to identify a BARD1 homolog
as well. AtBRCA1 and AtBARDI are able to interact with each other as
indicated by in vitro and in planta experiments. Our analyses of T-DNA
insertion mutants for both genes, revealed that in plants, in contrast
to animals, these genes are dispensable for development or meiosis.
Nevertheless, we could show that AtBARD1 plays a prominent role in the
regulation of homologous DNA repair in somatic cells. RecQ helicases
are known as mediators of genome stability. The loss of RecQ function
is often accompanied by hyperrecombination due to a lack of crossover
suppression. Arabidopsis thaliana possesses seven different RecQ genes.
We could show that two of them (AtRECQ4A and AtRECQ4B) arose as
aresult of a recent duplication and are still 70% identical on protein level.
Disruption of these genes, surprisingly, leads to antagonistic phenotypes:
the AtRECQ4A mutant shows sensitivity to DNA damaging agents,
enhanced homologous recombination and lethality in an Atmus81
background. Moreover, mutation of AtRECQ4A partially suppresses the
lethal phenotype of an AtTOP3a mutant. In contrast, the AtRECQ4B
mutant shows a reduced level of HR and none of the other phenotypes
described above. Finally, we have started to characterize the different
RecQ proteins of Arabidopsis by biochemical means and present here
the results on AtRECQ2.

Breast Cancer Genes: BRCA1, BRCA2 and BARD1

Genome stability is a crucial aspect of any living organism. It is essential
to cope with DNA damages and to repair them properly. Many human
diseases, especially cancer, are linked to different kinds of defects in
DNA repair mechanisms which might lead to chromosome abnormali-
ties or uncontrolled proliferation. Defects in DNA repair or recombina-
tion genes often predispose humans to cancer development, as it is seen
for instance in patients of Bloom and Werner syndrome or breast cancer.
Those diseases are linked to mutations in genes whose encoded proteins
function as DNA repair proteins. Usually, cancer is not due to a single
mutation, but a certain mutation might lead to a higher susceptibility for
developing cancer. As breast cancer is the most prevalent cancer world-
wide many studies have been made to identify and to understand the role
of certain breast cancer factors. In 1994, the first gene which seemed to
be genetically linked to the development of hereditary breast cancer was
identified [1]. This gene was called Breast Cancer Susceptibility Gene 1
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(BRCAL). Besides BRCAL1, another breast cancer gene was identified the
following year and named BRCA2 [2]. Later on, it could be shown that
both proteins are important factors for homologous recombination (HR)
during DNA repair.

As proteins are often part of different complexes and their function
depends on certain interactions, there are several known proteins, which
are important for the function of BRCA1. The most prominent interac-
tion partner of BRCALI is the Breast Cancer Associated Ring Domain
Protein BARD1. The name implies its interaction with BRCA1 via their
RING domains. Figure 1A shows the general structure of the human
breast cancer proteins. Homologs of these genes were identified in sev-
eral other organisms as well, and interestingly also in the model plant A.
thaliana [3-5].
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Figure 1 Structure of human and plant breast cancer proteins and the AtBARD1 function
during HR. (A) The characteristic features of breast cancer proteins are the N-terminal
RING and the C-terminal BRCT domains. Both domains are important for protein-protein
interactions and the proper functions of the proteins. RING = Really Interesting New Gene;
BRCT = BRCA1 C-terminal; Hs = Homo sapiens; At = Arabidopsis thaliana. (B) The Atbard1
mutant plants show a reduction of HR under standard conditions in comparison to the wild
type (WT). After induction of double stranded breaks with Bleomycin, the wild type shows a
clear induction of HR. The HR in Atbardl mutant plants after induction with Bleomycin is
less induced, indicating a role for AtBARDI in HR. The diagram shows the mean number of
blue spots per plant (bars show the SD) from three different experiments with a logarithmic
scale for a better presentation.
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Structure of plant homologs

As mentioned above, in A. thaliana and other plants, gene homologs of
BRCA1, BRCA2 and BARDI1 were identified. AtBRCAI and AtBARDI
are single copy genes, whereas AtBRCAZ2 is a duplictaed gene. The
homology between the breast cancer genes and their plant orthologs
is mainly conserved in the region of their functional domains. Both
BRCA1 and BARDI possess an N-terminal RING and two C-terminal
BRCT-domains. The RING domain of AtBRCA1 has 34% identity and
61% similarity to the human ortholog, whereas the homology of the
BRCT region has 28% identity and 61% similarity [4]. The alignment
of AtBARDI1 with HsBARD1 shows 22% identity and 38% similarity
[5]. The RING domain is a protein interaction domain, which is neces-
sary for the E3-Ubiquitin Ligase function of BRCA1 and BARD1 alone
as well as for the respective heterodimer. The function of the BRCT
domains is based on interactions with phosphopeptides and might
therefore be important for regulatory processes. Both BRCA1/BARD1
and BRCA2 play essential roles during mitotic and/or meiotic DNA
repair and recombination events. Their essential role in mammals is
shown in early embryonic lethality of homozygous BRCA1, BARDI
and BRCA2 mutant mice [6-8]. Interestingly, in A.thaliana homozygous
single mutant plants of the breast cancer genes are, in contrast to their
mammalian counterparts, not lethal. This offers a unique system for
studying putative, conserved functions of these breast cancer genes in a
higher eukaryotic organism.

Functional Analysis in Plants

BRCAL1 and BARDI are important factors of homologous recombina-
tion in somatic cells. Studies in different organisms led to the conclusion
that this function seems to be conserved. Via a recombination assay
system for A.thaliana, it was shown that the Atbard! single mutants
display a defect in homologous recombination and that they are sensi-
tive to MMC, which leads to DNA cross links [5]. Figure 1B shows the
clear reduction of HR in Atbardl mutant plants under standard as well
as under genotoxic conditions indicating a role for AtBARDI in HR.
AtBRCA2 is also important for HR and plays an essential role during
meiosis [3]. As the genome of A.thaliana harbors two almost identical
homologs, those proteins might have a redundant function.

Research on the function of breast cancer genes in plants might give
insight into conserved functions of those genes, as well as reveal plant
specific functions. Our present studies concentrate on other proteins
that interact with breast cancer proteins. One such family is the RecQ
family, whose proteins are also linked to several human diseases.

RecQ helicases as genomic caretakers

Out of the five human homologs of E. coli RecQ, mutations in three of
them have been shown to result in severe autosomal recessive heredi-
tary diseases. Bloom Syndrome (BS), Werner Syndrome (WS) and
Rothmund-Thomson Syndrome (RTS) result from biallelic loss-of-
function mutations in the genes BLM, WRN or HsSRECQ4, respectively.
Patients diagnosed with the disorders RAPADILINO Syndrome and
Baller-Gerold Syndrome (BGS) have recently been shown to carry muta-
tions in the HSRECQ4 gene as well.

All of these syndromes result in a set of common characteristics, for
example genomic instability and a predisposition to cancer malignancies
[9]. However, there are also syndrome-specific features and unique cel-
lular and genetic defects that suggest non-redundant cellular functions
for these RecQ helicases. BS patients present with a proportional growth
deficiency, skin abnormalities, such as sun sensitivity, hypo- and hyper-
pigmentation, fertility defects and changes in fat and sugar metabolism
[10]. Notably, there is an increased predisposition to all types of cancer
with high incidence. In BS fibroblasts, the hallmark characteristic is the
elevated rate of sister chromatid exchanges due to increased homologous
recombination.

PUCHTA ET AL

Shortly after the connection of BLM with BS, it was shown that muta-
tions in the WRN gene are causative for the recessive disorder Werner
Syndrome [11,12]. WS is a progeroid disease resulting in premature
aging that develops during the second decade of life and is associated
with age-related disorders like greying and loss of hair, skin atrophy,
atherosclerosis, osteoporosis, bilateral cataracts and type II diabetes mel-
litus. WS is also associated with a high incidence of cancer, but contrary
to BS patients, individuals with WS show a predisposition primarily to
sarcomas. On the cellular level, WS manifests in genomic instability
due to chromosome breaks, reciprocal chromosomal translocations and
genomic deletions.

The third and only other human RecQ helicase that has been associ-
ated with a disease is HSRECQ4, mutated in about 60% of all persons
diagnosed with Rothmund-Thomson Syndrome [13]. RTS manifests in
skeletal abnormalities, poikiloderma (skin atrophy and dyspigmenta-
tion), cataracts, hypogonadism, early greying and loss of hair. The cancer
predisposition typical for RecQ-related disorders is seen in RTS as well,
but it is restricted mainly to osteosarcomas.

RecQ helicases in plants

In total, there are seven different RecQ like genes present in the model
plant A.thaliana (Fig. 2). As mentioned before, mutations in the human
gene coding for the BLM protein lead to a severe genetic disorder called
Bloom syndrome [12]. On the sequence level, two of them, AtRECQ4A
and AtRECQ4B, can be considered putative HsBLM homologs.
Regarding the conserved domains within the seven helicase motifs, both
proteins share a sequence identity of approximately 53% with the HsBLM
protein, and incidentally about 46% with the yeast RecQ homolog SGS1.
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Figure 2 Human and Arabidopsis RecQ homologs. The typical structure of RecQ helicases is
found in virtually all members of this family. The RecQ helicase domain, the RecQ-Ct- and
the HRDC domain (Helicase and RNAse D C-terminal) are most common, whereas the
exonuclease domain is only found in the WRN protein, and the EF-hand motif only in
AtRECQ4A. In plants and insects, the exonuclease domain of the HSWRN protein is coded
by a small gene, which seems to be fused in HSWRN.

AtRECQ4A and AtRECQ4B exhibit an identity of about 70% regard-
ing their DNA and protein sequences, and have therefore arisen from
a recent duplication event [14]. Amazingly, in contrast to their high
sequence similarity, mutations in AtRECQ4A and 4B lead to opposi-
tional phenotypes respectively. Whereas Atrecq4A reflects the “RecQ
typical” phenotype showing sensitivity towards genotoxic agents, such
as MMS or cisplatin, Atrecg4B plants are not more affected than the wild
type control plants [15,16]. Furthermore, we could show hyperrecom-
bination for Atrecg4A, as it has been shown for other RecQ mutants,
such as human bIm or yeast sgsI [15-18]. In contrast to the expected
results obtained for Atrecqg4A as typical RecQ mutant, in Atrecq4B
plants somatic HR is strongly reduced compared to the wild type [15].
This hyporecombination phenotype has not been described for any
eukaryotic RecQ mutant so far, and points to a positive involvement of
the AtRECQ4B protein in the recombination process.

Another property that seems to be conserved in AtRECQ4A is the
interaction with a type 1A topoisomerase. This interaction has directly
been shown for yeast SGS1 with TOP3, as well as for the human BLM
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protein with HSTOP3a [19]. Due to the severity of the phenotypes, it
is problematic to study eukaryotic TOP3a functions with the help of
the respective mutants. Nevertheless, we could show very recently for
Atrecg4A that this mutation is able to rescue the lethal phenotype of
top3a mutants in Arabidopsis, resulting in sterile but viable plants [15].

Finally, double mutants of Atmus81 and Atrecg4A develop poorly
and die within about two weeks. This is in line with the lethality found
in double mutants of the structure-specific endonuclease MUS81 and
the respective RecQ homologs of budding and fission yeast, SGS1 and
RQHI1, which are synthetically lethal. This result points to a high level
of conservation of the somatic RECQ and MUSS81 functions, such as the
involvement of both proteins in two parallel pathways working on stalled
replication forks [16].

In both cases, the results obtained for the RecQ double mutants with
mus81 or top3a, respectively, are restricted to the recg4A mutation of A.
thaliana, whereas for Atrecg4B no effect on the Attop3a and Atmus81
phenotypes could be observed [15,16]. Therefore it can be concluded
that in Arabidopsis RECQ4A, and not RECQ4B, is in most aspects the
functional homolog of BLM and SGSI. Nevertheless, the recombina-
tion promoting function of RECQ4B might also have originated from a
common BLM-like ancestor protein.

Biochemical characterization of AtRECQ2

Whereas the T-DNA insertion mutants enable us to analyze the effect of
missing or truncated proteins, biochemical analysis reveals what reac-
tions the proteins are possibly able to catalyze. The two approaches are
complementary, with the biochemical analysis a reaction is being tested
for feasibility, for example, if a participation in a specific pathway is pro-
posed. However, biochemical analysis does not state whether a specific
reaction is really taking place in vivo, since it may be influenced, for
instance, by post-translational modifications of the protein or by pro-
tein interaction partners. On the other hand, with the help of specific
information on the types of substrates the enzyme might process, a more
focused in vivo analysis can be performed.

The method used is briefly introduced here: DNA sequences are
designed with complementary and non-complementary stretches in
such a way that a specific DNA-structure will form. The DNA structure
is built by heating one labeled oligonucleotide (**P) together with the
other constituents and cooling them down slowly with subsequent puri-
fication. It is incubated with the enzyme under defined conditions. Then,
the reaction products are analyzed via native polyacrylamide gel electro-
phoresis (PAGE), in which the original structure is separated from the
product(s). The structures containing a **P label can be analyzed and
quantified allowing the calculation of the percentage of unwinding.

Here, some data of our biochemical characterization of A. thaliana
RECQ2 is presented [20]. AtRECQ?2, together with AtRECQ4A and
AtRECQ4B, possess the complete set of (uninterrupted) domains,
characteristic for RecQ-helicases, as do HSWRN and HsBLM (Fig. 2).
Additionally, AtRECQ2 interacts with AtWRNexo [21]. AtWRNexo is
homologous to the exonuclease domain of HSWRN (Fig. 2) and bio-
chemical analysis of AtWRNexo has revealed conserved properties [22].
We analyzed the biochemical functions of AtRECQ?2 in order to classify
it either as orthologous to the HSWRN-helicase or as a potentially plant-
specific protein with its own set of functions.

We expressed AtRECQ2 in E. coli and successfully purified it with the
help of an N-terminal calmodulin binding peptide tag and a C-terminal
hexahistidine tag. In order to be able to judge the purity of our AtRECQ2
preparation, we also cloned, expressed and purified AtRECQ2-K117M
in an identical fashion. For AtRECQ2-K117M, the substitution of lysine
by methionine in the Walker A motif leads to an abolishment of ATPase
and therefore helicase activity. Thus, an activity observed in assays with
AtRECQ2 that is missing with AtRECQ2-K117M is due to our enzyme
of interest.
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We were able to show that AtRECQ2 is a (d)NTP dependent 3’ to 5’
DNA helicase (Fig. 3A and B). This can not be taken for granted as for
example, no helicase activity was shown for HSRECQ4 [23]. The ability
of AtRECQ2 to use all nucleotide cofactors to catalyze unwinding is not
common for RecQ helicases. These properties are only similar to those
of HsWRN helicase, for which ATP and dATP are best as well, followed
by dCTP and CTP. Strand unwinding by HSWRN can also be measured
with GTP, dGTP, UTP and dTTP but it is not efficient [24]. All other
RecQ-homologs analyzed for the usage of different (d)NTPs are more
restricted.
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Figure 3 Biochemical analysis of AtRECQ2 [20]. (A) AtRECQ2 is a 3'-5’DNA helicase.
The substrates are schematically drawn in the dotted boxes; * marks the 32P-label. The
arrows indicate the positions of migration of the substrates (top) or the 23 nt — unwinding
products of substrate a (unwound by 3’ 5’ helicases) and b (unwound by 5’ 3" helicases),
respectively (bottom). The reactions with AtRECQ2-K117M show no unwinding, thus the
AtRECQ2 preparation is devoid of helicase contamination. p heat-denatured substrate.
(B) AtRECQ2 can use different nucleotide-triphosphates for unwinding. Helicase data are
presented as autoradiogram and as mean with SD. For the respective reactions ATP was
substituted by dATP, GTP, dGTP, CTP, dCTP, UTP, dTTP and water. (C) AtRECQ2 can branch
migrate Holliday Junctions. Autoradiography of the reaction products. In reaction ¢ ATP was
omitted. It is clearly visible that the main product of AtRECQ2 is splayed arm, indicative
for branch migration. (D) Quantification of helicase data (mean and SD) of reactions with
a bubble and different D-Loop-structures, schematically drawn on the right. The invading
strands of the D-Loop structures were unwound. No significant preference for a special
D-Loop structure can be observed with different AtARECQ2 concentrations used.

The reaction of AtRECQ2 was also analyzed on DNA substrates that
mimic recombination intermediates: a partially mobile Holliday Junction
and different D-Loops (Fig. 3C and 3D). The analysis of the reaction of
AtRECQ2 on Holliday Junctions reveals splayed arm products, charac-
teristic for branch migration. As it was shown before by others, splayed
arm is the main product of many RecQ-helicases - also for HSWRN [25].
D-Loops are formed in an early step of homologous recombination,
when an ssDNA invades the homologous dsDNA and pairs with the
complementary strand of the duplex. AtRECQ2 can displace invading
strands of D-Loops, regardless if there is a protruding ssDNA or not,
and irrespectively of the protruding ssDNA’ directionality. The analyzed
bubble was partly unwound. Melting of productive D-Loops in which the
3’ end of ssDNA is invading can be considered as anti-recombinogenic.
Also, unwinding of the unproductive D-Loops with 5 invasions and 3’
protruding tails by RecQ-helicases may be important. The data of other
RecQ helicases on their action on D-Loops are published. Whereas some
RecQ proteins show a preference for 3’ tailed D-Loops, the properties of
HsWRN [26] are similar to those of AtRECQ2: the invading strands of
all three D-Loop substrates are similarly well displaced.

To sum up, the biochemical properties of AtRECQ2 are closest to
those of HSWRN. Therefore, the hypothesis that those two are function-
ally homologous is reinforced and it will be highly interesting to see



whether the future analysis of the respective T-DNA insertion mutants
will sustain this conclusion.

In general, we can summarize that a reasonable number of genes
involved in genome stability and cancer predisposition in animals are
well-conserved in plants. The function of these genes is often similar on
a general level, such as the preservation of genome stability, as well as
regarding their biochemical properties. Nevertheless, besides helping
to understand basic mechanisms of genome stability in eukaryotes, our
research also has a strong biotechnological potential. A better under-
standing of homologous recombination in plants might help us to set
up new approaches in green gene technology, such as gene targeting or
improved breeding.
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Genomic and Gene-specific Induction and Repair of

DNA Damage in Barley

V Manova*, M Georgieva, B Borisov, B Stoilova, K Gecheft & L Stoilov

Abstract

Repair of DNA damage induced by various mutagenic agents within the
barley genomic and ribosomal DNA was the subject of investigation.
Reconstructed karyotypes T-1586 and T-35, with normal and increased
expression of ribosomal genes respectively, were utilized to evaluate the
relationship between the transcriptional activity and the rate of DNA
damage induction and their repair. A tendency towards restoration
of rDNA integrity after y-irradiation was observed, indicative for the
efficient recovery of double-strand breaks in barley ribosomal DNA.
Ability of barley ribosomal genes to cope with damage produced in vivo
by the radiomimetic agent bleomycin was further analyzed. Preferential
sensitivity of barley linker DNA towards bleomycin treatment in vivo
was established. Fragments containing intergenic spacers of barley
rRNA genes displayed higher sensitivity to bleomycin than the coding
sequences. No heterogeneity in the repair of DSB between transcribed
and non-transcribed regions of ribosomal genes was detected. Data
indicated that DSB repair in barley ribosomal genes, although relatively
more efficient than in genomic DNA, did not corelate with NOR activ-
ity. Repair kinetics of UV-C induced cyclobutane pyrimidine dimers in
barley genomic and ribosomal DNA was also studied. Less cyclobutane
pyrimidine dimers (CPD) in rDNA in comparison to total genomic
DNA was detected. Results showed that UV-C induced CPD in barley
ribosomal genes are as efficiently repaired as in the rest of the genome
predominantly by light repair mechanisms.

Introduction

Maintenance of DNA integrity by the cellular repair mechanisms is an
essential function of living organisms, preserving the genuine status of
their genetic information. DNA repair mechanisms are also not fully
correct, which increases the genetic diversity and variability of the popu-
lations. The biological consequences of non-repaired or miss-repaired
DNA damage depend on the type and frequency of the lesions as well
as on the functional characteristics and location of the target DNA.
Therefore, the investigations on the selective induction and differential
efficiency of repair processes in individual genes and defined DNA
sequences are of substantial theoretical and practical importance.

Many studies have shown that the heterogeneity of DNA damage
induction and repair, dependent on chromatin organization, transcrip-
tional activity and nature of individual DNA sequences, is a widely
spread phenomenon in higher eukaryotes. A crucial breakthrough in
the topic of differential repair was the finding that actively transcribed
genes are more quickly repaired by nucleotide excision repair (NER)
than non-expressed ones. It was further demonstrated that such prefer-
ential recovery of active genes was mainly due to the accelerated repair of
lesions in the transcribed DNA strand [1, 2]. Moreover, intragenic repair
heterogeneity, reflecting chromatin alterations along the genes was also
established [3, 4]. After the initial observation for strand-specific repair
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of cyclobutane pyrimidine dimers, the link between DNA repair and
transcription for other types of DNA lesions has been extensively stud-
ied. Recovery from damage induced by UV, crosslinking and alkylating
agents in mammalian ribosomal (rRNA) genes, however, was found to
be less effective than in genes transcribed by RNA polymerase I or in the
genome overall [5-7]. Efficient, but not preferential, repair was observed
for bleomycin and IR-induced strand breaks in mammalian rRNA genes
[8, 9] indicating that repair of rDNA might be rather lesion-dependent
than tightly linked to transcription. Recently, however, a transcription-
dependent repair of UV-induced CPD in yeast rRNA genes accom-
plished by NER and photoreactivation has been demonstrated [10].
Studies on the gene-specific induction and repair of DNA damage in
plants, however, are limited and there is a lack of information about the
existence of preferential DNA repair of active plant genes in relation to
their transcriptional activity, chromatin structure and genomic location.

Description of the activities performed

Our main research activities were focused on the genomic and gene-
specific induction and repair of DNA damage in barley. The induction
and repair kinetics of double-strand breaks (DSB) in barley ribosomal
DNA (rDNA) after treatment of root tips with ionizing radiation and
bleomycin were investigated. The relationship between transcriptional
activity of ribosomal genes and the efficiency of induction and repair of
these lesions in whole barley repeats, as well as in the transcribed and
non-coding rDNA sequences were also analyzed. Formation and repair
of CPD in genomic (gDNA) and ribosomal DNA after UV-C irradiation
of barley leaves were also a subject of investigation.

Ionizing radiation-reconstructed barley karyotypes T-1586 and
T-35 characterized with normal and increased activity of Nucleolus
Organizing Regions (NOR) were utilized to study the link between the
repair potential of barley ribosomal genes and their expression. Line
T-35 is derived from T-1586 and contains deletion of the NOR-bearing
segment of chromosome 6H. As a result, a higher activity of the remain-
ing rRNA gene cluster localized in NOR 5H was observed [11, 12].
Barley ribosomal genes are represented by long (9.8 kb) and short (8.8
kb) ribosomal repeats, localized in the NOR of chromosome 6H and 5H
respectively (Fig. 1).
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Figure 1 Partial restriction map of the longer 9.8kb barley rDNA repeat (clone HV 014).
Solid and dotted lines represent coding regions and non-transcribed intergenic spacer
respectively.
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Repair of ionizing-radiation induced DSB in barley ribosomal
genes

Tonizing radiation was initially used for generation of DSB in barley
ribosomal DNA. Kinetics of DSB induction obtained after treatment
of germinating seeds from karyotypes T-1586 and T-35 with gamma-
rays is outlined in Fig. 2. It was found that 100Gy gamma-rays produce
DSB in rDNA, resulting in a detectable decrease of the corresponding
hybridization signal. Although the yield of DSB in both rDNA repeats
immediately after irradiation was relatively low, after a further three
hours of germination a higher amount of DNA damage in the respec-
tive gene clusters was detected. After a 24-hour recovery of the root
seedlings, the integrity of rDNA reached the control values. These data
indicate the existence of efficient recovery mechanisms for DSB in barley
rDNA. The observed lack of correlation between the expression of barley
rRNA genes and their sensitivity against radiation-induced damage is in
accordance with the proposed uniform distribution of the repair activi-
ties responsible for double-strand breaks in mammalian cells. The results
favour a mechanism for induction of DSB in barley ribosomal genes,
presumably uncoupled with their transcription [13].
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Figure 2 Hybridization profiles of rDNA repeats and histogram representation of the densi-
tometric data (in arbitrary units) obtained after irradiation of germinating seeds from karyo-
type T-1586 and deletion line T-35. Intensity of the signal in the untreated control sample
is taken as 100%. Lane 1, 2, 3 and 4 - control, O, 3 and 24 hours recovery.

Repair of bleomycin-induced double-strand breaks

in barley genomic DNA and ribosomal genes

Repair kinetics of damage induced by bleomycin (200ug/ml) in barley
genomic DNA was assessed by conventional gel electrophoresis under
neutral and alkaline conditions for DSB and SSB respectively (Fig. 3). A
distinctive feature of DSB profiles was their nucleosomal-phased frag-
mentation due to the higher sensitivity of barley linker DNA towards
bleomycin treatment in vivo.
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Figure 3 Neutral (A) and alkaline (B) ethidium bromide-stained gels visualizing the induc-
tion and repair of DSB (A) and SSB (B) in barley genomic DNA. C - untreated DNA; Oh, 1h
and 3h - recovery periods after bleomycin treatment.
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Comparison of the yields of initially induced DSB in ribosomal and
genomic DNA revealed an increased sensitivity of gDNA, whereas
rDNA was somewhat more resistant to DSB induction by bleomycin.
Taking into account that in barley only a small proportion of about 4000
rRNA genes is actively transcribed, chromatin compactness appeared as
one of the possible factors determining the observed differences. Data
showed efficient repair of bleomycin-induced SSB and DSB in genomic
DNA of both karyotypes after one hour of repair. Recovery kinetics of
DSB in ribosomal DNA generally followed that found in genomic DNA
(Fig. 4). Both lines displayed even higher capacity for repair of DSB in
rDNA compared to bulk DNA. At first glance, repair of ribosomal genes
in T-35 appears to be more effective than in T-1586, but this could actu-
ally reflect the overall repair capacity of this line. On the other hand,
the existence of putative inactive rDNA repeats still residing in NOR 5H
might obscure the visualization of fast repair in transctribed genes. As a
whole, however, the results support the notion that the repair efficiency
of bleomycin-induced DSB in barley ribosomal genes was not substan-
tially affected by the overall activity of the respective barley NORs [14].
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Figure 4 Comparative data representing the efficiency of DSB repair in rDNA and total
genomic DNA from karyotypes T-1586 and T-35. Initial rate of DSB, measured at time point
Oh was assumed as 100% damage. Accordingly, repair levels were expressed as percentage
of DSB left unrepaired during the recovery periods (one hour and three hours).

Comet assay was applied to analyze the induction and repair kinetics
of DSB and SSB produced by bleomycin in barley supercoiled DNA loop
domains (Fig. 5). Data have shown an effective repair of DSB within
the first 15 minutes after application of bleomycin to barley root tips.
Percentage of the remaining damage after one hour of repair was about
50% from the initial one after treatment with a lower bleomycin dose.
Surprisingly, an even more pronounced recovery was observed after
application of the highest bleomycin concentration (Fig. 6).

Figure 5 Microphotographs of the representative comet images obtained after application of
neutral (A) and alkaline (B) comet assay.
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Figure 6 DSB repair based on% DNA in tail (+SE) in Hordeum vulgare root tips cells at

various recovery periods after treatment with bleomycin. (A):100 pg/ml; (B): 150 pg/ml; (C):
200 pg/ml. *GLM (P<0.001). n.s. No significant differences.
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The frequency of initially induced SSB was not substantially influenced
by the bleomycin concentrations applied. Observed repair efficiency was
significantly higher at 50pg/ml shortly after treatment and remained
steady afterward. After application of 100ug/ml, however, at least one
hour of recovery was necessary for the cells to reach the levels of DNA
damage detected 15 minutes after treatment with the lower bleomycin
concentration (Fig. 7) [15].
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Figure 7 Initial induction (A) and recovery kinetics (B, C) of DNA breaks induced by bleo-
mycin detected by alkaline comet assay. *GLM (P<0.001). n.s. No significant differences.
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Induction and repair of DSB in defined domains of barley
ribosomal genes

As the ribosomal repeat comprises sequences with different chromatin
organization and transcriptional status, the induction and repair of
bleomycin-induced DSB within the defined regions of ribosomal genes
was analyzed. Data for the number of initially induced DNA damage
showed preferential induction of DSB within the fragments comprising
non-transcribed sequences (3.8 kb and 2.8 kb respectively), in compari-
son to that covering the structural part of the genes (fragments 3.1 kb
and 2.9 kb) (Fig. 8).
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Figure 8 (A) Differential distribution of DSB within specific regions of barley ribosomal
genes. Double-digested DNA from line T-1586 was hybridized consecutively with 3.2kb
probe (detecting the non-transcribed spacers) and 3.8kb probe (for the coding regions only).
(B) Densitometric and hybridization profiles of 3.8kb and 2.8kb non-transcribed spacers
from both rDNA clusters in line T-1586, obtained with the 3.2kb probe: 1- control, 2-
immediately after bleomycin treatment.

On the other hand, we did not found substantial differences between
the repair kinetics of bleomycin-induced DSB within the transcribed and
non-transcribed ribosomal sequences (Fig. 9). To our knowledge, data
on the induction and repair of damage in specific regions of plant genes
have not been previously reported. Increased sensitivity to DSB found in
barley non-transcribed spacer might reflect a higher density of repeated
elements with enhancer and promoter functions, which in concert with
the relatively relaxed chromatin structure, might render this area more
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vulnerable to damage induction. Lack of differential repair efficiency
in transcribed and non-transcribed regions of barley ribosomal genes
in both lines, implied that their distinct transcription-dependent chro-
matin organization did not influence the repair of bleomycin-induced
DSB in these specific domains. Our data indicated that the repair of this
damage in barley rRNA gene clusters, although more efficient than in
total genomic DNA, did not correlate with the overall NOR activity [14].
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Figure 9 DSB repair efficiency within specific regions of barley ribosomal genes of karyo-
types T-1586 and T-35. Repair was expressed as percentage of DSB left in the ribosomal
fragments during the recovery periods (one and three hours). Representative Southern blots
obtained after hybridization with 9.8kb probe of EcoRI/EcoRV-digested control and treated
DNA, in order to differentiate the coding from spacer regions of rDNA repeats, are also
inserted.

Induction and repair of CPD in barley genomic and

ribosomal DNA

Barley seedlings were irradiated with various UV-C doses in the range
0.5-5 J/cm? and subsequently incubated for different repair intervals.
CPD repair was investigated at the level of genomic and ribosomal DNA
in the first leaf of six-day-old seedlings under light and dark conditions.
Data showed obvious prevalence of light repair mechanisms in barley
leaves even after high doses of UV-C irradiation. Less amount of CPD in
rDNA in comparison to total genomic DNA immediately after irradia-
tion was detected. Kinetics of CPD repair was found to be similar in the
genomic and ribosomal DNA (unpublished data). These results indicate
that UV-C induced CPD in barley ribosomal genes are as efficiently
repaired as in the rest of the genome (Fig. 10).
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Figure 10 Efficiency of light CPD repair in barley genomic and ribosomal DNA.

Conclusions
Altogether, the data suggested the operation of efficient repair mecha-
nisms maintaining the integrity of barley total genomic DNA and



ribosomal genes after treatment with different types of mutagenic agents
such as ionizing radiation, bleomycin and UV-C light. The results also
showed that, particularly for IR and bleomycin induced DSB, there was
no noticeable relationship between the transcriptional activity of rRNA
genes and their repair potential.
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An Approach to Screen and Identify Novel Meiotic
Mutants in an EMS Mutant Population

J A da Costa-Nunes* & W Viegas

Abstract

A novel Arabidopsis EMS mutant population was produced aiming at
identifying until now unknown meiotic mutants. The M, EMS mutant
families were first screened for their reduced fertility. These plants with
a reduced fertility were subjected to a second screening at the cytologi-
cal level. Plants with abnormal meiosis, namely abnormal chromosome
segregation and chromosome fragmentation were selected for further
characterization and SNP mutation mapping. So far, 232 sterile and
semi-sterile M, candidates have been identified in the fertility screen, of
which 110 sterile mutants were further analyzed at the cellular level; 15
of these have been analysed at the cytological level. Mapping has been
carried out.

Abbreviations

EMS - ethylmethanesulfonate; SNP - Single Nucleotide Polymorphism;
M, - plants obtained from seeds exposed to EMS; M, and M, - plants
obtained from seeds produced by self-fertilization of M, and M, plants,
respectively; F1 - plants obtained from cross of two different landraces;
E, - plants obtained from self-fertilization of F, plants.

Introduction
During meiosis two major events occur, DNA recombination and two
sequential chromosomal segregations. Meiotic DNA recombination
takes place between homologous chromosomes and it requires the for-
mation of DNA double strand breaks, strand exchange for repair, and
resection and resolution of the entangled recombined DNA strands
originated from the two-paired homologous chromosomes. These
homologous chromosomes segregate after recombination has occurred,
and only during the second division do the sister chromatids segregate
[1]. Consequently, in Arabidopsis male meiocytes, during the fist mei-
otic division the 10 chromosomes are segregated to the two opposite
ends of the cell as five-chromosome units; during the second meiotic
division the two groups of homologues divide again, segregating five
sister chromatids to each end [2]. The final products of the male meiotic
division are four evenly sized haploid cells that remain attached until
just after meiosis as a tetrad; the tetrad eventually breaks down and the
haploid cells become individualized microspores. In grtl/qrt] mutants
however, the four haploid products of meiosis remain in a tetrad even
during microsporogenesis and all of the mature pollen stage [3]; this
is advantageous for a screen of abnormal male meiotic products (in a
tetrad) and hence this mutant was used to produce the EMS mutant
population mentioned in this paper.

In Arabidopsis, errors in DNA repair and recombination, and/or
chromosome cohesion and segregation during meiosis, can lead to
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chromosome fragmentation and to the formation of stretched DNA
treads during chromosome segregation [4, 5]. Consequently, plants that
are homozygous for mutations responsible for these phenotypes, form
abnormal meiotic products due to the uneven segregation of the DNA,
giving origin to tetrads with unevenly sized microspores, or to the for-
mation of polyads [4]. This leads to impaired fertility.

Despite the current availability of many tagged (T-DNA and trans-
poson) [6, 7, 8] Arabidopsis mutants, there are still a number of genes
in Arabidopsis that are not annotated in the public databases as being
disrupted by T-DNA or transposable elements (www.arabidopsis.org).
Moreover, there are plenty of Arabidopsis genes that are annotated as
having an unknown function (www.arabidopsis.org). Hence, it is pos-
sible that some of these genes with no assigned function and/or those for
which there are no knock-out mutants available, can have a function in
meiosis. Thus, a forward genetics approach is still a valid and unbiased
method to identify novel meiotic genes. Consequently, a novel EMS
Arabidopsis mutant population in a grt/qrt background was produced
and screened for meiotic mutants.

Approaches to map EMS mutations have been based on the recombi-
nation frequency in the vicinity of the mutation, profiting from the poly-
morphism between ecotypes (landraces). Gross mapping can map the
SNP mutation to a chromosome arm, using a small number of individual
plants from a M, segregating population [9], while fine mapping usu-
ally requires a large amount of M, individual plants and big workload.
Fortunately, the advent of genomic microarray hybridization for map-
ping has decreased both the amount of workload as well as the number
of M, individual plants required for mapping SNP mutations [10].

Materials and Methods

Plant material and EMS mutagenesis

qrtl-1/qrti-1 mutant seeds (Landsberg erecta landrace) (obtained from
the Arabidopsis stock center) were mutagenized with EMS (Sigma -
M0880). The seeds were first submerged in water over night at 4°C. The
water was removed and replaced with 0.1% and 0.2% EMS in a 0.1M
Na,HPO, (pH 5) solution. The seeds remained in this solution, with
agitation at room temperature for 18 hours (0.1% EMS) or eight hours
(0.2% EMS). The seeds were washed twice (15 minutes each wash) on
a 100mM sodium thiosulphate solution. Several washes with distilled
water followed. Finally, the seeds were kept in sterile 0.1% agarose solu-
tion for three to four days at 4°C, before being sown in soil; protocol was
based on reference [11].

EMS mutant fertility screen

The M, plants were grown in soil in a greenhouse, the seeds of each stem
being harvested separately (two to three different stems per plant). Seeds
from each M, stem were grown and the fertility screen was carried out in
the M, families that segregated sterile or semi-sterile EMS mutant plants.
Sterile plants that exhibited gross morphological flower defects or were
non-pollinated due to short stamen were not taken into account in the
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fertility screen. Seeds from individual plants were harvested from the
selected M, families. All plants were grown in soil.

Cytology screen

The cytology screen was carried out by observing megaspores and
microspores using Nomarski optics microscopy [12]. Pictures of micro-
spores and megaspores were taken with a Leica DM LBC microscope
and an Evolution MP (media cybernetics) camera. Meiocytes were
prepared as described in [13] and the pictures were captured with a U.V.
fluorescence microscope U.V. fluorescence Zeiss Axioskop2 microscope
and an Axiocam (Zeiss) camera. The images were processed with the
Adobe Photoshop 5.0 programme.

Mapping

Fertile M, plants (from M, families segregating sterile plants) were
crossed to Col-0 landrace (obtained from the Arabidopsis stock center).
The F| plants from these crosses were grown, being the F, sterile plants
used for mapping. All plants were grown in soil. DNA extraction was car-
ried out as described in [14]. Gross mapping was carried out using prim-
ers described in [9]. Ongoing mapping using Affymetrix Arabidopsis
microarrays was based on [10].

Results

EMS population reveals a Mendelian segregation

For the M, qrti-1/qrtl-1 EMS mutagenized families so far screened
for their fertility, the segregation ratio observed is in agreement with
a Mendelian segregation of a single recessive mutant Jocus. Hence, the
mutations in these mutants can be attributed to the creation of a single
EMS induced SNP per M, family, as far as fertility is concerned.

Table 1. Results of the screen carried out to identify M2 im-
paired fertility mutants affecting meiosis

Number of M, % of fertility impaired Number of M, % of M, families

families screened M, families families submitted to  segregating meiotic
for impaired fertility the cytology screen mutant candidates
2500 9.28% (232 / 2500)° 110 22.73% (25 /110)°

@ - (n° of M, families segregating fertility impaired plants / total n° of M, families screened)
® - (n° of M, families segregating meiotic mutant candidates / to-
tal n® of M, families screened in the cytology screen)

Only some (110) out of the 232 M, families selected in the im-
paired fertility screen were subjected to the cytological screen.

Figure 1 Cytological screen for abnormal haploid spores using Nomarski optics microscopy:
Abnormal “tetrads” with unevenly sized microspores (a, b, ¢, and d) due to an abnormal
meiotic division (A and B). Normal tetrads (C) with four (a, b, c, d) evenly sized microspores
in the grt1-1/qrt1-1 mutant genetic background.

Infertility and meiotic screen

While only a fraction of the produced EMS population has so far been
screened, 232 candidate M, families (out of approximately 2,500) yielded
mutants with a sterile or semi-sterile phenotype (Table 1). This high
number indicates that not all of these mutants are meiotic mutants.
Indeed, the cytological screen showed that many are not meiotic mutants
since mitotic nuclear divisions in the microspores and megaspores
occurred, at least up to a point, as in fertile plants. Mitotic divisions in
micro and megaspores occur in the haploid products (spores) of meiosis
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[15]. Of 110 screened M, mutants with impaired fertility, only 25 were
selected as being putative meiotic mutant candidates (Table 1). The
observation of microspore polyads and unevenly sized microspores
was a crucial criterion in selecting these 25 candidates (Fig. 1). Meiotic
chromosome spreading [13] was carried out in 15 of the 25 candidates.
Most of the meiotic phenotypes exhibited strong phenotypes of abnor-
mal anaphase I (first meiotic chromosome segregation), where stretched
DNA and chromosome fragments were observed. Some examples of the
phenotypes observed are shown in Fig. 2.

A

T

C

10 pm

Figure 2 Meiotic stages (DAPI stained) observed in the screened EMS mutants: Normal
metaphase |l with five chromosomes at each end of the meiotic cell (A). Abnormal met-
aphase Il with unequal number of chromosomes at each end, as well as the presence
of small chromosome fragments (B). Normal end product of meiosis (telophase Il) with
five chromosomes in each of the four meiotic products (C). Abnormal end of meiosis with
fragmented chromosomes and chromosome bridges (stretched DNA) (D).

Mapping of the SNP mutant
One of the mutants identified in the screen is now being mapped. Gross
mapping [9] revealed that the SNP EMS mutation is located on chromo-
some IIIL, between the molecular markers ngal62 and ciwll.
Microarray hybridization on Affymetrix GeneChip® Arabidopsis
Tilling 1.0R array is being carried out as in [10]. Wild type Col-0
genomic DNA and pooled genomic DNA of 109 individual sterile EMS
mutant plants are being used in these hybridizations.

Discussion

This forward genetics approach using a EMS mutant population will
allow an unbiased screen (not based on homologies to known genes)
which could lead to the discovery of yet unknown and/or plant-specific
meiotic genes. Furthermore, by combining three different screens, this
approach has the advantage of eliminating most of the non-meiotic ster-
ile mutant candidates at the second screen (by observing the microspores
and megaspores of non-fertile plants, see Fig. 1). Consequently, a large
number of the sterile plants screened after the 2™ screen were indeed
shown to be sterile due to abnormal meiotic division, mainly during

the first meiotic division.. Most of the observed mutations manifested
themselves during the first meiotic division, probably due to a defective
recombination apparatus, or due to an inefficient release of chromosome
cohesion (see Fig. 2).

Despite this three-steps screen being a very efficient way of selecting
meiotic mutants, it is still labor- intensive and time-consuming. Yet, the
combined gross mapping and the Affymetrix GeneChip® Arabidopsis
Tiling 1.0R array hybridization based mapping (ongoing) are expected
to reduce significantly the time and labor invested in mapping.

This three-steps screen combined with a more efficient mapping
approach, and complemented with allele tests, should lead to the identi-
fication of novel meiotic Arabidopsis genes.
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Systematic Phenotype Analysis of Arabidopsis Ds-tagged
Mutants to Unravel Gene Functions in Abiotic Stress
Response as well as Growth and Development

T Kuromori & K Shinozaki’

Abstract

By the availability of various mutant resources in Arabidopsis, it is now
possible to investigate mutant lines for almost every gene. Arabidopsis
is then, not only a model plant for plant research, but also a model spe-
cies in which it is possible to carry out “saturation mutagenesis” for all
genes, and to totally analyze each gene and mutant of one organism. One
of the future goals of the “phenome” project is to collect information
about the knockout-type mutant phenotypes for each Arabidopsis gene.
We have generated thousands of Dissociation (Ds) transposon-tagged
lines, which have a single insertion because of an advantage of the
Activator/Dissociation (Ac/Ds) system, and deposited it to the RIKEN
BioResource Center. In this resource, we selected 4,000 transposon-
tagged lines with a transposon insertion in gene-coding regions, and
systematically observed the visible phenotype of each line as a first step
of phenome analysis. In total, about 200 clear visible phenotypes were
classified into 43 categories of morphological phenotypes. Phenotypic
images have been entered into a searchable database. Parallel to this, we
have been selecting homozygous transposon-insertional plants, which
would be useful resources to detect other phenotypes besides the visible
ones. We are setting three categories of measurement to search various
traits for total phenome analysis, such as physical, chemical or biologi-
cal methods. Recently, we started to investigate biologically-measured
phenotypes, which are stress-responsive or conditional phenotypes,
using homozygous mutant resources. We are also collecting any mutant
phenotype information from published reports in journal research activ-
ity to make a comprehensive phenotype database of Arabidopsis genes
and mutants.

Introduction

Analysis of genetic mutations is an effective technique for investigating
genetic function. Today, a wide variety of mutant organisms and cells
created from gene silencing in model organisms is available for mass
production, and great progress is being made in the use of tools for
phenotype analysis [1-3]. RNAI gene silencing has been widely used in
Caenorhabditis elegans and Drosophila [2,3]. In Arabidopsis, insertion
mutations can be produced using transferred DNA (T-DNA) or trans-
posons, making it possible to monitor the effects of changes in a single
gene. Through self-pollination for maintaining progeny and through
bulk storage of mutations in the form of seeds—not an option in animal
models—it is now feasible to use insertion mutations to analyze every
gene in the Arabidopsis genome. This makes Arabidopsis useful not only
as a model organism for plant research, but also as the only multicel-
lular organism in which it is currently possible to perform “saturation
mutagenesis” to create knockout strains for each gene. Since the comple-
tion of sequencing of the Arabidopsis genome in 2000, an international
team has been working to collect approximately 26,000 individual genes
and to catalogue the functional genomics of the entire genome [4]. To

contribute to this international project, we have generated transposon-
tagged lines as a resource for Arabidopsis mutations, and are pursuing
systematic phenotype analysis (phenome analysis). Since saturation
mutagenesis is feasible in Arabidopsis, our goal is to prepare a gene
encyclopedia that will catalogue the phenotypes for a variety of gene
knockout strains.

Determining the insertion site for transposon insertion mutations
We generated transposon-tagged lines as a gene knockout mutant
resource for research in functional genomics of Arabidopsis. In T-DNA
insertion mutants, multiple T-DNA insertions have been reported [5].
However, using a transposon Ac/Ds system, it is possible to generate
mutants with a high proportion of single-copy transposon insertions.
This has the advantage of simplifying the production and subsequent
genetic analysis of a single gene knockout system [6]. Using the trans-
poson Ac/Ds system developed by Dr. N.V. Fedoroff et al., we have
generated a total of 18,000 independent transposon-tagged lines [7-9].
In addition, we have used sequence analysis in the vicinity of the trans-
poson to determine the transposon insertion site within the genome for
each tag line, and are publishing the insertion site information (http://
rarge.gsc.riken.go.jp/) [7-10]. The mutant lines included here have been
deposited with the RIKEN BioResource Center (RIKEN BRC) for world-
wide distribution (http://www.brc.riken.jp/lab/epd/).
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Figure 1 Top page of RAPID (RIKEN Arabidopsis Phenome Information Database) (upper left),
search page of the database (upper right), and examples of search results (lower left and right).
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Phenotype analysis (phenome analysis) and creation of database
Next, as one method for implementing full-genome analysis that makes
use of such a mutant resource, we reviewed the tagged lines that have been
generated to date. We have selected the lines for which the transposon
was inserted in the gene-coding region, and are conducting systematic
phenotypic analysis (phenome analysis) for each line in approximately
4,000 genetic mutations. Up to this point, we have focused primarily on
the morphological characteristics of external appearance (visible pheno-
types). Through the stages of growth, we look at seedlings, leaves, stems,
flowers, fruits (siliques), seeds, overall growth, and branching. We have
established a total of eight categories and 43 detailed subcategories for
classifying the phenotype data that we have obtained. Those mutations
that show relatively clear aboveground morphological abnormalities
with confirmed reproducibility are entered in a published database of
mutations that permits searching by phenotypic category (RAPID:
RIKEN Arabidopsis Phenome Information Database) (http://rarge.gsc.
riken.jp/phenome/) (Fig. 1) [11].

1. Physical measurement — a——
lo. Macroscopic phenotypes
1b. Microscopic phenotypes

2. Chemical measurement —w—

Biochemical phenotypes

—

Conditional phenotypes

Homozygous (Knockoutr-type)
mutant lines

Figure 2 Application of mutant lines for various methods of phenotyping.

This database includes approximately 200 pages of image data, ena-
bling users to search for a specific mutation by selecting the phenotypic
category on the search screen. Search results are displayed as thumbnail
images. One click enlarges the thumbnail to a full-size photograph, per-
mitting the visual inspection of a mutation that would be quite difficult
to describe in words. For each mutation that we observe, we indicate
into which gene the transposon has been inserted, and look forward to
progressively analyzing each mutant.

Phenotype parameters measured and the effective use of
homozygous insertion mutants
The visible phenotypes currently entered in the database can be con-
sidered macroscopic phenotypes, representing a physically quantifiable
portion of the data measured from phenome analysis. At the present
stage, many mutant lines show no obvious morphological abnormali-
ties in the visible phenotype, and no phenotype has been entered. For
these lines, we are currently building up mutant lines with homozygous
transposon insertion. We believe that these will be a novel resource for
the gene knockout systems needed to investigate phenotypes that we
have not monitored up to this point, including biochemical changes
not externally visible as morphologic abnormalities (biochemical phe-
notypes), phenotypic response to stress (conditional phenotypes), and
physical phenotypic qualities at the cellular level that cannot be deter-
mined without instruments (microscopic phenotypes) (Fig. 2). Recently,
we started to investigate stress-responsive or conditional phenotypes
from homozygous mutant resources. We are performing a high through-
put stress examination using multi-titer plates to check germination and
seedling growth under abiotic stress or abscisic acid treatment.
Homozygous mutant lines will also yield materials for gene knockout
systems that not only can be applied one-by-one in phenotypic analysis,
but also can be useful in generating double mutants and multiple mutants.
In the future, we anticipate further progress in international cooperation
in recording phenotypes in a format that increases the parameters for the
variety of mutations in the entire Arabidopsis genome, and in methods
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for integrating that data and entering it in databases. We also look for-
ward to providing thorough phenotypic data that will not only be useful
in plant-related functional genomics, but that will also elucidate new
gene-to-gene relationships and networks.

Extracting mutant phenotype information for an Arabidopsis

gene encyclopedia

Our objective is to build a gene encyclopedia for the Arabidopsis
genome/phenome by recording the phenotype for each gene mutants.
In the previous section, we categorized the measurement parameters for
obtaining phenotypic data using mutant resources. Additionally, mutant
phenotypes have already been published in the literature for many of
these genes. Including this published data, the groundwork has now
been laid for generating a comprehensive mutant phenotype database.
For reference, a mutant phenotype list has been published by Dr. D.W.
Meinke [12]. We have combined this list with recent information from
the literature, and are extracting phenotypic information to record for
single genetic variations (Fig. 3). To date, mutant phenotypes have
already been collected for approximately 1,700 Arabidopsis genes. In the
future we plan to continue collecting phenotype information, both by
the use of mutant resources for phenotype analysis and also by continu-
ing to extract relevant data from the literature.

SYSTEMATIC PHENOTYPE ANALYSIS OF ARABIDOPSIS DS-TAGGED MUTANTS

BIBLIOGRAPHY

1. Giaever, G. et al. Functional profiling of the Saccharomyces cerevisiae genome. Nature 418,
387-391 (2002).

2. Kamath, R.S. et al. Systematic functional analysis of the Caenorhabditis elegans genome
using RNAi. Nature 421, 231-237 (2003).

3. Boutros, M. et al. Genome-wide RNAi analysis of growth and viability in Drosophila cells.
Science 303, 832-835 (2004).

4. The Multinational Arabidopsis Steering Committee (MASC). The Multinational Coordinated
Arabidopsis thaliana Functional Genomics Project. Annual Report 2007.

5. Alonso, J.M. et al. Genome-wide insertional mutagenesis of Arabidopsis thaliana. Science
301, 653-657 (2003).

6.  Fedoroff, N.V., Smith, D.L. A versatile system for detecting transposition in Arabidopsis.
Plant J. 3, 273-289 (1993).

7. lto T. et al. A new resource of locally transposed Dissociation elements for screening
gene-knockout lines /n silico on the Arabidopsis genome. Plant Physiol. 129, 1695-1699
(2002).

8. Kuromori, T. et al. A collection of 11 800 single-copy Ds transposon insertion lines in
Arabidopsis. Plant J. 37, 897-905 (2004).

9. lto, T. et al. A resource of 5814 Dissociation transposon-tagged and sequence-indexed
lines of Arabidopsis transposed from start loci on chromosome 5. Plant Cell Physiol. 46,
1149-1153 (2005).

10. Sakurai, T. et al. RARGE: a large-scale database of RIKEN Arabidopsis resources ranging

from transcriptome to phenome. Nucleic Acids Res. 33, D647-650 (2005).

11. Kuromori, T. et al. A trial of phenome analysis using 4000 Ds-insertional mutants in gene-

coding regions of Arabidopsis. Plant J. 47, 640-651 (2006).

12. Meinke, D.W. et al. A sequence-based map of Arabidopsis genes with mutant phenotypes.

Plant Physiol. 131, 409-418 (2003).

133



Mutational Analysis to Dissect Oxidative and Abiotic
Stress in Arabidopsis thaliana

T Gechev*', M A Ferwerda?, N Mehterov!, M K Qureshi?, I Denev!, C Laloi’, V Toneva!, V Radeval,

I Minkov & J Hille?

Abstract

A forward genetics approach was used to identify mutants more toler-
ant to oxidative stress. Chemically and T-DNA-mutagenized collec-
tions of Arabidopsis thaliana mutant lines were screened for survivors
under conditions that trigger oxidative stress—induced programmed cell
death (PCD). The fungal AAL-toxin triggers PCD through perturba-
tions of sphingolipid metabolism in AAL-toxin-sensitive plants. While
Arabidopsis s relatively insensitive to the toxin, the Joh2 mutant is sensi-
tive to AAL-toxin due to knockout of a gene involved in sphingolipid
metabolism. EMS mutagenesis of /oh2 resulted in second-site mutants
that are more tolerant than /oh2 to the toxin. Nine of these mutants,
named atfr (AAL-toxin-resistant), were characterized towards their
response to oxidative stress-induced cell death. Either application of the
catalase inhibitor aminotriazole, leading to H,0, accumulation was used,
or paraquat, leading to superoxide radicals generation. Some mutants
were more tolerant to aminotriazole, paraquat, or both herbicides. In
another approach, T-DNA mutagenized wild type seeds were germi-
nated on plant growth media supplemented with aminotriazole and
one survivor was recovered. Atrl, atr7 and atr9, with tolerance to both
aminotriazole and paraquat, were studied in more details. They showed
tolerance to paraquat at seedling stage as well as at rosette leaf stage.
Atrl was subjected to microarray analyses at seedling stage under condi-
tions that trigger cell death in Joh2 and no visible damage in atrl. While
most of the genes showed similar expression pattern in both mutants,
some genes were specifically regulated in loh2 or atrl. These specifi-
cally regulated genes are potential targets for further functional studies.
Downregulation of genes related to cell wall extension and cell growth
in both mutants is consistent with the observed AT-induced growth
inhibition in both mutants. It indicates that AT-induced oxidative stress
influences two different processes: growth inhibition, observed in both
mutants, and cell death, apparent only in /oh2.

Introduction

Many unfavorable environmental factors, including drought, salin-
ity, extreme temperatures and pollutants, result in rapid and sustained
elevation of endogenous levels of reactive oxygen species (ROS),
situation referred to as oxidative stress. In most cases, oxidative stress
occurs as a result of both increased production and hampered detoxi-
fication of ROS. ROS, including hydrogen peroxide (H,0,), superoxide
radicals (O,"), and singlet oxygen (*O,), are not only toxic by-products of
metabolism but also important modulators of a number of plant devel-
opmental processes, stress responses and programmed cell death (PCD)
[1,2]. Examples of ROS-modulated developmental processes include
embryo development, root hair growth, nucellar degeneration, matura-
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tion of tracheal elements and epidermal trichomes, formation of lace leaf
shape, and leaf senescence [1]. Many of these processes are also associ-
ated with ROS-dependent PCD. ROS-induced PCD is also an important
component of the hypersensitive response, a defence reaction in which
plant cells in and around the site of pathogen infection die in order to
physically restrict the spread of the pathogen [3]. While in the above
examples cell death is beneficial and/or essential for plant development
and survival, some necrotrophic pathogens can secrete toxins that cause
cell death in healthy tissues so that the pathogens can feed on the dead
tissues [4].

Biological effects of ROS signalling depend on several factors, includ-
ing chemical identity of ROS, sites of ROS production, amounts and
duration of the elevated ROS levels, and interaction with other signal-
ling molecules like plant hormones, nitric oxide, and lipid messengers
[1]. Signalling properties have been reported for hydrogen peroxide,
superoxide radicals, singlet oxygen, and even for the most destructive
and short-lived hydroxyl radicals [1]. In general, low doses of ROS may
induce protective mechanisms resulting in stress acclimation, while
higher doses of ROS can initiate PCD.

ROS are metabolized by the antioxidant system of the cell, comprised
of antioxidant molecules and enzymes [5]. Catalase is the main H,O,-
detoxifying enzyme, serving as a cellular sink for hydrogen peroxide,
while superoxide dismutase is the only plant enzyme metabolizing
superoxide radicals [1]. Important antioxidant enzymes are also ascor-
bate peroxidases, glutathione reductases, glutathione-S-transferases and
glutathione peroxidases, monodehydroascorbate and dehydroascorbate
reductases, peroxiredoxins, and others [1,5]. Reduction of catalase activ-
ity by gene silencing or by catalase inhibitor aminotriazole (AT) leads
to increased endogenous H,0, levels, oxidative stress and eventual cell
death [6,7]. H,0,-dependent cell death is a programmed process, associ-
ated with specific alterations in gene expression, and can be compro-
mised by increased CO, concentration in the air [6,8,9].

The fungal AAL-toxin triggers cell death through perturbations of
sphingolipid metabolism in AAL-toxin-sensitive tomato [10]. The toxin
inhibits ceramide synthase, a key enzyme in sphingolipid synthesis,
which leads to accumulation of precursors and depletion of complex
sphingolipids. Tomato plants sensitive to the AAL-toxin have a mutation
in the Asc gene that is most likely a component of the ceramide synthase
[11]. The Arabidopsis thaliana loh2 mutant is more sensitive to the AAL-
toxin than the wild type due to the knockout of a gene homologous to
the tomato Asc gene [4]. Microarray analyses of AAL-toxin-induced cell
death in JohZ2 revealed induction of hydrogen peroxide-responsive genes
and genes that are involved in the oxidative burst at early time points pre-
ceding visible cell death symptoms [4]. This indication of oxidative burst
in AAL-toxin-treated plants was in agreement with previous studies
demonstrating accumulation of reactive oxygen species in Arabidopsis
plants treated with fumonisin Bl (FB1), an AAL-toxin analogue [12].
Moreover, a recently identified FB1- resistant mutant compromised in
serine palmitoyl transferase, a key enzyme of de novo sphingolipid syn-
thesis, failed to generate ROS and to initiate cell death upon FB1 treat-
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ment [13]. This paper describes a genetic approach carried out to isolate
mutants more tolerant to oxidative stress and their characterization in
respect to several types of reactive oxygen species-induced cell death.

Materials and Methods

Plant material, growth conditions and isolation of mutants

Forty thousand seeds from Arabidopsis thaliana loh2 mutant, described
earlier [4], were mutagenized with 0.1 - 0.3% ethane methyl sulfonate
for eight hours. After extensive washing, the mutagenized seeds were
planted on soil in pools and grown under standard greenhouse condi-
tions (14 h light/10h dark period, photosynthetic photon flux density
400 umol. m. s}, 22°C and relative humidity 70%). Screening for resist-
ance to AAL-toxin was done by plating the self-pollinated progeny seeds
from M, plants on growth media containing 40 nM of AAL-toxin and
grown in a climate room under the following conditions: 60 umol. m=
s, 22°C. AAL-toxin-resistant survivors were transferred to the green-
house and seeds collected for further analysis. Screening for tolerance to
AT was done by placing 8600 M, T-DNA activation tagged mutant lines
obtained from the Ohio Arabidopsis Stock Center (CS21995) on 9 uM
AT and one survivor isolated 10 days after germination.

DNA isolation and TAIL PCR, microarrays and bioinformatics analysis
DNA was isolated with DNaesy plant mini kit (Qiagen) according to the
instructions of the manufacturer. TAIL-PCR was performed following
the original protocol of [14,15] by using of 3 specific nested primers
(SP1, SP2 and SP3: SP1 = TCCTGCTGAGCCTCGACATGTTGTC,
SP2=TCGACGTGTCTACATTCACGTCCA,
SP3=CCGTCGTATTTATAGGCGAAAGC) and three arbi-
trary degenerated primers (AD1, AD2 and AD3: ADl=
NTCGASTWTSGWGTT, AD2= NGTCGASWGANAWGAA, AD3=
WGTGNAGWANCANAGA). Microarrays and bioinformatics analysis
has been previously described [16].

AT
0
i
= 40 ! ]

*
il Hﬂﬁnﬂ f

T airl alrZ slrd abed oS 800 wir? el alr@
Al 5 pEfaguEEE

m

=5BEBEE88dE

4

of comirn
=18 1

%
&

1

ﬂnﬂnﬁnkl [ ‘

lond aivl s wwd med meS aid AT mird aire
Afr &n paraguss

La )
=
bl % of contral)

o

CEESBEEEE

o

i} |
AR

Ishd sart s aired ated airS i T el el
Abr prs ami

v
B0
40
Fatl

a

i U b b i b H

by wirt Al asrd atrd airh o0 sir et asy
Abr on aminooriazeds

chi % of cosirol)

FW [ of comntrol)

Figure 1 A#r mutants and their tolerance to reactive oxygen species-induced cell death.
Seeds of nine atr mutants initially identified as more tolerant to AAL-toxin were plated
on Murashige and Skoog (MS) media supplemented either with 0.5 pM paraquat (A, B)
or with 7 pM aminotriazole (C, D) in order to assess their tolerance to cell death induced
by superoxide radicals or hydrogen peroxide, respectively. Data represents the loss of fresh
weight (FW) or chlorophyll (chl) of atr mutants grown on media supplemented with paraquat
or aminotriazole and compared with afr mutants grown without paraquat and aminotriazole
(controls). Samples for the measurements were collected one week after germination. Data
are means of three measurements +SD.

Evaluation of tolerance to oxidative stress and cell death
assessment

Assessment for tolerance to ROS-induced programmed cell death was
done by plating seeds from /oh2 and atr mutants on media containing

GHECHEV ET AL

either 7 uM AT or 0.5 uM paraquat and measuring the relative loss of
fresh weight, chlorophyll, and visible cell death one week after germina-
tion. Chlorophyll content was measured photometrically as previously
described [17]. In addition, plants were grown for four weeks to rosette
leaf stage and sprayed with 15 uM paraquat. Visible damage, chloro-
phyll content and trypan blue staining for detection of dead cells was
employed to evaluate the tolerance to paraquat-induced oxidative stress.

Results and Discussion

Isolation of mutants with enhanced tolerance to oxidative stress
Two approaches have been used to isolate mutants with enhanced toler-
ance to ROS-induced cell death. In the first approach, fungal AAL-toxin
was used as an inducer of PCD and screening agent. Previous studies
demonstrated that AAL-toxin leads to accumulation of H,O, followed
by transcriptional reprogrammeming and programmed cell death [4].
Moreover, comparative transcriptional analysis revealed a very similar
expression pattern between AAL-toxin-treated plants and plants com-
promised in catalase activity [18]. The Joh2 mutant of Arabidopsisis sen-
sitive to AAL-toxin due to knockout of a gene involved in sphingolipid
metabolism [4]. Forty thousand seeds from Joh2 were chemically muta-
genized with ethane methyl sulfonate, germinated on soil, self-pollinated
and the resulting progeny plated on AAL-toxin-containing media in
order to isolate mutants that are more tolerant to AAL-toxin than the
original Joh2background. While the wild type Arabidopsisis resistant to
200 nM AAL-toxin, the Joh2 mutant develops cell death symptoms at 20
nM AAL-toxin already and 40 nM of the toxin leads to lethality. Thirty
independent survivors were isolated using a concentration of 40 nM
AAL-toxin as a screening threshold. Nine of these mutants, named atr
(AAL-toxin resistant), were selected for further analysis (Fig. 1). Genetic
studies by crossing atr with the wild type and studying the progeny indi-
cated that afr mutants were recessive (data not shown).

In the second approach, catalase inhibitor AT was used as an inducer
of oxidative stress and screening agent. Previous results showed that
AT added in plant growth media at concentrations of 7 uM to 9 pM,
depending on the plant background, can inhibit catalase and lead to
oxidative stress-dependent cell death in wild type plants [7]. A T-DNA
activation-tagged mutant collection with 8,600 lines obtained from the
Ohio Arabidopsis Stock Center (CS21995) was screened on media with
AT. One mutant surviving the lethal AT concentrations was isolated.
TAIL-PCR analysis has identified flanking DNA sequences around the
T-DNA insert and revealed the position of the T-DNA on chromosome
2, between gene loci At2g27270.1 and At2g27280.1. Molecular analysis
indicated presence of a single T-DNA insert.

Characterization of atr mutants for tolerance to ROS-inducing
herbicides and expression analysis during AT-induced

oxidative stress

Earlier studies indicated that the AAL-toxin causes induction of ROS-
associated genes and H,0, accumulation that precedes the cell death
[4]. To investigate the link between AAL-toxin and oxidative stress, the
nine atr mutants were also tested for tolerance to PCD induced by ROS-
generating herbicides (Fig. 1). While AT leads to H,O, accumulation,
paraquat causes superoxide-dependent cell death [19]. Application of
either AT or paraquat in plant growth media caused reduction in growth
as measured by fresh weight loss (Fig. 1), reduction in total chlorophyll
content (Fig. 1) and eventually death of Joh2 (Fig. 2). Some of the atr
mutants were more tolerant to both paraquat and AT than loh2, as
estimated by the lack of cell death, smaller decrease in fresh weight and
more chlorophyll. Other mutants, however, were more tolerant either
to AT or to paraquat, indicating the complexity of the cell death proc-
ess. It could be that mutants more tolerant to both cell death stimuli
are downstream of the convergence point of superoxide and hydrogen
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peroxide-triggered signaling cascades. Three of the mutants with tol-
erance to both AT and paraquat, atrl, atr7 and atr9 were selected for
further analysis. Interestingly, all three mutants grow slowly than /oh2
on normal media, which can be a ‘trade-off” for their enhanced stress
tolerance. In presence of AT or paraquat they show no visible damage
while wild type plants die rapidly (Fig. 2). The tolerance of atrl, atr7
and atr9towards paraquat was evident also at rosette leaf stage. Spraying
with paraquat resulted in much less damage on the leaves of the mutants
compared with the /oh2 control (Fig. 3). Preliminary results indicate
that two of the oxidative stress-tolerant mutants are also more tolerant to
chilling stress. Evaluation of other abiotic stress factors, currently going
on, could further establish the link between oxidative and abiotic stress.
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Figure 2 Oxidative stress-tolerant mutants afr7 and atr9 show enhanced tolerance to
paraquat at seedlings growth stage. Oxidative stress-tolerant mutants atr7 and atr9, and
their parental line /oh2 were germinated without or with presence of 0.7 pM paraquat.

-paragual

Pictures were taken 5 days after germination.

Figure 3 Atrl, atr7 and atr9 show enhanced tolerance to superoxide radical-generating
herbidice paraquat at rosette leaf stage. Four-weeks-old atrl, atr7 and atr9 and their respec-
tive control /oh2 were sprayed with 15 pM paraquat and pictures taken three days after
treatment.

Microarray analysis of atrl and loh2 on media with AT under con-
ditions that trigger cell death in /oh2 and no visible damage in atrI at
seedlings growth stage revealed that the majority of the genes are simi-
larly induced or repressed in both mutants with only small sets of genes
specifically regulated in atr! or Ioh2 [16]. Most of the genes strongly
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Table 1. AT-induced gene expression in /oh2 and atrl

Description

high-affinity nitrate transporter NRT2
putative isocitrate lyase

similar to F-box protein family
heat shock protein 17

heat shock protein 17.6A
extensin-like protein

putative proline-rich protein
extA (emb CAA47807.1)
unknown protein

cytochrome p450, putative
glutathione transferase, putative
glutathione transferase, putative
glutathione transferase, putative
glutathione transferase, putative
thioredoxin, putative

putative glutaredoxin
glutaredoxin

glutaredoxin homolog
glutaredoxin

glutaredoxin

glutaredoxin

type 2 peroxiredoxin, putative
peroxiredoxin, putative
copper/zinc superoxide dismutase (CSD2)
monodehydroascorbate reductase, putative
dehydroascorbate reductase, putative
peroxidase, putative

peroxidase family

peroxidase, putative

peroxidase, putative

peroxidase, putative

peroxidase, putative

peroxidase, putative

cationic peroxidase, putative
peroxidase, putative

peroxidase, putative

peroxidase, putative

peroxidase, putative

peroxidase, putative

peroxidase, putative

peroxidase, putative

peroxidase, putative

peroxidase, putative

peroxidase, putative

anionic peroxidase, putative
cationic peroxidase family
peroxidase, putative

peroxidase, putative

peroxidase, putative

anionic peroxidase, putative

Arabidopsis thaliana loh2 and atrl mutants were grown on media without or with

Gene Locus

AT1G08090.1
AT3G21720.1
AT2G16365.1
AT3G46230.1
AT5G12030.1
AT5G46890.1
AT2G33790.1
AT5G46900.1
AT1G19900.1
AT2G25160.1
AT1G49860.1
AT1G53680.1
AT3G62760.1
AT1G17190.1
AT1G45145.1
AT2G30540.1
AT4G15690.1
AT4G15700.1
AT4G15670.1
AT4G15680.1
AT4G15660.1
AT1G65970.1
AT1G60740.1
AT2G28190.1
AT3G09940.1
AT5G36270.1
AT1G24110.1
AT4G16270.1
AT1G05240.1
AT4G26010.1
AT1G34510.1
AT5G67400.1
AT2G39040.1
AT1G30870.1
AT3G01190.1
AT2G18980.1
AT5G17820.1
AT4G30170.1
AT3G49960.1
AT5G22410.1
AT5G64100.1
AT5G15180.1
AT1G34330.1
AT5G42180.1
AT1G14540.1
AT5G24070.1
AT1G49570.1
AT5G19890.1
AT1G05260.1
AT1G14550.1

loh2
8.21
9.81
9.81
12.83
8.65
-27.96
-27.52
-21.92
18590
-10.15
S5
-6.28
-2.66
-2.05
-2.98
2.12
-0.96
-1.06
=107
-0.96
-1.09
201
-2.75
=122
-4.88
-2.94
2.44
2,13
-11.85
-11.12
-9.94
2,11l
-8.26
-6.44
-5.34
-4.55
-4.42
-3.89
-3.49
-3.47
=530
-2.96
-2.96
-2.91
-2.49
-2.17
-4.73
-2.98
2,33
-1.23

7 UM AT, and samples for microarray experiments collected two days before cell

death symptoms in /oh2. The first 10 genes listed are the most induced or repressed
genes; the other genes in the list encode for antioxidant enzymes and are regulated
at least two-fold. Data are means of two biological replicates. Positive values indi-

cate upregulated genes while negative values indicate downregulated genes.

atrl
83.81
2.64
2.00
1.46
0.89
-23.90
-30.62
-21.00
-9.89
-4.22
4.01
-6.39
-2.41
-2.51
-1.97
2.10
-3.82
-3.28
-3.17
-2.95
-2.66
-2.88
-2.33
-2.17
-3.50
-2.50
2.24
2.27
-8.06
-15.46
-7.99
-9.28
-7.03
-6.64
-3.20
-3.98
-3.23
-3.48
-4.25
-5.35
-2.64
-3.48
-2.25
-2.29
-2.79
-2.14
-1.73
-1.74
-1.39
-3.78



downregulated in both mutants were related to cell wall extension and
cell growth, in line with the similar AT-induced growth inhibition in
both mutants. This indicates that two different pathways, one for modu-
lating growth inhibition and second triggering cell death, are associated
with AT-induced oxidative stress.

In this paper, we focused on the expression pattern of the antioxidant
enzymes. Genes with regulation more than two-fold on average from
the two biological repetitions are presented in Table 1. Majority of the
antioxidant enzymes were repressed in both Joh2 and atrI. For example,
24 genes encoding for guaiacol peroxidases were regulated; 18 of them
were repressed in both mutants, three were repressed only in loh2, one
repressed only in atrl, and two induced in both mutants. One mono-
dehydroascorbate reductase, one dehydroascorbate reductase, and two
peroxiredoxins were regulated — all of them repressed in both mutants.
3 from four regulated glutathione transferases were repressed and one
induced in both mutants. An exception from this general trend were glu-
taredoxins, as five out of six regulated genes were repressed only in atrl.
The downregulation of majority of the antioxidant enzymes, although
with unclear biological functions, may be related to the oxidative stress-
induced repression of growth in both mutants.

Conclusion

Two approaches for isolation of mutants with enhanced tolerance to
oxidative stress have been demonstrated. The approaches, based on
the fungal AAL-toxin and on the catalase inhibitor AT, are suitable for
screening chemical as well as T-DNA mutant lines. Some of the isolated
mutants show enhanced tolerance to a number of factors causing oxida-
tive stress-induced cell death, while other mutants show enhanced toler-
ance to limited or only one cell death trigger, indicating the complexity
of the responses. AT causes two different effects: growth inhibition, evi-
dent in both the sensitive parental /oh2 line and the cell death-tolerant
atr mutants, and cell death, evident only in the parental line. This notion
is further supported by microarray analysis of loh2 and atrl, revealing
AT-dependent downregulation of growth associated genes in both loh2
and atrl. The transcriptome analysis revealed also genes specifically
regulated only in Joh2 or atrl. These genes are potential targets for fur-
ther functional studies aimed at elucidating their role in the oxidative
stress tolerance and cell death.
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Development of Salinity-tolerant Rice Varieties Using
Biotechnological and Nuclear Techniques

M C Gonzalez"', N Pérez', E Cristo', M Rodriguez’ & O Borras?

Abstract

A breeding programme using biotechnological and nuclear techniques
was developed in order to obtain salinity-tolerant rice varieties, using
Amistad-82 and Jucarito-104 rice varieties as donors. This study
included the increasing genetic variability by means of somaclonal vari-
ation and in vitro mutagenesis with proton radiations, the establishment
of culture medium for callus formation and plant regeneration, as well
as the establishment of feasible salt tenors for in vitro selection and the
identification of morphological markers for the early selection of salin-
ity-tolerant lines. The selection was carried out under field conditions
for four years. A methodology was established to obtain salinity-tolerant
rice varieties using biotechnological and nuclear techniques and it was
possible to release two salinity tolerant rice varieties that are being used
in rice production.

Keywords:
Rice - Salinity - Somaclonal Variation - Mutation Induction - Protons

Introduction

Soil salinity is one of the most dangerous problems in the world. In
Cuba, the inadequate rainfall distribution together with long periods of
drought, some salt-polluted aquifers, as well as man’s misuse and mis-
management of land have multiplied saline areas up to 14% and the same
amount is prone to become saline [1].

Rice (Oryza satival.) is one of the most important crops in the world.
Rice is planted on about one tenth of the earth’s arable land and it is the
unique largest source of food energy to half of humanity [2, 3]. In Cuba,
it is an essential cereal but its yielding is very low, taking into account
that varieties are affected by several biotic and abiotic stresses, such as
soil salinity and drought.

About 14% of the agricultural areas are affected by salinity in our
country. Therefore, it is necessary to obtain salinity-tolerant rice varie-
ties in order to increase production of this cereal in Cuba.

Commercial rice varieties are characterized by a high degree of genetic
homogeneity [4]; however, a diverse genetic basis of breeding material
would be advantageous when using genotypes resulting from induced
mutations.

Biotechnological and nuclear techniques can be used along with tra-
ditional breeding methods in some breeding programmes. Rice muta-
tion breeding could be considered especially successful to obtain new
cultivars with good agronomic characteristics, as well as biotic stress
resistance and/or abiotic stress tolerance, also to broaden crop genetic
base [5].

A breeding programme using biotechnological and nuclear tech-
niques was developed, in order to obtain salinity-tolerant rice varieties.

! National Institute of Agricultural Sciences (INCA), Cuba
2 Center for Genetic Engineering and Biotechnology (CIGB), Cuba
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Materials and Methods

Culture medium

To get the best culture medium for callus formation and plant regen-
eration, mature seeds of Amistad-82 (A-82) and Jucarito-104 (J-104)
rice varieties were grown on a Murashige and Skoog medium [6], sup-
plemented with different concentrations of 2,4-D and BAP, 30g refine
sugar and vitamins. Callus formation was evaluated. After 30 days, cal-
luses were transferred to a fresh medium with kinetin and IAA for plant
regeneration.

Saline concentration in the culture medium

Mature seeds of A-82 and J-104 varieties were cultured in the best
medium supplemented with different commercial salt concentrations,
in order to establish the optimal concentration for callus formation and
plant regeneration under saline conditions.

Increased genetic variability

Mature seeds of Jucarito-104 (J-104) rice variety (11.5% moisture con-
tent) irradiated with 20Gy protons at the Phasotron facilities (DUBNA)
as well as those of Amistad-82 were grown in vitro on a Murachige &
Skoog medium supplemented with 2 mg.L* 2,4-D, 2 mg.L"' BAP and
4g.L"! salt, in order to increase genetic variability. After 30 days, calluses
were transferred to regenerated plant medium.

Such regenerated plants were planted under greenhouse conditions,
and plant cycle, height, panicle number/plant, full grains/panicle as well
as yield/plant were evaluated. A Multivariate Analysis was used to assess
variability.

Selection
Seeds of each regenerated plant were sown in boxes containing inert sub-
stratum with saline water at an electrical conductivity of 8d.Sm™. After
15 days, root length and plant height of surviving plants were evaluated
for an early selection. Plants selected were multiplied and sown in saline
soil (4,000 to 16,000 ppm). Selection on saline soil was developed during
four generations.

Plant cycle, number of tiller per plant, grain number per panicle, grain
weight and yield were evaluated in the plants selected every selection
cycle.

Results

Culture medium selected
The culture medium enabled to obtain a higher percentage of callus
formation as well as more callus with buds and bud number per callus.
In both varieties, the best combination was that containing 2 mg.L" 2,4D
and 2 mg.L BAP" (Table 1).

It should be pointed out that by combining 2,4D and BAP, bud regen-
eration started when transferred to lighting conditions using the same
means employed for callus formation.
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When evaluating the effect of different salt concentrations in the
callus formation and plant regeneration medium, a considerable decre-
ment was observed with an increase of salt concentration in the culture
medium as well as higher concentrations than 7 g.L " affect the process of
plant regeneration considerably in both varieties; thus the concentration
of 4 g.L'! was selected (Table 2).

It can be observed that the variety J.104 is more susceptible to salin-
ity than A-82, since plant regeneration is considerably affected with an
increase of saline concentration in the culture medium. Considering the
results, it was determined that a culture medium with 2 mg.L" 2,4D, 2
mg.L"' BAP and 4 gL' salt should be used.
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Figure 1 Space distribution of plants selected in vitro starting from Main Components
Analysis using the characters: height, panicle number/plant, full grains/panicle and yield.

Table 1. Callus formation and plant regeneration of A-82 and J-104 rice
varieties cultivated on a MS medium supplemented with different combinations
of 2,4-D and BAP

Saline concentra- Callus formation (%)  Callus with shoots (%)  No. shoots/ callus

tions (g.L!)

2,4-D BAP A-82 J-104 A-82 J-104 A-82 J-104
1 - 100 100 1,0 2,0 1,0 1,0
2 - 100 100 2,0 - 1,0 -

3 - 100 100 1.0 - 1,0 -

1 1 99 100 28,1 12,0 4,5 3,2
1 2 100 98 22,0 10,3 9,0 2,8
1 3 100 100 41,0 20,5 13,4 6,2
2 1 100 99 2,5 2,0 1,0 1.0
2 2 100 100 58,3 49,2 16,,6 12,3
2 3 100 100 21,5 6,5 8,5 3,4
3 1 99 100 L5 - 1,0 -

3 2 100 100 2,5 1,0 3,2 1,0
3 3 100 100 14,8 1,0 2,5 1,0

Table 2. Callus formation and plant regeneration of A-82 and J-104 rice
varieties cultivated on a MS medium supplemented with 2 mg.L* 2,4-
D and 2m.L! BAP and different commercial salt concentrations.

Saline concentra- Callus forma- Callus with No. shoots/ callus
tions (g.L 1) tion (%) shoots (%)

A-82 J-104  A-82 J-104 A-82 J-104
0 100 100 40,3 48,9 12,5 13,2
1 92 85 30,1 21,5 5,3 1,0
4 66 26 155 205 1.8 1,0
7 25 5 = = = =
10 S - - - -
13 = = = = = =
16 - - - = - =
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Table 3. Number of plants selected in each selection cycle

Conditions Saline concentrations (ppm)  Selected genotypes
In vitro selection 4,000 125
Screening in saline solution (8 d.Sm™) 7,500 68
Selection in field conditions 4,000-16,000 36
Selection in field condition 4,000-16,000 18
Selection in field condition 4,000-16,000 10

Yield trial 4,000-7,000 2

Table 4. Main differences of mutants and somaclones with its respective donors

Character Donor Somaclon Donor Mutant
A-82 LP-7 J-104 GINES

Days to maturity 111/126 135/150 133/150 119/137

Weigh of 1,000 28 30 31 33

grains

Grain number 35-42 67-75 31-47 68-73

per panicle

Disease resistance Susceptible Resistant Susceptible  Middle
Steneotarsonemus  Steneotarsonemus  Pyricularia resistant
Spinki Spinki grisea Pyricularia

grisea

Yield in saline 1,8 t/ha 3,4 t/ha 1,4 t/ha 3,3 t/ha

conditions

(5-7 dSm/m)
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Figure 2 Methodology established for salinity breeding programme in rice using biotechno-
logical and nuclear techniques.

Selection

The number of selected plants was diminished in each selection cycle
(Table 3). Starting from the methodology employed, it could be recom-
mended to register two new rice varieties for rice production, since they
are salinity-tolerant, show good agronomic characteristics and also more
tolerance to some diseases affecting the national rice production (Table
4).

Further research will give us insight to the feasibility of somaclonal
variation and mutation induction with protons in rice genetic improve-
ment, as well as to establish a methodology for obtaining salinity tolerant
rice varieties using biotechnological and nuclear techniques (Fig. 2).
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Evaluation and Characterization of Mutant Cowpea
Plants for Enhanced Abiotic Stress Tolerance

J A de Ronde’, M Spreeth, N Mayaba, W J van Rensburg & N Matole

Abstract

The objective of the project is to use the radiation-induced mutations in
cowpea to improve cowpea varieties grown by resource-poor farmers in
South Africa. The first aim of the project was to select mutant cowpea
plants with improved levels of drought tolerance without alteration to
the color of the testa or the growth form. It was demonstrated that it
was possible to examine mutant lines at seedling stage in wooden boxes.
Mature plants were screened in rain out shelters and physiological
traits for drought stress were identified among the lines tested. Roots of
mature plants were also assessed and variations observed could be cor-
related with drought tolerance. The data demonstrated that physiological
methods can be used to screen mutants. The yield performance of some
mutant lines proved to be outstanding under well-watered, as well as
under drought stress conditions. The second aim was to further char-
acterize the most promising mutant lines using molecular and physi-
ological techniques. cDNA-Amplified Fragment Length Polymorphism
showed differential gene expression at different time points of drought
stress. The sequenced transcript derived fragments (TDF) showed high
homology to expressed sequence tags of soybean, with a possible func-
tion in cell defense/resistance and most importantly, signal transduction.
Reverse transcription PCR using a number of primers from published
sequences, as well as from the TDF sequences, validated the differential
gene expression obtained from the cDNA-AFLP display. The third aim
was to evaluate selected mutants on station and at different communities.
On station field trials were conducted at the ARC-VOPTs research farm
under dry land as well as irrigation conditions for the last two seasons.
The long term plan is to introgress the drought tolerance trait from the
best mutant line into drought susceptible South African cultivars grown
by resource-poor farmers.

Introduction

Vigna unguiculata (L.) Walp., commonly known as cowpea, is a grain
legume that is grown mainly in Africa, Asia, and South America.
Cowpea grain contains about 25% protein, making it extremely valuable
where many people cannot afford animal protein foods [1]. Cowpea is a
dual crop in Africa, where the nutritious tender leaves of the plant as well
as the green pods are consumed [2]. As a drought-tolerant crop, cowpea
is adapted to dry or arid environments where rainfall is low and erratic,
soils less fertile and other crops habitually fail [3]. Another valuable
characteristic is that cowpea fixes atmospheric nitrogen through its root
nodules and can grow in poor soils with more than 85% sand, with less
than 0.2% organic matter and low levels of phosphorus [4]. Several cent-
ers of domestication have been suggested for cowpea, such as Ethiopia,
Central Africa, South Africa and West Africa, but the East and Southern
Africa are considered as the primary region of diversity and West and
Central Africa to be the secondary centers of diversity [5].

Agricultural Research Council - Vegetable and Ornamental Plant Institute (ARC-VOPI), Private Bag
X293, Pretoria 0001, South Africa
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Drought is a major constraint to agricultural production in many
developing countries. Direct and indirect economic losses in the agri-
cultural sector due to drought are huge. Moreover, the recent climatic
changes necessitate the need to develop crops more tolerant to drought
and to reduce poverty in the developing world. Significant potential
exists for the improvement of crop productivity by selecting plants that
are better equipped to cope with drought stress. Cowpea is an extremely
resilient crop that is well known for its ability to survive under conditions
of water stress and it plays an important role in regions where drought
is the factor most limiting to crop yield [6]. One way to combat drought
is to develop crops of agricultural importance that are more tolerant
to drought stress by combining plant physiology and biotechnological
techniques. A better understanding of the physiology and genetics of
cowpeas under drought could lead to the improvement of its drought
tolerance and water use, in order to improve yield. A multidisciplinary
approach was thus initiated over the past years at ARC-VOPI in col-
laboration with TAEA, to improve cowpea by inducing mutations for
enhanced drought tolerance.

Materials and Methods

Various cowpea mutant lines were screened and compared with con-
trol lines received from International Institute of Tropical Agriculture
(IITA) in Nigeria. These lines comprised of the control lines IT96D-602
(drought-tolerant) and TVu7778 (susceptible), as well as the parent line
of the mutants, IT93K129-4. This line was selected for its color, growth
form and vyield. Various gamma irradiation dosages between 0 and
300Gy were applied (n=100 seed) to IT93K129-4 to obtain a high fre-
quency of gene mutation and chromosomal alterations. A total of 17,000
cowpea seeds were consequently irradiated using the optimal irradiation
dosage of 180Gy. Aberrations that were observed include leaf mutation
and chlorophyll deficiencies.

The wooden box procedure of Singh [7] was used for the screening
of mutant seedlings. The calorimetric method of Bates [8] was used
to determine the proline concentrations of freeze dried leaves. Leaves
were collected early in the morning to determine relative water content
(RWCQ) [9]. The root systems of the plants were evaluated using the root
architecture box technique developed by Singh [7].

The Restriction fragment length polymorphysim (RAPD) technique
was performed according to the method of Fall [10] and the amplified
fragment length polymorphism (AFLP) modification version of Vos [11]
was used.

Results and Discussion

The first aim of the project was to improve the drought tolerance and
yield of cowpea plants without alteration to the color of the testa or the
growth form, to such an extent that it could be used in marginal areas
where rainfall is either scarce or unreliable. M, seed of IT93K129-4 were
planted in the field, after which 8 230 M, true to type plants, that had sur-
vived the irradiation process and yielded seed, were selected. M, seeds
were planted in wooden boxes in a greenhouse for early drought selec-
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tion (891), as well as under a rain out shelter for late drought selection
(1239). These lines were evaluated against IT96D-602 and TVu7778, and
resulted in selection of 487 lines with higher levels of drought tolerance.
Some of the mutant lines used a drought evasion method to survive,
they produced seed before reaching the permanent wilting stage and
although the plants did not recover after the stress period, viable seeds
were produced, thus, ensuring the next generation. Other lines with-
stood the period of drought stress and were able to recover to such an
extent that the plants were able to produce seed after being rewatered.
Promising M, and M, lines were replanted in wooden boxes, in dry land
trials in the field and under rain out shelters. Nine of the best performing
lines were selected on the basis of yield in the field, 22 promising lines
were identified in the rain out shelter trials and 36 in the wooden box
trials [12].

The six best lines from all this screening methods were characterized
by using physiological screening techniques conducted on drought-
stressed greenhouse plants. The screening techniques included chloro-
phyll fluorescence, free proline, RWC and yield. After 12 days without
water the plants started to react visibly to the drought stress condition.
Some plants started to lose chlorophyll in their lower leaves, while others
inclined their leaves away from the sun. The RWC of the stressed plants
at this stage was between 80% and 90%. As the stress condition intensi-
fied the RWC dropped further and after 24 days without water the RWC
of line Cp-m346 was as low as 65%, compared to the 75% of Cp-MA1
and IT96D-602. The more drought tolerant cowpea lines, Cp-m217 and
IT96D-602, only started to produce proline in the latter part of the stress
period, and at 24 days without water exhibited lower concentrations
than the other lines tested [12].

The yield performance (number of seed) of the mutant lines Cp-m447,
CpMA2 and Cp-m217 proved to be outstanding under well-watered
conditions, as well as lines Cp-m447, Cp-m217 and Cp-m346 under
drought-stress conditions. The plants were also evaluated according the
mean seed weight. Line IT93K129-4 produced the heaviest seed under
well-watered conditions, followed by Cp-MA2, Cp-m447 and Cp-m164,
and under drought conditions lines IT93K129-4, Cp-m447 and Cp-m164
produced the heaviest seed. The ideal plant for subsistence farmers will
be the one that produces a moderate to good yield under all conditions
like lines Cp-m447 and CP-m217. The data demonstrated that Cp-m217
performed very well in terms of RWC, free proline concentration and
yield [12].

[T96D-602: resistant

TVu7778: susceptible

Figure 1 Root distribution patterns of the cowpea drought tolerant control line IT96D-602
and the more susceptible line TVu7778.
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Roots of mature plants were also assessed using a pin-board root-box
as a method for identifying the role of root characteristics in drought tol-
erance [7]. The variation observed between the drought-tolerant control
(IT96D-602) and drought-sensitive control (TVu7778) indicates differ-
ences in the distribution of the roots, but not in total root length. The
tendency of the drought-tolerant cultivar was to increase the amount of
roots in the lower levels of the box, while the distribution of the roots of
the sensitive cultivar was more at the top of the soil (Fig. 1, [12]). The
distribution of the roots in the mutant plants was similar to that of the
drought-tolerant cultivar, enabling them to access soil in the deep soil
layers. This tendency was also observed by Matsui [13].

The first part of the project enabled the identification of a number of
drought tolerant mutant lines based on data recorded for agronomic,
morphological and physiological traits. The genomic knowledge for
cowpea, with a chromosome number of 22 (2n=2x) and a genome size
of £600Mb, is very limited [14], thus the second aim of the project was
to further characterize the most promising mutant lines using molecular
techniques.

The first molecular analysis that was performed involved random
RAPD studies. The RAPD technique utilizes low-stringency polymer-
ase chain reaction (PCR) amplification with single primers of arbitrary
sequence to generate strain-specific arrays of anonymous DNA frag-
ments [15]. Polymorphism was scored by looking at the banding patterns
of the DNA fragments, as well as the number of bands per primers. Ten
mutant cowpea lines were drought stressed for 21 days, together with the
drought-tolerant line, IT96D-602, and parent line, IT93K129-4. RAPD
analysis was conducted using various RAPD primers to screen the DNA
samples from these lines. All of the primers amplified the DNA, but
some (OPA08 and OPA10) did not show clear discrimination, and were
therefore not used for subsequent experiments. The remaining 12 prim-
ers yielded either one or two polymorphic RAPD bands. Although the
level of polyphorphism observed was very low, this analysis gave some
indication of the genetic variation between the mutant and the control
lines tested. The mutant lines Cp-m447 and Cp-m217 displayed different
banding pattern with most of the primer tested when compared to the
other lines (Table 1).

Table 1. Summary of the OPA and OPH primers used for RAPD analysis.

Primers Lines & Controls
1 2 3 4 5 6 7 8 9
OPA-01 \/ D y .
OPA-04 \ \ .
OPA-08 Not clear
OPA-10 Not clear
OPA-12 \ 7
OPA-19 \/ v
OPA-20 . y .
OPH-05 y
OPH-08 V
OPH-09 v
OPH-11 V
OPH-12 \/ v
OPH-14 V .
OPH-15 v l V

1-10: 1: IT96D602; 2: IT93K129-4; 3: Cp-m26; 4: Cp-m164; 5: CP-m217; 6: Cp-m364;
7: Cp-m447; 8: Cp-MAL; 9: Cp-MA2. The blue tick and red dot were used as an indication of
polymorphism.
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The two mutant lines, Cp-m217 and Cp-m447, were subsequently
grown in a greenhouse together with the parent line IT93K129-4.
Samples were taken from the drought stressed plants at different time
points to identify changes in gene expression by cDNA- AFLP transcript
profiling. The AFLP technique is based on the selective PCR amplifica-
tion of restriction fragments from a total digest of genomic DNA [11].
The cDNA-AFLP based marker system was used to detect polymorphism
in the lines at the transcript level in response to the onset of drought
stress. Primers representing EcoRI-ACT and Msel-CCT, gave reproduc-
ible profiles. A DNA fragment was found to be present in the mutant fin-
gerprints but absent from the parental fingerprints. Band intensities, as
well as presence and absence of the bands were scored. No polymorphic
bands were observed between the lines at the 0 day time point which was
evidence for the close homology of the genotypes. However, from the
fourth to the 24" day of drought stress, there were clear differences in the
transcript banding patterns between the mutant lines.

Nucleotide sequences of the transcript-derived fragments (TDF) were
compared with nucleotide sequences of the expressed sequence tag
(EST) databases by using the BLAST sequence alignment programme.
Best database match and identity at the nucleotide level were obtained
using the blastn and blastx programmes [16]. The first nine transcript-
derived fragments of cowpea that were sequenced were found to have
best matches with cDNA sequences cloned from soybean and common
bean. Some of the identified transcripts exhibited similarity to published
sequences, including a leucine rich protein, a NADH dehydrogenize
subunit, a GTP binding protein and a transducin-like protein, indi-
cating possible involvement in plant cell defense, energy and signal
transduction.

Reverse transcription (RT)-PCR analysis was performed on six ran-
domly selected TDF to verify the reliability of the cDNA-AFLP profile.
A semi-quantitative PCR method was used to study the expression of
some of the transcripts derived fragments. The 18S ribosomal RNA
gene was used as an internal control. Primers (Cp-Mp56 & Cp-Mp60)
were designed from the sequences of the TDF 56 and 60. As additional
controls, primers from previously identified drought-induced Cowpea
genes were also used to amplify the cDNA isolated for this experiment
(Generation Challenge Programme: Cp-001, Cp-002, Cp-099). A similar
expression pattern as with the cDNA-AFLP profile was observed, vali-
dating the cDNA-AFLP results.

The third aim was to evaluate the selected mutant lines on station
and at different communities. Twelve mutant cowpea lines, together
with drought tolerant line, IT96D-602, and parent line, IT93K129-4,
were planted under dry land conditions at Kgora Resource Center near
Mafikeng, North West Province. The majority of cowpea growers are
women. They grow cowpea because it provides food for their families,
and they can sell the grain in local market, or to traders, generating cash
for household needs. Cowpea suffers heavily from insects, both in the
field as well as when the grain is stored after harvest. The community
members were thus trained in different production aspects such as soil
preparation, fertilization and scouting for pests and diseases (Fig. 2).
No significant differences were observed in yield between the different
cowpea mutant lines. However, marked differences in growth habits
were observed. Certain lines can only be used as a pulse crop, where the
more spreading (indeterminate) growers can also be used as a leafy green
vegetable. Being able to plant and evaluate the different lines themselves
and not just being told that the one line is better than the other, was very
important to the community members. They could not believe that the
plants produced a good yield on soils without fertilizer.

The on station trials at ARC VOPI were planted in a randomized
split plot design with two treatments, one irrigated and one dry land.
Three replicates were included in every treatment and the lines were
randomized within a treatment. On station field trials were conducted
at the ARC-VOPTs research farm under dry land as well as irrigation

conditions for the last two seasons. The mean yields for the cowpea
during the last season varied between 112g and 862.23g in the dry land
treatment, with a grand mean of 312g. There were three replicates in the
treatment and 16 degrees of freedom. The mean yield for the cowpea
varied between 93.9g and 310.2g in the irrigation treatment, with a
grand mean of 186.6g. There were three replicates in the treatment and
16 degrees of freedom.

Figure 2 Community members were trained in different production facets.

The long term plan is to introgress the drought tolerance trait from
the best mutant line into drought susceptible South African cultivars
grown by the communities. This will also enable the identification and
development of markers that are associated with drought tolerance to be
further used in Marker-Assisted Selection in the existing cowpea breed-
ing programmes.
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Radiation Induced /n Vitro Mutagenesis, Selection for
Salt Tolerance and Characterization in Sugarcane

P Suprasanna’, V'Y Patade, E R Vaidya' & V D Patil*

Abstract

Salinity is one the major environmental stresses affecting plant pro-
ductivity. Combined use of mutagenesis and tissue culture can greatly
facilitate the selection and isolation of useful tolerant lines. In the
present study, in vitro mutagenesis was employed in the selection of
salt tolerant lines in popular sugarcane (Saccharum officinarum L.) cv.
CoC-671. Embryogenic cultures were gamma irradiated (10-50Gy) and
challenged with different levels of NaCl (42.8 - 256.7 mM). Salt-stressed
calli exhibited lower relative growth rate, decreased cell viability and
higher levels of free proline and glycine betaine. The membrane damage
(electrolyte leakage) was threefold more under salt stress compared
to control. The ion levels were drastically affected under salt stress as
leached out Na* and K* was much more than that retained in tissue in
both adapted and unadapted callus cultures. The tolerance could also be
related to the maintenance of better water status and a high to low level
of K* to Na* under salinity stress, indicating that sugarcane can be a Na*
excluder. Plant regeneration was observed in 10 and 20Gy irradiated calli
up to 171.1 mM NaCl selection. A total of 147 plantlets were selected on
different salt levels and the tolerant lines are being evaluated at field level.
Molecular characterization using RAPD markers revealed genetic poly-
morphism among selected putative salt tolerant lines and control plants.
In addition, plantlets regenerated form irradiated calli of sugarcane cv.
CoC-671, Co 86032 and Co 94012 were field planted and agronomically
desirable variants were identified for economic traits like cane yield and
sucrose (Brix). The genetic stability of the variants is being evaluated
at field level in M, generation. The proper evaluation of these variants
for salinity tolerance may be useful for economic cultivation under the
stress regime.

Introduction

Sugarcane (Saccharum officinarum L.) is an important agro-industrial
sugar crop, contributing about 70% of the world sugar production. Being
a typical glycophyte, it exhibits stunted growth or no growth under salin-
ity, with its yield falling to 50% or even more of its true potential [1].
Somaclonal variation in combination with in vitro mutagenesis can be
beneficial for the isolation of salinity and drought tolerant lines in a short
duration employing in vitro selection. In sugarcane, studies have been
conducted on isolating mutants resistant to red rot, water logging and
delayed flowering [2,3] and salt tolerance [4]. In this study, results are
presented on the Gamma-ray mutagenesis in vitro, followed by selection
for salinity and drought tolerance and characterization of the putative
salt and drought-tolerant regenerants of sugarcane cv. CoC-671.
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Materials and Methods

Establishment of embryogenic cultures, in vifro mutagenesis and selection
Embryogenic callus cultures of popular Indian sugarcane cultivars
CoC-671, Co 86032 and Co 94012 were established [5] from young leaf
explants on callus induction medium-CIM containing MS basal salts
supplemented with 100 mg 1! malt extract, 100 mg 1! L-glutamine, 1000
mg ! casein hydrolysate, 50 ml1* coconut water, 2.0 mg 1 2,4-D, 30 g1
sucrose and 2.0 g 1" gelrite. The cultures were maintained through regu-
lar subcultures on fresh induction medium under a 16h photoperiod (30
pumol m? s PFD) at 25+2°C and 70% RH.

Embryogenic calli were subjected to gamma radiation using “Co
as a source in Gamma Cell 220 at dose rate of 9.6Gy/min. The irra-
diation doses were 10, 20, 30, 40 or 50Gy. Radiation treated calli were
immediately cultured on CIM to eliminate the radiolysis hazards and
subcultured for at least thrice, at monthly interval, on the same medium
(CIM) before using for further studies. Survival percent of the calli was
recorded in terms of White Proliferating Clumps (WPCs).

Gamma-irradiated sugarcane (cv. CoC-671) calli (200 mg) were cul-
tured on CIM supplemented with different levels of salt-NaCl (42.8, 85.6,
128.3,171.1, 213.9, 256.7, 299.5 or 342.2 mM). Callus growth was deter-
mined in terms of relative growth rate (RGR) after four weeks of culture
on salt selection medium. The putatively tolerant calli were exposed for
salt selection in subsequent cycles.

Salt stressed calli was used for the estimation of free proline, glycine
betaine, membrane stability index in terms of electrolyte leakage, and
Na* and K* as per the methods described earlier [5, 6].

Each treatment consisted of 15 calli (five per each 9.5cm dia. culture
plate) and the values are given in the form of mean+standard error.
Experiments consisting of treatments and control were replicated thrice
and analysis of variance (ANOVA) was carried out using IRRISTAT
programme.

Plantlets were regenerated after two to three weeks of transfer of salt
selected calli on regeneration medium, i.e., CIM without 2,4-D. About
5cm long individual shoots were transferred on % MS medium with 2
mg I'' NAA for rooting. The regeneration efficiency was expressed in
terms of number of plantlets regenerated in a particular treatment of
gamma irradiation and salt stress. The rooted plantlets were hardened
in the green house.

The radiation induced plant population (derived from in vitro muta-
genesis) of sugarcane cv. CoC-671, Co 94012 and Co 86032 were field
planted and at maturity stage, data was collected on various agronomic
traits including number of millable canes, stool weight, number of inter-
nodes, cane weight, cane diameter, H.R. Brix of sugarcane variant and
control plants. The variants that performed better over checks are being
field evaluated in M, generation under Rod Row Trial.

RAPD analysis
Genomic DNA was isolated from leaf tissue (50mg) of the selected tol-
erant lines. The OD of different samples was taken at 260 nm and the
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samples were then diluted so as to get the final concentration at 50ng/
ul. The different components of PCR, viz. genomic DNA (50, 100, 150 or
200 ng), MgCl, (1.5, 2.5 or 3.5 mM) and 7ag DNA polymerase (0.5 or
0.6U) and different annealing temperatures (35, 36, 37, 38, 39 or 40°C)
were optimized to get appropriate amplification product.

Based on the previous investigations on RAPD analysis carried out
with sugarcane embryogenic cultures and somaclones in this laboratory,
the 60 decamer oligonucleotide primers from Operon Technology Inc.,
USA were considered. Among the primers screened, the best-suited nine
primers (OPA-02, OPA-03, OPH-3, OPH-4, OPH-5, OPH-7, OPH-9,
OPH-12 and OPH-19) that showed distinct banding pattern were
selected for the present RAPD study.

PCR Amplification reactions were performed in a MJ Research, USA
(PTC100) thermalcycler. The reaction conditions were initial denatura-
tion at 94°C for five minutes, 40 cycles each consisting of denaturation
step of one minute at 94°C, primer annealing at 37°C for 1.5 minutes,
primer extension at 72°C for two minutes, and final extension step at
72°C for 10 minutes. The amplified products were subjected to agarose
gel electrophoresis using 1.5% agarose and the gels were analyzed on a
gel documentation system.

RAPD bands were scored as present (1) or absent (0). The data was
used for similarity-based analysis using the programme NTSYS-Pc (ver-
sion 2.02) developed by Rohlf [7]. Jaccards coefficient (F) was calculated
using the programme SIMQUAL. Similarity coefficients were used to
construct UPGMA (Unweighted Pair Group Method with Average)
dendrogram.

Results and Discussion

The 20Gy irradiated cultures exhibited almost 50% survival response.
Salt selections with 85.6 mM and above showed significantly lower rela-
tive growth rate as compared to control calli (Fig. 1A, 1B). Cell viability
decreased drastically in salt-stressed calli (0.91+0.12) as compared to
the control (53.16+0.39). Salt-stressed calli also exhibited higher levels
of free proline and glycine betaine. In general, membrane damage rate
in terms of electrolyte leakage was found to be more (almost three-fold)
under salt stress (88.57+1.75) as against control condition (30.92£1.5).
The ion levels were drastically affected under salt stress, as leached out
Na* and K* was much more than that retained in tissue of both adapted
and unadapted callus cultures. The sodium leached in both adapted and
unadapted callus increased progressively with increasing salt concentra-
tion. Potassium, leached and retained, in both adapted and unadapted
callus did not exhibit much variation. This accumulation of salt ions
could play an important role in osmotic adjustment in stressed sugar-
cane cells. The tolerance could also be related to the maintenance of an
ample water status and a high to low level of K* to Na* under salinity
stress. Such a mechanism implies that sugarcane can be considered as a
Na* excluder. In case of 10 and 20Gy irradiated calli, regeneration was
observed up to 85.6 mM salt selection medium, whereas higher treat-
ments (128.3 mM and beyond) exhibited browning initially. However,
in the subsequent subcultures, regeneration was obtained in case of 10
and 20Gy irradiated calli on 128.3 and 171.1 mM salt selections. Higher
gamma irradiation (40Gy) also showed regeneration but only with 85.6
mM salt selection. The unirradiated calli regenerated highest number
of plantlets followed by 10 and 20Gy irradiated calli on salt selection. A
total of 147 plantlets were selected on different salt levels.

Molecular characterization based on RAPD analysis revealed genetic
polymorphism between the selected putative salt-tolerant lines from
the control plants (Fig. 1C). RAPD analysis of the putatively tolerant
regenerants resolved 72 scorable markers from nine out of 60 prim-
ers screened. On an average, each primer produced eight bands. The
amplification products ranged from 0.1 kb to 2 kb. The primer OPH-05
produced maximum 10 bands, out of which three were polymorphic.
The primer OPH-09 produced five polymorphic bands from a total of
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nine bands. An interesting observation was recorded in case of RAPD
profile obtained from primer OPH-07 (Fig. 1C). An intense non-paren-
tal band was obtained among the selected drought-tolerant lines. But
the band intensity decreased with increasing selection pressure of PEG.
The genetic similarity between the control and salt-tolerant lines ranged
between 0.63 and 0.80.

A wide range of mutations for morphological, quality and yield
contributing characters were obtained through in vitro mutagenesis
using gamma irradiation (Fig. 2). For morphological traits, mutation
spectrum was broader in Co 94012, while for quality and yield traits,
Co 86032 showed a wide range of mutations. A total of 44 clones were
identified for various desirable agronomic traits. Clones (AKTS 2, 7, 11
of CoC 671; AKTS 22, 26, 27 of Co 86032; AKTS 36,38,39, 44 of Co
94012) performed better over respective checks for average cane weight
and H.R. Brix (% sucrose).

Figure 1 (A) 20Gy irradiated and 171.1 mM salt selected calli, (B) Relative growth rate
of salt stressed calli. Asterisk indicates significant differences over control at P<0.05, (C)

RAPD profile obtained with primer OPH-7.
|
I
|

Figure 2 Field evaluation of Gamma-ray induced variants of sugarcane. (A) variants for
canopy trait; (B) field view of irradiated plant population (M,); (C) variant for no. of tillers
and (D) variant for spineless sheath.

The crop improvement programme can be speeded up by combining
the radiation mutagenesis with in vitro culture [8]. In vitro techniques
allow for the rapid execution of propagation cycles of subculture aimed
to separate mutated from non-mutated sectors [9]. Tissue culture
induced variation may offer additional variation to that induced through
mutagenesis and such a variation can be most effective if it is successfully
associated with cellular level selection and handling of large populations
for screening [10]. This approach has contributed to genetic improve-
ment in several crop plants such as pineapple, banana and grape.

Detection of variants is of immense importance in order to utilize these
lines in crop improvement. RAPD is widely used to study the variation
at DNA level among the variants and technique has proved very sensi-
tive for the characterization, salinity-tolerant plants in sugarcane. The
salt-tolerant lines are being evaluated at the field level for their genetic
stability. The proper evaluation of these radiation-induced variants toler-
ant to salinity may be useful for economic cultivation under stress condi-
tions. The genetically stable variants for various economic traits may be
released for commercial cultivation.
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Development of Salt-tolerant High-yielding Barley Lines
via Crossing Between a Mutant Induced by EMS and a

Local Cultivar

R A K Moustafa

Abstract

In the winter season of 2002/2003, a high-yielding barley mutant line
and a local variety were hybridized to obtain the salt tolerance of the
local variety and the high yield potential of the induced mutant in one
genotype. The obtained hybrid grains were planted in the 2003/2004
growing season under normal field irrigation conditions to raise F,
population, which was grown in the 2004/2005 season to advance F,
generation under saline conditions at El-Fayoum experimental agri-
culture station belonging to the Nuclear Research Center. Phenotypic
correlation coefficients between grain yield and its effective traits were
estimated for F, plant population. Results revealed that the characters
most strongly correlated with grain yield were found to be number of
spikes and biological yield/plant. Therefore, these couple traits were used
as a selection criterion to screen F, plant population in order to detect
high yielding variants under salinity conditions. As a result, a consid-
erable number of outstanding individual plants was selected from the
large F, population and their grains were planted in 2005/2006 winter
season to raise F, progeny rows. Superior plants from superior rows were
selected and carried forward to the next winter season of 2006/2007 as
F, single plant progenies along with the two parental genotypes and a
suitable check. Obtained results indicated that mean values of yield and
most of its components for the tested progeny lines were significantly
(P=0.1) surpassed averages of the original parents and the check as well.

Keywords:
Barley - EMS - Crossing — Variation — Correlation — Selection - Salt
tolerance

Introduction

Barley (Hordeum vulgare, L.) is one of the most important winter crops
in Egypt and is used in many bakery preparations and energy-rich foods
for human consumption. It is also grown for feeding animals and green
forage. Additionally, barley grains can be used in the malting brewing
industry. The national production of barley is generally low since it is
mostly planted in the desert or on salt affected soils. The productivity of
barley crop under these environments is very low and estimated at 1.26
t/ha versus 3.74 t/ha in the fertile lands of the Nile Valley [1]. However,
about 420,000 h. of these fertile lands are damaged by excess soluble
salts and exchangeable sodium accumulation [2]. Therefore, the present
study aimed to create genetic variability and selection for salt-tolerant
high-yielding barley lines derived from a manual crossing between a
high-yielding mutant and a local cultivar tolerant to salinity, but lower in
terms of yield potential.

Materials and Methods
A high-yielding mutant line namely Mutant 7 (Mut. 7) induced by a
concentration of 0.15% EMS (4h treatment) was crossed with the local
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variety Giza 123 (G.123) in the 2002/2003 winter season with a view
to combine in one genotype salt tolerance of G.123 and the high yield
potential of Mut.7. The obtained hybrid grains were planted in the
subsequent growing season of 2003/2004 under normal field irrigation
conditions to raise F, population, which was grown in 2004/2005 winter
season to advance F, generation under saline conditions at El-Fayoum
experimental station belonging to the Nuclear Research Center (NRC).

Simple phenotypic correlation coefficient between grain yield and
related traits were estimated for F, population to detect the most impor-
tant traits that are associated with grain yield to be utilized as a criterion
to select high-yielding variants with improving tolerance to salinity
stress. F, selected plants were grown in the winter season of 2005/2006
to raise F, individual progeny rows. Superior plants from the best rows
were selected and carried forward to the next season of 2006/2007 as F,
progeny lines. At the end of the growing season, all developed progeny
lines were screened and those of high mean productivity were harvested
individually and kept for further evaluation.

Field experiments were carried out using a randomized complete
block design. Both F, and F, progeny rows were grown in two replicates
owing to the limited seeds number of their single plant parents. The
experimental plot comprised two rows, 3m long and 20cm apart; spacing
of plants was 10cm apart. Consequently, 120 individual plant per each
progeny were developed either in F, or F, generations.

Table 1. Mechanical properties of EI-Fayoum experimental soil

Particles size distribution%

Depth (cm) Texture class
Sand Silt Clay
0-15 20.0 73.6 5.4 Silty loam
15-30 31.2 65.6 3.2 Silty loam
30-45 22.9 71.9 5.2 Silty loam
45-60 49.6 47.2 3.2 Sandy loam
60-75 20.3 75.4 4.3 Silty loam

Table 2. Chemical properties of EI-Fayoum experimental soil

Cations (megq/L)
SAR
Na+ Mg++ Ca++ N P K

pH Anions (meg/L) Available, ppm

1:2.5 s04= Cl- HCO3- CO3= K+

Depth
(cm)

0-30 8.18 41.0 325 2.0 0.64 59.36 4.5 11 87 64.5 55 343.2

Soil analysis

2004/2005 and 2005/2006 growing seasons

Representative soil samples from El-Fayoum experimental site were
taken to the depth of 75cm to determine some physical and chemical
properties (Tables 1 & 2 and Fig. 1). Soil analysis indicated that the site
is silty loam texture with the exception of 45-60cm depth, whereas the
texture is sandy loam. The concentrations of the available nitrogen and
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phosphorus are moderate, while, the available potassium is high. The
site has ECe=9.21 (Fig.1) and irrigated with fresh water (Ecw=0.8 ds/m).
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Figure 1 Average ECe of different layers of El-Fayoum saline soil.

2006/2007 growing season

The field experiment was carried out in another part of El-Fayoum site
has an average ECe=12.7 ds/m. The aim was to evaluate F, progeny lines
under higher salt pressure.

Data recorded
The studied traits in F -F, barley populations were plant height (cm),
spike length (cm), number of spikes/plant, 100-grain weight (gm), bio-

R A K MOUSTAFA

logical yield /plant (gm), straw yield/plant (gm), harvest index and grain
yield /plant(gm).

Statistical analysis

The data obtained were subjected to the proper statistical analysis of vari-
ance described by [3]. The L.S.D. test was used for comparison between
means of F, progeny lines. Phenotypic correlation coefficients between
yield and yield components were calculated according to [4].

Results and Discussion

As it will be known, yield is the ultimate criterion which a plant breeder
has always to keep in view in his attempts to evolve improved types
of any crop plant. However, yield itself is not a unitary character, but
is the result of the interaction of a number of factors inherent both in
the plant as well as in the environment in which the plant grows. It
therefore becomes difficult to evaluate or select based on this complex
trait directly. Accordingly, plant breeders may resort to more indirect
methods such as determination of the association existing between other
less variable characters and yield. Selection pressure may then be more
easily exerted on any of the traits which show close association with
yield [5]. On this basis, simple phenotypic correlation coeflicients were
estimated for F, barley population of the Mut.7 x G.123 cross to deter-
mine the most important traits that are associated with grain yield under
salinity-stressed conditions at El-Fayoum environment. Data in Table 3
indicates the presence of highly significant positive correlation between
grain yield/plant and plant height, number of spikes/plant, biological
yield /plant and 100-grain weight. These findings are in accordance with
those previously obtained by several investigators studied the relation-

Table 3. Simple correlation coefficients between studied traits of F2 barley population of the cross Mut.7 x G.123 at El-Fayoum salt affected soil.

Characters Plant height Spike length No. of spikes/ plant 100-grain weight Biological yield/plant Harvest index
Spike length 0.204*
No. of spikes/plant 0.058 -0.16
100-grain weight 0.258** -0.031 0.316**
Biological yield/plant 0.178 0.074 0.808** 0.332**
Harvest index -0.218* 0.081 0.134 0.112 0.085
Grain yield/plant 0.261** 0.165 0.803** 0.415*%* 0.786** 0.054

Table 4. Mean values of yield and yield components of F, progeny lines compared to their parental and the check genotypes under saline conditions at El-fayoum

location.
Genotype Spike length (cm) No. of spikes/ plant 100-grain weight (g)
Giza 123 (parent) 5.72 5.69 4.86
Mutant 7 (parent) 5.50 5.67 5.21
Giza 2000 (check) 6.14 6.02 5.41
Mut.7 x G.123 selected progeny lines
No. 1 7.30 7.92 4.50
No. 2 7.05 14.67 5.92
No. 3 7.03 11.00 4.59
No. 4 6.45 12.56 4.83
No. 5 7.00 16.73 4.86
No. 6 7.00 15.14 4.26
No. 7 7.30 7.92 4.50
No. 8 7.75 10.68 4.80
No. 9 7.20 )75 4.71
L.S.D
0.05 0.582 3361 1.042
0.01 0.822 4.796 1.470

Biol;lgai :tal(geldl glr:r:rt‘ {gi)eld/ Straw yield/ plant (g) Harvest index
32.83 10.33 22.46 31.46
29.61 9.73 19.91 32.76
31.73 8.92 22.76 28.11
49.01 18.02 31.0 36.77
50.04 17.38 32.68 34.75
69.08 23.17 45.90 35.54
66.75 23.55 43.18 35.18
66.03 22.18 43.85 33.60
65.13 20.67 44.51 31.65
49.01 18.02 31.0 36.66
61.31 17.26 44.09 28.12
52.82 17.54 35.30 33.22
2.341 0.800 1.897 3.20
3.303 1.128 2.677 3.147
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ship between yield and yield components in barley under different
environmental conditions [6, 7, 8, 9, 10, 11, 12, 13]. However, the two
characters most strongly correlated with grain yield were found to be
number of spikes/plant (r=0.803) and biological yield/plant (r=0.786).
Estimate of correlation, between these two traits, however, was greater in
magnitude than other two studied characters (Table 3). In this respect,
[13] found high significant positive correlation between barley grain
yield and both spikes number and biological yield/plant under stressed
and non-stressed conditions, suggesting that selection for these two
characters would be useful for increasing barley grain yield under dif-
ferent environments.

Based on the results of the correlation studies, all F, plant population
was screened and resulted in selection a considerable number of out-
standing variants showing high spike number, biological yield, and at the
same time yielded more grains than the average of the best plants of the
relaed tolerant parent cultivar by at least 25%. The selected plants were
grown in F, as plant-progeny rows. Superior plants from superior rows
were picked out and carried forward to the next growing season as F,
progeny lines, which were screened, and eventually, the most promising
lines retained the high yielding productive of their elite F, individuals
were selected. Mean values of yield and its attributes for the progeny
lines compared to the original parents Mut.7 and G.123 as well as G.2000
check cultivar are given in Table 4.

As shown in Table 4, means of yield and yield components of F,
progeny lines exhibited marked increases, mostly reaching the limits of
significance (P=0.01) over the averages of Mut.7 and G.123 cross parents
and G.2000 the check variety. The exception was noticed for 100-grain
weight of the progeny lines, were insignificantly decreased as compared
to the averages of the parents and the check genotypes. These reduc-
tions, however, reached the limits of significance between the progeny
line No.6 and the check (Table 4). The selected progeny lines will be
further evaluated in multi-location trials under different saline-stressed
environments to confirm their breeding values.
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Genetic Enhancement of Lentil (Lens culinaris Medikus)
for Drought Tolerance through Induced Mutations

JP Lal’ & A K Tomer

Abstract

An attempt has been made to isolate a number of drought-tolerant
mutants from four lentil cultivars, two small seeded (PL-639 and
PL-406) and two bold seeded (K-75 and L-4076) groups by treating the
seeds with physical (10, 20 and 30 kR of y-rays) and chemical muta-
gens (0.04M of ethyl methane sulfonate and 0.05M of sodium azide)
separately and in various combinations. The experiment was initiated
during the winter season of 1999-2000 and carried over to advanced
generations. The selection of environment (water stress or non-stress)
for the development of drought-resistant varieties still remains contro-
versial, however, the findings from present study suggest that materials
ought to be tested in both stress and non-stress conditions so that the
favourable alleles under drought can be maintained as well as selection
response under favourable condition can be maximized. Yield under
drought (Y,), yield potential (Y), drought susceptibility index (§) and
geometric mean (GM) were considered as the potential indicators for
drought resistance of a family. Correlation coeflicients between these
parameters were calculated for selecting the parameter(s) which are
more effective than others for screening the drought-resistant mutant
line(s). It was observed that GM was positively and significantly cor-
related with both Y, and Y , whereas it was negatively, but insignificantly
correlated with S. There was significant, but negative correlation between
Sand Y, while no significant correlation between S and Y _was observed.
From the correlation studies it may be concluded that for the enhance-
ment of yield potential under both the conditions, selection should be
based on GM rather than on S. Because S is a better measure of drought
tolerance than a measure of performance under stress, genotypes may
be first selected on the basis of high GM and then on the basis of high
yield under drought (Y, ). Twenty mutants lines selected on the basis of
higher GM than their respective control, and were further evaluated for
their yield performance under rainfed conditions and were subjected to
drought tolerance tests through M, to M, generations. Three chemical
tests, viz., nitrate reductase (NR) activity, protein content, and wax con-
tent were conducted and data were recorded on grain yield/plant. Nitrate
reductase activity and wax content of most of the mutant lines were
higher than their respective control and both were positively associated
with grain yield, while protein content was lower in the mutant lines and
was negatively associated with grain yield in that comparison. The lines
showing higher nitrate reductase activity, wax content and grain yield
appeared to be promising.

Introduction

Drought continues to be a challenge to agricultural scientists in general,
and to plant breeders in particular, despite many decades of research.
Breeding for drought tolerance involves identification and transfer of
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morpho-physiological and biochemical traits that may impart drought
tolerance to high-yielding cultivars [1-3].

Research in the past has shown that plants tolerate drought stress to
some extent by accumulating osmolytes [4-5]. Through a comparative
analysis for drought tolerance, it was concluded that the drought toler-
ance seemed to be associated at least in part with its ability to main-
tain greater levels of amino acid pool, coupled with more pronounced
reassimilation of ammonia [6]. A positive and significant correlation
of nitrate reductase (NR) with protein accumulation and seed yield in
different cultivars has been reported [7]. The importance of epicuticular
wax content in relation to drought tolerance has also been discussed
and analysed by several workers [8-10]. The highest osmotic adjustment
along with high wax content was found responsible for two drought-
tolerant accessions out of nine studied in lentil [11].

Looking at the importance of drought and lentil, the objectives of this
paper is to find out the parameters to form the basis of selection and the
environment under which the mutants/materials are to be screened for
drought tolerance/resistance coupled with higher grain yield.

Materials and Methods

The experiments were carried out with the promising 20 mutant lines
isolated from four lentil cultivars, two small seeded (PL-639 and PL-406)
and two bold seeded (K.75 and L.4076) groups. The seeds of these cul-
tivars were treated with physical (10, 20 and 30 kR of Gamma-rays) and
chemical mutagens [0.04 M of ethyl methane sulphonate (EMS) and
0.05M sodium azide (SA)], separately and in various combinations, and
were grown during the winter season of 1999-2000 as M, generation and
carried over to advanced generations.

M, and M, generations were grown under moisture stress (rainfed)
conditions while M, was grown under two environments viz. moisture
stress (rainfed) and moisture non-stress (i.e. one supplemental irrigation
just before blooming). A proportion of M, families were selected on a
high geometric mean (GM). Within this group, a second selection was
performed based on high yield under drought (Y,) to ensure the main-
tenance of yield performance under stress [12]. Finally 20 mutant lines
were selected and were subjected to drought tolerance tests through M,
to M, generations. Three chemical tests, viz. NR activity in leaf samples
was determined in vivo method as described by [13], total seed protein
was estimated by using Micro-Kjeldahl method [14] and wax content
through spectrophotometer following the standard procedures.

Results and Discussion

Drought tolerance in M, generation

One of the objectives of this investigation was to select plants for drought
tolerance/resistance and the character(s) to form the basis for the selec-
tion. The magnitude of the induced genetic variability was assessed in
the M, and was utilized for the selection of plants for further evaluation
in M? generation. Further, these selected plants were grown under two
environmental conditions as described above to assess the drought sus-
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ceptibility index. Drought susceptibility/resistance of a family in the field
was assessed through the measurement of yield under moisture stress
(Y,), under moisture non-stress, i.e. full genetic yield potential (Yp),
drought susceptibility index (S) and geometric mean (GM). These were
considered as the potential indicators for drought tolerance/ resistance
of a family and therefore, calculations were made on these parameters.
On the basis of these parameters (Y, Y, S, GM) promising mutant lines
were selected. But it was difficult to conclude which parameter(s) were
more effective than others for screening the drought-resistant mutant
line(s). To solve this problem, correlation studies were made for each
cultivar between the drought parameters and shown in Table 1. All the
combinations of these parameters showed highly significant correla-
tions, except the correlation between S and Y and S and GM in all the
four cultivars. In general, highest correlation coeflicients were noticed

Table 1. Correlation between yield under stress (Y,) and non-stress (Y ),
geometric mean (GM), and drought susceptibility index (S) for lentil cul-
tivars PL- 639, PL- 406, K- 75 and L- 4076 in M, generation.

Correlation co-efficients

Traits
PL- 639 PL- 406 K. 75 L. 4076
Y, &Y, 0.682* 0.972* 0.855* 0.933*
S &Y, -0.219* -0.243* -0.329* -0.224*
S&Y, 0.167 -0.087 0.071 0.183
S & GM -0.032 -0.123 -0.099 -0.008
GM &Y, 0.756* 0.967* 0.928* 0.902*
GM &Y, 0.977* 0.973* 0.961* 0.887*

* significant at the 0.05 probability level

between GM and Y in PL-639 (0.977), PL- 406 (0.973) and K.75 (0.961)
and between Y, and Yp in L.4076 (0.933).

Chemical test in M, to M, generations

A number of mutant lines were promising for drought tolerance/resist-
ance and were selected on the basis of GM in M, generation (Table 2).
Only 20 mutant lines (six each from PL-639 and L.4076; five from PL-406
and three from K.75) showing the highest GM within each cultivar were
further evaluated through M, to M, generations. Three chemical tests
viz. protein content, NR activity and wax content were conducted and
the mean values of each test along with the yield per plant are presented
in Table 3. All the mutant lines showed significant positive correlations
between grain yield and NR activity (0.382) and between grain yield and
wax content (0.466). It was observed that NR activity and wax content
of most of the mutant lines were higher than their respective control,
while the reverse was true for protein content. Out of 20 mutant lines
screened through chemical tests, there were two mutant lines in PL-639
(T3-4 and T3-1) and one in PL-406 (T10-3) and one in L 4076 (T3-3)
which showed higher values of all the tests as compared to their respec-
tive controls.

An overall observation suggested that some cultivars were more resist-
ant to water stress than others, the reason being that at cellular level,
plants tolerate drought stress to some degree by accumulating osmolytes
[4-5] and most of these osmolytes are nitrogenous compounds, hence
nitrogen metabolism is of utmost importance under stress conditions.
In this study, NR activity was found positively correlated with the grain
yield as was also reported by [7]. Both positive [15-16] and negative [17-
18] correlations were noted between the protein content and grain yield.
Induced mutants with increased, as well as reduced seed protein content
were reported in different pulse crops [19]. In this study also, it was

Table 2. Promising mutant lines in each cultivar selected on the basis of geometric mean in M, generation.

Mutant line Description Yp Rank v,

PL- 639 Control 4.80 6 4.16
T2-3 3rd line of 10 kR 4.98 1 4.73
T11-6 11th line of SA + 20 kR 4.80 6 4.78
T11-1 1st line of SA + 20 kR 4.80 6 4.74
T9-6 6th line SA 4.86 2 4.63
T3-4 4th line of 20 kR 4.85 3 4.64
T3-1 1st line of 20 kR 4.74 9 4.70
PL- 406 Control 5.16 5] 4.88
T2-6 6th line of 20 kR 5.18 4 5.10
T11-6 6th line of SA + 20 kR 5.10 6 5.04
T3-5 5th line of 20 kR 5.10 6 5.02
T9-3 3rd line of SA 5.18 4 4.89
T10-3 3rd line of SA + 10 kR 5,215 7 5.00
K. 75 Control 5.34 1 4.97
T10-4 4th line of SA + 10 kR 5.18 5,113}
T2-7 7th line of 10 kR 5.30 2 5.21
T12-1 1st line of SA + 30 kR 5.16 6 5.14
L. 4076 Control 5.18 3 4.79
T2-1 1st line of 10 kR 5.20 2 5.10
T2-7 7th line of 10 kR 5,13 5 5.00
T3-3 3rd line of 20 kR .23} 1 4.88
13-4 4th line of 20 kR 5.10 6 4.93
Ti1-4 4th line of SA + 20kR 4.99 10 4.99
T11-5 5th line SA+20 kR 5.06 7 4.84
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Rank GM Rank S| Rank
23 4.47 18 2.14 64
4 4.85 1 0.90 36
2 4.78 2 0.07 4
3 4.76 8 0.22 11
9 4.74 4 0.85 85
8 4.74 4 0.78 32
6 4.71 5 0.45 16
13 5.02 5 2.10 61
3 5,013} 1 0.39 17
4 5.11 2 0.29 14
5 5.05 8 0.39 17
12 5.03 4 1.42 50
6 5.02 B 0.25 13
5 5.14 3 1.40 52
4 5,115 1 0.23 15
1 5,25 2 0.41 19
3 5.14 3 0.09 10
14 4.98 6 1.60 43
1 5.14 1 0.52 21
2 5.06 2 0.69 27
7 5.05 3 1.82 49
4 5.01 4 0.90 34
3 4.99 5 0.00 9
9 4.94 6 1.18 36
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Table 3. Mean of protein content NR activity, wax content and
grain yield per plant (averaged over M, to M, generations).

PL- 639 Control  24.15 1.82 146.22 4.12
T2-3 21.22 242 164.78 4.93
T11-6 24.06 2.30 152.63 471
T11-1 24.10 2.28 152.98 4.69
T9-6 23.98 2.38 162.94 4.75
13-4 24.42 2.08 159.12 4.62
T3-1 24.16 2.20 164.62 4.73
PL- 406 Control ~ 24.32 1.98 164.62 4.32
T2-6 23.90 2.60 117315 4.88
T11-6 24.16 1.99 182.32 5.29
T3-5 24.06 2.7/3 182.48 4.76
T9-3 24.10 2.44 169.26 4.33
T10-3 24.42 2.82 184.82 .73
K. 75 Control 25.48 2.28 152.24 4.06
T10-4 23.78 2.59 199.06 4.12
T2-7 28892 2.31 183.31 5.34
T12-1 24.82 2.29 157.22 4.24
L. 4076 Control  24.08 1.98 160.35 4.19
T2-1 23.76 2.7 161.45 4.94
T2-7 23.10 2.49 187.12 4.89
T3-3 24.27 2.17 189.82 4.92
13-4 22.58 1.92 179.28 4.69
T11-4 23.76 2.34 192.42 4.95
T11-5 23.84 2.23 181.32 4.78

observed that the protein content was negatively correlated with grain
yield (-0.272). Unlike the protein content, there was significant positive
correlation between grain yield and wax content (0.466). A stable cell
membrane that remains functional during water stress appears central to
adaptation to high temperatures and was found to be related to heat and
drought tolerance [20-21]. A genotypic difference in thermo stability of
membrane was observed by [22]. They concluded that a cell membrane
was more thermo stable when it was covered with a sufficient quantity
of wax.

Thus, it may be concluded that the selection of mutants/plants be done
on the basis of higher NR activity, wax content and higher grain yield
under drought (moisture stress) conditions.
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Induced Mutation-facilitated Genetic Studies of Seed

Phosphorus

V Raboy

Abstract

Both the chemical composition and total amount of seed phosphorus
(P) are important to the end-use quality of cereal and legume seed crops,
whether for use in human foods or animal feeds. They are also important
to the management of P in agricultural production, and to the long-term
sustainability of that production. About 75% (+10%) of seed total P
is found as phytic acid (myo-inositol-1,2,3,4,5,6-hexakisphosphate).
Mutations that block the synthesis or accumulation of phytic acid during
seed development, often referred to as low phytic acid (Ipa) mutations,
have been isolated in maize (Zea maysL.), barley (Hordeum vulgare L.),
rice (Oryza sativaLl.), wheat ( Triticum aestivumL.) and soybean (Glycine
max L. (Merr.). Chromosomal mapping has identified as many as six
non-allelic [paloci in a single species (barley). Studies of Jpa mutants has
enhanced knowledge of the genes and proteins important to phytic acid
P metabolism. While there has been substantial research into the biology
of P uptake by plants, there has been little progress in the genetics of seed
total P. Genetic factors that either decrease or increase seed total P might
be of value for both enhancing the end-use quality of seed crops and for
optimizing the utilization of P during agricultural production. As proof-
of-principle, homozygosity for recessive alleles of barley pal both blocks
seed phytic acid accumulation by 50% and reduces seed total P by 15%,
while having little impact on yield. The current status of Ipa genetics and
current efforts at isolating “seed-total P” mutants, using both forward
and reverse genetics approaches, will be described.

Introduction

Engineering the total amount of seed phosphorus (P) or its chemical
composition may improve the nutritional quality of grains for use in
human foods and animal feeds. Both are also important to the manage-
ment of P in agricultural production, and to the long-term sustainability
of that production [1]. The amount of P annually sequestered in seeds
represents a sum equivalent to ~65% of the fertilizer P applied annually,
worldwide [2]. The readily available reserves for P fertilizer produc-
tion worldwide may be consumed within 50 to 150 years [3]. Thus the
availability of P for fertilizer may soon prove limiting to world food
production. Genetic approaches to engineering optimal seed P amount
and chemistry could play an important role both in enhancing food and
feed quality and in managing the use and environmental impact of P in
agricultural production.

About 75% (£10%) of seed total P is found as phytic acid (myo-
inositol-1,2,3,4,5,6-hexakisphosphate or Ins P6, Fig. 1A). Seed phytic
acid represents a major bottleneck in the flux of P through the agricul-
tural ecosystem. This compound is not efficiently digested and utilized
by non-ruminant, monogastric animals such as poultry, swine, fish and
humans (nutritional issues related to seed phytic acid are reviewed in
[1]). As a result, grains and legumes are a poor source of nutritionally-
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available P when used in non-ruminant feeds. Excretion of phytic acid
P by non-ruminant livestock also represents a significant environmental
hazard due to its potential contribution to eutrophication. The seed-
derived phytic acid content of foods can function as an anti-nutrient in
human diets. Dietary phytic acid binds tightly to nutritionally important
minerals such as iron and zinc. Subsequent excretion of these iron and
zinc-containing phytate salts can contribute to mineral deficiency, a
major public health issue in the developing world. Dietary phytic acid
may also have health-beneficial roles, such as an anti-oxidant and anti-
cancer agent.

The chemistry of seed total P is not a major issue when grains and
legumes are used in ruminant production, such as in dairy or beef
production. Ruminants digest most P in feeds, regardless of its com-
position or chemical form. However, the total amount of seed P is an
important issue. As with monogastric production, high levels of P in
ruminant waste represents an environmental hazard [4]. This issue has
been exacerbated by the increasing use of grain and legume products in
biofuels production [5]. An important side product of milling of maize
(Zea maysL.) for biofuels production is “Distiller’s Dry Grains” (DDGs).
DDGs usually have a higher total P level than do whole grains, and use
of DDGs in livestock production can result in high levels of waste P. One
approach to this problem would be to use genetics to reduce the total P
of seed, and thus of DDGs. Therefore genetic approaches to reducing
seed total P may prove important in reducing the need for P in food
and agricultural production. If 65% of the total amount of P removed
from crop production fields is removed as seed P, reducing seed P by
25% to 50% has the potential for contributing significantly to enhanced
management of this limited resource.

Figure 1 (A) Chemical structure of phytic acid (myo-inositol-1,2,3,4,5,6-hexakisphos-
phate or InsP6). Numbers refer to the carbon atoms in the myo-inositol (Ins) backbone.
“P"=H,PO,. (B) Seed phosphate fractions in standard “wild-type” grains and legumes
and in an example of low-phytate lines or cultivars. “Cellular P” represents the sum of
all P-containing compounds other than phytic acid P and inorganic P, such as DNA, RNA,
proteins, lipids and carbohydrates. “Available” and “Non-Available” Phosphate refers to
nutritional availability for non-ruminants such as poultry, swine and fish, and is based on
the assumption that “available P” for non-ruminants approximately equals non-phytic acid
P, the sum of all P other than phytic acid P.

Phytic acid genetics
Mutations that block the synthesis or accumulation of phytic acid during
seed development, often referred to as low phytic acid (Ipa) mutations

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009,157-161
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(Table 1) have been isolated in maize (Zea mays L.) [6-10], barley
(Hordeum vulgare L.) [11-15]; rice (Oryza sativa L.), [16-20]; wheat
(Triticum aestivum L.) [21]; and soybean (Glycine max L. (Merr.)) [22-
26]. Chromosomal mapping has identified as many as six non-allelic Jpa
loci in a single species (barley) [15].

Studies of the inheritance of the soybean M153 mutant [22] illustrates
how new types of genetic screens and new genotypes sometimes illumi-
nate pre-existing genetic variation that was not phenotypically visible.
In the case of soybean M153, inheritance studies [23, 24] indicate that
the mutant seed phenotype requires homozygosity for recessive alleles
at two loci, now termed soybean phal and pha2 (Table 1). However,
the generation via chemical mutagenesis of two non-linked recessive
alleles and their capture as a “double homozygote” in a single M, is a very
rare event; it would occur roughly in 1x10° individuals and it is unlikely
that this rare individual would then be identified in a screen of only
about 1,000 M,s [22]. It is far more likely that the chemical mutagenesis
generated a recessive allele at either phal or pha2, and that the soybean
population contained a previously existing recessive allele at the second
locus that had no clear phenotype of its own.

Progress in identifying the genes perturbed in Jpa mutants has greatly
advanced our knowledge of phytic acid metabolism in plants. The iden-
tification of maize ZmlIpa3 and ZmlpaZ2 as encoding an Ins kinase and an
Ins(1,3,4)P3 5-/6-kinase, respectively, provided strong evidence for the
“lipid-independent” pathway to phytic acid. Previous genetics studies
with Arabidopsis and other eukaryotes had mostly supported a “lipid-
dependent” pathway [27]. Identification of maize Zmipal as encoding
an “ABC-transporter” represented the first transport function shown
to have some role in phytic acid synthesis/accumulation in any organ-
ism [9]. Recently, rice Oslpal was recently shown [18, 20] to encode a
protein the closest relative of which is an archaeal 2-phosphoglycerate
(2-PGA) kinase, which converts 2-PGA to 2,3-bis-PGA. There are at
least two ways the plant homolog of this protein may function in phytic
acid synthesis/accumulation. First, 2,3-bis-PGA is a potent inhibitor of
phosphatases, the activities of which might block the accumulation of
phytic acid. Thus, production of 2,3-bis-PGA might serve to regulate

Table 1. Low phytic acid loci of cereal and legume crops?®

metabolic pathways such that phytic acid accumulates. Alternatively, the
protein encoded by rice Ipal might function as an inositol monophos-
phate kinase, which converts Ins monophosphates to Ins bisphosphates.
This type of kinase currently represents the “missing link” in the “lipid-
independent” pathway to phytic acid.

Agronomic studies of Ipa genotypes

There has been substantial concern over the impact of the low-phytate
trait on crop yield. Nearly all Jpa mutations impact phytic acid synthesis
and probably other functions in both seed and vegetative tissues, and
thus have negative effects on germination, emergence, stress tolerance,
vegetative growth and, ultimately, yield. One of the arguments for the
use of genetic engineering in producing the low-phytate trait is that it
allows for targeting the trait to specific seed tissues, avoiding impacts on
vegetative growth, and thus provides a way for producing high-yielding
crops with the low-phytate trait [9]. However, results with two barley Jpa
mutations indicate that mutation genetics might be able to accomplish
the same thing. Barley /pal-1 and [pa-M640 have been used to breed
two released cultivars, “Herald” and “Clearwater;” respectively [28, 29].
Both have excellent yields when tested in a variety of environments.
Interestingly, both mutations appear to result in a seed-tissue-specific
phenotype; they impact phytic acid synthesis only in the aleurone layer,
and not in other seed tissues. Perhaps their high yields are due to this
seed tissue-targeting which may limit impact on plant/vegetative growth
and function.

A second interesting agronomic finding concerns the soybean
LR33-Mips and M153 mutants. Both mutants impact field emergence,
and other seed function traits like germination, but the effect is much
greater if the seed source subsequently tested was produced in tropi-
cal environments rather than temperate environments [30, 31]. Seeds
of these genotypes produced in temperate environments display much
better emergence when planted in either temperate or tropical fields.
This effect is not due specifically to the lesion in the LR33 Mips gene,
since it is observed in both LR33 and M153, and is not due generally
to the low-phytate trait, since a third soybean /pa mutation, Jpa-ZC-2,

~50%-reduced PA, matched by increased Pi and increased “lower” Ins phosphates such as Ins P4 and Ins P5. Increased Ins.

~50%-reduced PA, matched by increased Pi and increased “lower” Ins phosphates such as Ins P4 and Ins P5. Increased Ins.

~80%-reduced PA, matched by increased Pi, when plants homozygous for both phal and pha2. Originally isolated as one

~80%-reduced PA, matched by increased Pi, when plants homozygous for both phal and pha2. Originally isolated as one

Species  Locus Map Position Seed Phosphorus (P), Phytic Acid (PA), Inorganic P (Pi), Inositol (Ins) and Ins Phosphate Phenotype
Maize Ipal 1S Allele-specific, variable reductions in PA, by 50% to >90%, matched by increased Pi. Increased Ins.
Ipa2 1s
Ipa3 1S Largely embryo-specific ~50%-reduced PA matched by increased Pi. Increased Ins.
Wheat Js-12-LPA Not Known ~35%-reduced PA, matched by increased Pi. Possibly due to inheritance of alleles at two loci. Al-
ters distribution of P in kernel: increased endosperm P, reduced bran P.
Barley Ipal 2H Aleurone/Endosperm-specific ~50%-reduced PA, matched by increased Pi. ~15%-reduced seed total P.
Ipa2 7H
Ipa3 1H ~70%-reduced PA, matched by increased Pi. Increased Ins.
Ipa-M640 7H Aleurone/Endosperm-specific ~50%-reduced PA, matched by increased Pi. ~15%-reduced seed total P.
Ipa-M593 4H ~50%-reduced PA. Other linked mutants, all possibly alleles of MIPS gene, have PA reductions from ~10% to >90%.
Ipa-M955 1H >90%-reduced PA, matched by increased Pi. Increased Ins.
Rice Ipal 2 ~40%-reduced PA, matched by increased Pi.
Lpa-N15-186 3 ~75%-reduced PA, matched by increased Pi.
Ipa-XS110-1 3 ~65%-reduced PA, matched by increased Pi.
Soybean  phal LG N
of two loci contributing to “M153”. Reduced field emergence enhanced if seed produced in tropical environment.
pha2 LG L
of two loci contributing to “M153”. Reduced field emergence enhanced if seed produced in tropical environment.
Ipa-ZC-2 LGB2 ~50%-reduced PA, matched by increased Pi and increased “lower” Ins phosphates. Less ef-
fect on field emergence than observed for other soybean Ipa mutations.
LR 33-MIPS Not Known

Ins decreased 60% to 80%. PA decreased ~50%. Reduced field emergence enhanced if seed produced in tropical environment.

2 Please see the following references for each species: Maize, [6-10]; Barley, [11-15]; Rice, [16-20]; Wheat, [21]; Soybean, [22-26].
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does not appear to display this effect [25]. Understanding the underlying
biology of this effect would no doubt enhance the understanding of seed
biology, and may also be important to the successful development of
high-yielding low-phytate crops. This phenomenon hasn’t been studied
in any of the cereal crop genotypes. Perhaps it might prove important in
crops grown in tropical environments, like maize and rice.

Breeding studies with the low-phytate soybean genotypes has also
shown that backcrossing and selection for yield within a set of low-
phytate lines or segregants can identify lines with improved field emer-
gence and yield [32]. It is not surprising that those mutations that greatly
alter metabolism of P, inositol and inositol phosphate, each critical to
many processes in cells, tissues and organs of seeds and plants, might
impact germination, emergence, and other functions and metabolic
pathways that impact yield. For example, a study of genome-wide gene
expression during seed development of the barley mutant Jpa-M955,
homozygosity for which nearly abolishes the cell’s ability to synthesize
phytic acid, found that the expression of a small subset of genes was
greatly suppressed during seed development of mutant versus wild-type
seeds [33]. These genes are important to carbohydrate metabolism, cell
wall metabolism, transport functions and cytokinin and ethylene sig-
nalling. These and other lines of evidence suggest that it was premature
to expect, and counterproductive to require, that the first crop variants
homozygous for Jpa mutations would perform as well as standard lines,
without breeding and selection for productivity and yield. Since these
first generation Ipa lines represent novel genotypes with novel metabo-
lism, it probably should not be surprising that selection for yield might
be able to identify favourable non-linked modifiers and allelic variants
that restore performance and yield.
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Figure 2 Enhancement of calcium (A) and zinc (B) nutrition in animals consuming diets
based on low phytic acid barley lines. (A) Trout were raised on four diets consisting of either
wild-type barley cultivar that has normal levels of phytic acid, or three barley low phytic
acid isolines (Ipal-1, Ipa3-1 and Ipa-M955), that produce grain with progressively bigger
reductions in phytic acid [37]. All diets consisted of 30% barley and contained similar
levels of calcium (530 gm kg-1 for Ipal-1 to 590 gm kg for W-T). (B) Chicks were fed diets
consisting of either the wild-type barley cultivar or Ipa-M955, whose grain has a reduction
in phytic acid of >90%, and that were supplemented with either 0.0, 10 or 20 mg kg zinc
[38]. Diets contained 60% barely and had similar levels of zinc ( ~26 mg kg zinc).

Human and animal nutrition studies using Ipa genotypes

In terms of animal feeds, the primary interest in the low-phytate trait is
its high “available P” for non-ruminant animals such as poultry, swine
and fish. Many studies (reviewed in [1]) have shown that if formulated
properly to take into account Ipa seed’s high “available” P (illustrated in
Fig. 1B), non-ruminant animals utilize and absorb a greater fraction of
seed total P, and excrete concomitantly less P. In terms of human nutri-
tion, the primary interest in the low-phytate trait has been the potential
enhancement in mineral nutrition it may provide for those populations
that rely on cereal grains and legumes as staple, bulk foods. A series of
studies have shown that fractional absorption of iron, zinc and calcium
by human volunteer test subjects is increased 30% to 50% when consum-

ing meals prepared with Jpa maize versus “normal phytate” maize [34-
36]. Two studies with barley Ipa genotypes and model animal systems
(trout and chickens) illustrate some important points concerning the
potential enhancement of mineral nutrition made possible by the low-
phytate trait. In the first study (Fig. 2A) trout were raised on four diets
prepared with either “normal phytate” barley (wild-type, 2.45 g phytic
acid P kg'), or with three low-phytate types with increasing reductions
in grain phytic acid P (Jpal-1, 1.15 mg kg™ phytic acid P; Ipa3-1, 0.5 g kg™
phytic acid P; [pa-M955, <0.05 g kg phytic acid P). Barley represented
30% of the total diet. A strikingly linear, inverse relationship between
dietary phytic acid and “apparent calcium digestibility”, a measure of the
animal’s retention and use of calcium in the diet, was observed. Calcium
retention is critical to bone health and perhaps overlooked in the gen-
eral discussion of the role of dietary phytic acid in human health and
nutrition. Also, it is clear that incremental decreases in dietary phytic
acid may result in incremental increases in calcium availability. In other
words, there is no critical threshold of reduction in dietary phytic acid
necessary to achieve a demonstrated improvement in mineral nutrition.
In the second study (Fig. 2B) chicks were fed either wild-type barley
or a near-isogenic line homozygous for Ipa-M955, whose grain has
>90% less phytic acid, and these diets were supplemented with either
0.0, 10 or 20 mg kg zinc [38]. The bone (tibia) zinc data given in Fig.
2B is representative of the results of various measures of zinc nutritional
status obtained in the study. The results in Fig. 2B indicate that zinc sup-
plementation was only of value (increased tibia zinc) if the chicks were
fed wild-type barley. Chicks fed Jpa-M955 barley had uniformly high
bone zinc and this was not improved by zinc supplementation. Clearly
the near absence of phytic acid in the diet allowed for optimal use of
the seed-derived dietary zinc. These results also indicate that the level of
endogenous zinc in these barleys (~24 mg kg) is adequate for optimal
growth and health, if dietary phytic acid is greatly reduced, as it is in /pa-
M955. These sorts of results should be taken into account when public
health officials develop strategies for dealing with mineral deficiency in
nations with populations that rely on cereals and legumes as staple foods.
In this context, while supplementation with iron or zinc may ameliorate
either iron or zinc deficiency, reduction in dietary phytic acid may simul-
taneously enhance both iron and zinc nutrition, and improve nutritional
status for calcium and other nutritionally important minerals. This is
because dietary phytic acid plays a “global” role in mineral nutrition,
simultaneously impacting several nutritionally-important minerals.
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Figure 3 Two types of screens for altered seed total P. Screen No. 1 uses an assay for
inorganic P and is for mutations that alter the seed inorganic P phenotype of Ipa muta-
tions. Screen No. 2 uses a seed total P assay and will be used with both wild-type and Ipa
populations. On the right is a parental low phytic acid line and two hypothetical second-site
mutations derived from it that either increase or decrease seed total P in a low phytic
acid background. On the left is a “normal phytic acid” wild-type parental line and two
hypothetical mutations that either increase or decrease seed total P in a “normal phytic
acid” background.

Screening for “seed total P” mutations

There has been relatively little progress in the genetics of seed total P. A
great deal of research has addressed the biology of P uptake by plants,
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and thus the genetics of vegetative or “plant P” level [39]. For example,
many mutations have been studied in Arabidopsis that impact root or
shoot total P. However, there are relatively few reports concerning the
genetics of seed total P. Interestingly, homozygosity for recessive alleles
of barley Ipal or Ipa-M640 both blocks seed phytic acid accumulation
by 50% and reduces seed total P by 15%, while having little impact on
yield [12, 28, 29]. These are the only reports of single-gene mutations
that have this effect. We are currently pursuing both forward and reverse
genetics approaches to isolating “low-seed-total P” mutants. Fig. 3 illus-
trates two types of forward genetic screens. In Screen 1 (Fig. 3 right) a
high-throughput inorganic P assay is used to screen progeny obtained
following the chemical mutagenesis of an Jpa genotype for any mutation
that alters the high-inorganic P phenotype typical of that parental Ipa
genotype. The assumption is that mutations that increase or decrease
seed total P will increase or decrease the inorganic P in seed of an Ipa
line, since in an /pa genotype inorganic P represents that bulk of seed
total P. One interesting thing to note is that the hypothetical “low phytic
acid:low total P” mutant illustrated in Fig. 3 might turn out to have the
ideal seed P amount and chemistry for nearly all end-uses since its both
low-total P and still “high inorganic P/high available P, as compared
with wild-type. The barley Ipal and M640 mutations represent proof-
of-principal that such a seed chemistry phenotype is achievable, but we
would like to find mutations that reduce seed total P by at least 25%.
In Screen 2 (Fig. 3 left) following chemical mutagenesis of a normal-
phytate, wild-type line, seed is screened directly for mutations that alter
seed total P, using a high-throughput assay for total tissue P. Although
absolute levels of seed phytic acid are altered in these later hypothetical
mutants, they have “normal phytic acid” in the sense that the ability of
seeds to synthesize phytic acid is not perturbed, and the proportion of
total P found as phytic acid P is not altered.

Conclusions

In addition to the Ipa forward genetics work described above, much
progress has also been made in reverse genetics approaches to issues
relating to seed phytic acid. For example, transformation with a bacte-
rial phytase gene targeted to the cytoplasm shows great promise as one
approach to developing high-yielding low-phytate crops [40]. Other
traditional methods like recurrent selection may also prove valuable in
developing low-seed-total P crops [41]. Therefore, many tools obtained
from traditional breeding, and forward and reverse genetics will be avail-
able to deal with issues having to do with seed total P and its chemistry.
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Biosynthesis and Deposition of Seed Phytate and its Im-
pact on Mineral Bioavailability

S K Rasmussen’, L Bohn, L Josefsen & A M Torp

Abstract

In cereal seeds, phosphorous is primarily deposited in protein storage
vacuoles as phytic acid (PA) together with minerals. Even if the same core
set of enzymes should exist throughout the plant kingdom, the organiza-
tion of biosynthesis, translocation, site of accumulation and storage vary
among species. PA accumulation in seeds begins shortly after flowering
and lasts to seed maturity. During this period the growing plant may be
challenged with changes in growth conditions, such as rain, drought, high
temperature and pathogens. It has been shown that the individual inositol-
phosphate-kinases, Ipk, accept a broad range of substrates and it is also
evident that rice and barley Ipks have phosphatase and isomerase activity.
These multiple activities provide more degrees of freedom for control-
ling, and fine tuning, PA biosynthesis during seed development. Isolated
phytate globoids from rice and wheat bran have been characterized and
K>Mg>Ca>Fe were found as the main minerals. While iron co-purifies
with PA in the globoids, this is less evident for zinc, and although copper
has high affinity for PA, there is no indication that copper-phytate glo-
boids are the primary storage facility for this element. This difference in
seed distribution of iron and zinc must be taken into account in breeding
strategies for improving mineral content. The dephosphorylation patterns
of pure PA and phytate globoids by wheat phytase have been established,
and the kinetics of phytase with either PA or phytate globoids as substrates
have been compared. The bioavailability of iron in phytate globoids has
been studied using caco-2 cells. PA is an important anti-nutritional factor
in the diet of humans because it reduces the bioavailability of iron and
zinc. The way food is prepared may solve these problems associated with
PA, through the action of endogenous phytases. In addition, low-PA seeds
can potentially reduce problems with P management in animal husbandry.
Mutational breeding provides a useful way of creating genetic diversity for
both PA and mineral bioavailability in cereals.

Introduction

Nutrition, environment and resources

Phytic acid (PA; myo-inositol 1,2,3,4,5,6,-hexakisphosphate) is the primary
storage compound of phosphorus in plant seeds accounting for up to 80% of
the total seed phosphorus and contributing as much as 1.5% to the seed dry
weight [1]. Stored PA has an impact on the supply of phosphate and the bio-
availability of iron (Fe), zinc (Zn) and other minerals to animals. It has also
been implicated in many cellular processes including cancer development.
In human nutrition, PA acts as an anti-nutritional factor for, in particular,
iron and zinc uptake in the digestive tract, and thus potentially contributes
to the ‘hidden hunger’ of mineral malnutrition. However, PA may also have
positive effects on human health, as it has been suggested that PA has anti-
carcinogenic effects and the anti-oxidative ability of PA may balance iron
ions in solution [2]. Table 1 shows the wide range of metabolic processes
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with PA involvement. In animal husbandry, the main problem caused by
PA in grain is that phosphate bound in phytic acid cannot be digested
by monogastric animals. Thus, phosphate must be supplemented or the
enzyme phytase must be added to the feed as a pretreatment. This has
an impact on the environment since phosphate and PA-bound phos-
phorous are released into the fields and can eventually enter the near
costal sea areas, lakes and fresh water streams, leading to eutrophication.
Finally, a major concern is phosphorus as resource, as it is believed that
high-quality rock phosphorous will be exhausted within this century.

Table 1. Involvement of phytic acid in cellular processes

Cancer therapy Gene regulation Starch digestibility

Cell differentiation Efficient export of mMRNA Blood glucose response

Apoptosis RNA-editing Prevention of dystropic

calcifications

Immune function Oocyte maturation Kidney stone formation

Antioxidant Cell division and differentiation Lowering cholesterol

Oncogene regulation DNA repair Lowering triglycerides

Regulation of Phase
| & Il enzymes

Cell signalling cascades Inhibit transcript of

HIV-1 genome

Cell proliferation Ca?* mobilisation and signalling Prevent plaque

formation on teeth
Tumor metastasis Protein folding and trafficking
Angiogenesis
Inflammation

Controling iron-related
oxidative stress, important
for men over 20 years

Endo- and exocytosis

Solutions to the phytic acid in feed

Improving crop plants for feedstuff has obtained most attention, and as
natural variation in grain PA content is known to exist, mutational breeding
has been an attractive strategy to reduce grain PA content. Many low-phytic
acid (Jpa) mutants have been identified in barley, maize, rice, wheat and
soybean [3-8]. These were all identified by an indirect screening procedure
based on the assumption that total phosphorus remains constant in the seed,
but the distribution between free phosphate and that bound in phytic acid
can be modulated. An alternative strategy has been the production of GM
crop plants that overproduce a microbial phytase in grain, which can be
utilized directly in the feedstuff or added during industrial feed production.
However, the most successful solution for the reduction of PA in feed is still
the addition of microbial enzymes (phytases) directly to the feed.

Biosynthesis of phytic acid

Significant progress in defining the PA biosynthetic pathways has been
made in recent years, and the importance of induced mutations in
revealing controlling steps can not be overestimated. Recently, a number
of plant genes involved in the pathway have been cloned and character-
ized. Table 2 summarizes those originating from the cereals, maize, rice
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and barley. The myo-inositol monophosphate synthase gene has been
identified in several plant species [9-11]. The encoded protein converts
glucose-6-phosphate to inositol-3-phosphate. This appears to be the first
committed step in a sequential phosphorylation of myo-inositol to PA
and provides the only source of the inositol ring. An inositol kinase that
produces inositol monophosphates from inositol, and which is required
for normal PA accumulation, has been cloned in maize (Zea mays) [12].
An inositol polyphosphate kinase has been characterized in maize [13]
and Arabidopsis thaliana [14], and most recently, two genes involved in
late phosphorylation steps to PA, have been cloned and characterized
in Arabidopsis [15-18]. A detailed characterization of a multifunctional
inositol phosphate kinase from rice and barley belonging to the ATP-
grasp superfamily show the highest activity towards Ins (3,4,5,6)P,,
which is likely the primary substrate [19]. Based on the cloned genes,
combined with the knowledge from mammalian and yeast systems,
several pathways to PA have been suggested to exist in plants, however,
these still need to be experimentally confirmed.

In addition to kinases and synthases, unexpected genes have been
found to be involved in the accumulation of PA during seed develop-
ment. This includes an ABC-transporter [20] from maize and rice and
2-phosphoglycerate kinase from rice [21, 22]. This shows that random
mutations may help us to uncover as yet unknown controlling steps in
PA metabolism and sequestration.

Enzyme Species __Gene Accession No" References
Myo -inositol-1 phosphate Rice RINO12 AB012107 [10, 29]
synthase (MIPS) LOC_0s03g09250
Rice RINO2 AK069323 [31]
LOC_0s10g22450
Barley MIPS AF056325 [9]
Maize MIPS? AF056326 [9]
Inositol monophosphatase (IMP) Rice OsIMP-1 AK071149 [31]
LOC_0s03g39000
Rice OsIMP-2 AK103039 [31]
LOC_0s02g07350
Barley HvIMP-1 AY460570 [33]
Myo -inositol kinase (MIK) Maize ZmLpa3 24 AY772410 [12]
Rice OsMIK 2 AC118133 [12, 28]
LOC_0s03g52760
Inositol 1,4,5-tris-phosphate Rice OslIPK2° AK072296 [31]
kinase (IPK2) LOC_0s02932370
Inositol 1,3,4,5,6-pentakis - Rice OsIPK1® AK102842 [31]
phosphate 2-kinase (IPK1) LOC_0s04g56580
Maize ZmIPK1A* EF447274 [30]
Maize ZmIPK1B EF527875 [30]
Inositol 1,3,4- trikis phosphate 5/6- Maize ZmIPK 2* AY172635 [13]
kinase (ITPS/6K) Rice OsIPK*® NP922861 19l
LOC_0s10g42550
Barley HVIPK * AM4A04177 [19]
Rice OsITP5/6K-1 AK106544 [31]
LOC_0s10g01480
Rice OsITP5/6K-2 AK100971 [31]
LOC_0s03g12840
Rice OsITP5/6K-3 AK067068 [31]
LOC_0s03g51610
Rice OsITP5/6K-4 AK071209 [31]
LOC_0s02926720
Rice OsITP5/6K-5 AK059148 [31]
LOC_0Os10g42550
Rice OsITP5/6K-6 AK102571 [31]
LOC_0s09g34300
ABC-transporter (MRP) Maize ZmMRP42 EF586878 [20]
Rice OsMRP13 0503904920 [20]
2-Phosphoglycerate kinase Rice 0s2PGK 2 LOC_0s02g57400 [21, 22]
(2PGK)
Rice 0s2PGK LOC_0s09g39870  [21]

Table 2. Cloned genes involved in the biosynthesis and accumulation of phytic acid in cereals

(1) Genebank accession number (nucleotide) and TIGR locus identifier (for rice genes); (2)
Mutants or transgenic antisense plants for the gene show Ipa phenotype; (3) Map location
of cloned gene corresponds with that of a Ipa mutant; (4) Recombinant protein show kinase
activity; (5) Positive complementation test in yeast lacking the corresponding gene; (6)
Os/IPK [19] and Os/TP5/6K-5[31] are likely to be the same gene.
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Phytic acid globoids and mineral content

Phytic acid accumulates during seed development in electron-dense
particles named globoids, which also store minerals. These globoids
were purified from wheat bran and the content of minerals quantified
by inductively coupled plasma-mass spectrometry [23]. The main ele-
ments, in concentration order, were K>Mg>Ca>Fe and although copper
has high affinity for PA there is no indication that globoids are the main
store for this element. Interestingly, whereas iron co-purifies with phytic
acid globoids, this was not found for zinc, which is in agreement with the
notion that zinc is stored in other compartments of the developing seed.

Degradation of phytic acid

The stored phosphorus in PA is believed to be remobilized during ger-
mination to provide phosphorus to the emerging seedling. Some plant
species store phytases in the resting grain, ready to initiate dephospho-
rylation of phytic acid. Phytases have been purified and characterized
from seven cereals and 16 other plant species [2]. Phytases are spe-
cialized phosphatases [24,25] that utilize phytic acid as substrate. In a
detailed biochemical study, wheat bran phytase was shown to initiate at
the C6 and C3 positions of the inositol ring [23]. It is noteworthy that
the subsequent dephosphorylation of inositol-phosphate is ordered and
sequential. It is not random.

Phytic acid and bioavailability of iron

CaCo-2 cells provide an ideal way of elucidating a simple picture of the
interactions between phytase and its substrate to investigate iron bio-
availability in globoids. The natural PA: iron ratio of wheat globoids is
51:1, and a ratio lower than 27:1 is required for significant iron bioavail-
ability (Bohn, unpublished results). Results from other investigations of
this phenomenon have revealed a threshold of 5:1 for PA: Fe** complexes
[26] and 10:1 using pure PA: Fe’* complexes [27]. The bioavailability
of Fe at a ratio of 12:1 from globoids suggests that factors that increase
iron absorption are present in the solution. Pepsin degradation of the
proteins may reveal peptides as weak chelators to maintain iron solubil-
ity. Furthermore, as PA has stronger binding to other minerals, such as
copper, zinc and manganese, these cations could be binding competitively
to the PA, thereby leaving iron free for absorption. Some of these cations
do, however, also inhibit iron uptake by the intestines, and the impact of
their binding to either PA or the DMT1-transporter remains unknown.
Taking these results further would involve the investigating of the bio-
availability of other minerals from globoids, such as zinc or calcium, in
CaCo-2 cells whilst altering PA concentrations. Once the bioavailability
of the elements in globoids are understood, similar experiments could
be performed using bran or whole-wheat bread, to explore the inhibition
of mineral uptake by fibers, cell walls, starch etc. This would provide
information on the optimal treatment of cereals to improve the uptake
of minerals from them without depleting PA completely.
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Revealing the Complex System of Starch Biosynthesis in
Higher Plants Using Rice Mutants and Transformants

Y Nakamura'’', N Fyjita', Y Utsumi’, A Nishi’ & H Satoh?

Abstract

Starch is the end product of photosynthesis and a primary material for
food and industrial uses. Starch has a variety of distinct physico-chem-
ical properties such as gelatinization and pasting properties, and these
features are strongly related to the molecular structure of amylopectin
and the formation of starch granules, whose morphology depends on
the plant species. The multi-dimensional, unique structure of starch
is achieved by concerted reactions catalyzed by multiple isozymes of a
set of enzymes that include starch synthase, starch branching enzyme
and starch debranching enzyme. The action mechanism of each of these
isozymes is currently being studied. This paper summarizes recent
results of biochemical and genetic analyses of starch biosynthesis in rice
endosperm obtained from various mutants and transformants, and dis-
cusses ideas about the regulation of starch biosynthesis in plants.

Starch is glucose polymer with two a-glucosidic linkages, linearly
linked a-1,4-glucosidic chains are branched by a-1,4-glucosidic link-
ages, and it comprises linear or rarely branched amylose and highly
branched amylopectin. Amylopectin has a distinct highly ordered struc-
ture called a “tandem-cluster structure,” in which most of side chains are
arranged in parallel and neighboring chains form double helices when
linear portions of facing chains reach the length equivalent to degree
of polymerization (DP) > 10. The formation of double helices in the
amylopectin cluster dramatically induces its hydrophobicity and crystal-
linity. These specific features of amylopectin fine structure are enabled
by the localization of branch positions within the restricted region of the
cluster. The starch synthesis system has developed during the evolution
of plants and key enzymes involved in the construction of amylopectin
tandem-cluster structure have differentiated into multiple isozymes with
distinct functions, whereas in glycogen synthesizing organisms, such
as bacteria and animals, no such functional differentiation in glycogen
synthesis enzymes has occurred (Fig. 1, [1-5]).

Starch branching enzyme (BE) plays a very important part in the for-
mation of branches in amylopectin molecules. Green plants are known
to have two types of BE isozymes, BEI and BEIL In addition, BEII is
further differentiated into BEIIa and BEIIb isoforms in cereals although
BEIIb is usually specifically expressed in endosperm while BEIIa is
ubiquitously present in every tissue. Our biochemical studies of three
mutants of rice that are defective in BEI, BEIIa, and BEIIb, respectively,
strongly suggest that the role of BEIIb is highly specific in synthesizing
branches located on the basal portion of the crystal zone (referred to
as the crystal lamellae) of the cluster because BEI and BEIIa can hardly
complement its role in its absence (Fig. 2, [1, 6, 7]). On the other hand,
BEI plays an important role in forming branches that are positioned at
the basal part of the cluster in the less crystalline zone (referred to as the
amorphous lamellae), and those which link the clusters, but its role can
be largely complemented by BEIIb and BEIIa in the BEI mutant [1, 8].
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Figure 1 Schematic representation of the structure and synthesis of @ -glucans during plant
evolution. It is noted that ADP glucose is used in cyanobacteria, green algae and higher
plants as precursor of glucans, while UDP glucose is used in red algae. During the evolution
of starch biosynthesis, enzymes are thought to have evolved functionally and the number of
isozymes to have increased.

Although the activity of BEIIa accounts for about 20% of the total BE
activity in rice endosperm [9], the specificity of its function is likely to be
poor because no significant changes in the structure of amylopectin and
the physicochemical properties of starch granules are found in the BEIIa
mutant [1, Nishi, et al, unpublished data]. This data indicates that the
branches within the cluster can be divided into at least two groups which
are distinguished by different BE isozymes.
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Figure 2 The schematic representation of distinct functions of BEI and BEIIb isoforms
present in rice endosperm. It is noted that this scheme can explain why ae-amylopectin can
be formed in the absence of BEIIb.
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Figure 3 The schematic representation of distinct functions of three SS isozymes in rice
endosperm. The figure shows that the synthesis of amylopectin cluster can be performed by
concerted reactions of SSI, SSlla and SSllla.

Rice has three major starch synthase (SS) isozymes, SSI [1, 10],
SSIIa [1, 11] and SSIIIa [1, 12] in developing endosperm. We recently
determined the distinct properties of each isozyme; SSI, SSIIa, and
SSIlIa are responsible for the synthesis of very short chains with DP~8-
12, intermediate chains with DP<~24, and long chains with DP>~20,
respectively (Fig. 3). Since each SS isozyme is thought to recognize the
chain-length from the non-reducing end to the branch point of the a-1,
4-chains and elongates it until its range is exceeded, the maximal length
to which each SS isozyme can elongate the chain is strictly restricted
and differs between isozymes. This feature might be important for each
cluster to obtain a fixed length of DP27-28.

Starch debranching enzyme (DBE) plays an essential role in the syn-
thesis of the amylopectin cluster by trimming the shape of the cluster,
because in its absence amylopectin is replaced by phytoglycogen [1, 13].
Plants have two DBE-types, isoamylase (ISA) and pullulanase (PUL),
and generally three ISA isozymes (ISA1, ISA2 and ISA3) and one PUL
isoform. ISA activity involved in starch biosynthesis is due to the ISA1-
ISA2 hetero-oligomer in potato tuber and Arabidopsis leaves [14], while
the endosperm of rice and maize contains both the ISA1 homo-oligomer
and the hetero-oligomer [15]. Although the details of how DBEs are
involved in the synthesis of amylopectin are unknown, it is thought that
these enzymes remove improper branches that interfere with the forma-
tion of double helices [1] and accelerate the crystallization of the cluster
[16].
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Figure 4 Schematic representation of changes in the amylopectin cluster structure induced

by different levels of key enzyme isoforms (cluster-world). Note that the type of the cluster
structure is determined by the enzyme activity of the individual enzyme isoform.
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Detailed analyses of changes in the structure of amylopectin and the
physicochemical properties of starch granules in rice endosperm caused
by the absence of each isoform of BE, SS and DBE, have established that
individual mutants exhibit distinct characteristics in terms of the starch
structure and properties depending on the enzyme activities inhibited.
These patterns reflect the specific functions of each enzyme in starch
biosynthesis in rice endosperm and enable us to predict how, and to
what extent the structure and properties of starch can be engineered
by manipulating the genes encoding starch-synthesizing enzymes (Fig.
4). Our results suggest that numerous rice mutant lines could be used
for industrial purposes in the future by producing novel starches in the
endosperm.

5 (L] 15 .l
Devetoping slage (Days after fiowerng)

Figure 5 The pattern of changes in transcript levels of starch synthesizing genes during
endosperm development of rice. Group 3 genes are expressed from the early stages to the
latter stage.
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Figure 6 The schematic representation of the two distinct processes of starch biosynthesis
and the possible role of Phol in rice endosperm. We assume that Phol plays a crucial role
in the initiation process by synthesizing primers of amylopectin molecules and/or starch
granules.

Transcriptome analysis has established that changes in transcript levels
of genes encoding starch-synthesizing enzymes in rice endosperm can
be divided into three temporal patterns [17]. One group of genes (Group
1 in Fig. 5) are highly expressed in the very early stages of endosperm
development (days after pollination, DAP, up to about five days) prior
to the onset of rapid starch production, whereas the other group genes
(Group 2 in Fig. 5) are expressed more when starch accumulation in the
endosperm is at its greatest (Fig. 5).

Recent studies using rice mutants lacking plastidic glucan phosphory-
lase (Phol) showed that the loss of Phol resulted in a severe reduction
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in starch accumulation in some seeds, while other seeds have plumped
shape, suggesting that Phol plays a crucial role in the initial stage of
starch biosynthesis such as initiation of glucan molecules and starch
granules [18].

These results strongly suggest that starch biosynthesis is composed
of two distinct processes, namely the initiation process of starch biosyn-
thesis, in which glucan primers are synthesized and/or the initial core of
starch granules are formed, and the accumulation and/or amplification
process, in which the number of starch molecules and starch granule
are amplified, and that these processes are regulated by different mecha-
nisms and include different sets of enzyme isozymes (Fig. 6).
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Mutants Pave the Way to Wheat and Barley for Celiac

Patients and Dietary Health

D von Wettstein

Abstract

Wheat has two major nutritional problems for the consumer: (1) The
flour or pasta produced from the grain is not acceptable to congenital
celiac patients and may induce intolerance of dietary “gluten” in people
later in life. (2) The grain is highly deficient in the essential amino
acid lysine. Currently there is only one treatment for sufferers of celiac
disease: the complete exclusion of wheat, barley and rye grains from
their diets. Celiac disease is caused by an autoimmune reaction against
undigested proline/glutamine rich peptides (epitopes) that are taken
up through the intestinal mucosa and initiate an autoimmune response
in human leucocyte antigen DQ2- or DQ8-positive individuals. This
leads to chronic erasure of the microvilli of the intestinal epithelium
and to permanent intolerance of dietary “gluten” Cereal prolamins
are of two types: high molecular weight glutenins (HMWG) with a
molecular structure of elastic fibrils that form dityrosine cross-links
during dough formation and baking, and gliadins. The gene promoters
of the gliadin-type proteins are silenced by DNA methylation in vegeta-
tive tissues. This methylation is removed during grain development to
permit protein synthesis. Inhibition of the demethylation by mutation
specifically inhibits the synthesis of the gliadin-type proteins and only
proteins consisting of elastic fibrils are produced. As a proof of principle,
a barley cultivar called Lysiba already exists that has such a mutation and
provides the rationale for creating wheat varieties by mutation of the
5-methylcytosine deglycosylases in the endosperm. Celiac patients are
sensitive to a wide variety of different epitopes, which are located in the
gliadin-type prolamins. Gliadin-type prolamins are of no importance
for baking because wheat HMW glutenin has been shown to be alone
sufficient to produce high quality breads.

Introduction

Celiac disease is the most common food-sensitive enteropathological
condition in humans and it is caused by an autoimmune reaction against
certain wheat, barley and rye grain storage proteins. In human leukocyte
antigen (HLA) DQ2- (or DQ8-) positive individuals’ exposure to these
“gluten” proteins can lead to a painful chronic erasure of the microvilli
of the epithelium in the intestine and to a permanent intolerance of
dietary prolamins. The autoimmune response results from the resistance
to digestion of certain proline/glutamine-rich peptides (epitopes) in the
prolamins by gastric, pancreatic and brushborder membrane proteases.
Peptides like PFPQPQLPY are taken up through the intestinal mucosa
into the Jamina propria and initiate the autoimmune response [1]. Celiac
disease is commonly detected in congenital cases with severe symptoms
in early childhood. In an increasing number of patients, symptoms arise
only later in life as a result of bread and pasta consumption. If untreated,
celiac disease may cause increased morbidity and mortality. Despite its
prevalence in most populations comprising 24.4 million registered celiac
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individuals world-wide [2], the only effective therapy is strict dietary
abstinence from these food grains [3]. However, because of the multiple
presentations of the disease, many sufferers of this disease have not been
formally diagnosed with it and estimates suggest that for every registered
celiac there are 50 unrecognized individuals.

Our aim is to eliminate the prolamins from wheat grain that contain
the majority of epitopes causing celiac disease. Eliminating these pro-
teins will also address the other major quality problem for the consumer
of wheat products: the imbalance in the amino acid profile of wheat
proteins. Wheat grain is especially low in lysine which is the most limit-
ing amino acid in cereal proteins for humans and monogastric animals.
Because the prolamin protein families we are targeting are very lysine
poor, their elimination will lead to a considerable increase in grain lysine
content with concomitant improved nutritional quality, which will be
beneficial for all consumers of wheat products. The highly homologous
storage proteins of wheat, barley and rye called prolamins fall into two
groups: one group, represented by the lysine poor gliadins and low
molecular weight (LMW) glutenins of wheat, contain the overwhelming
majority of the protein domains (epitopes) causing the celiac response
and are dispensable for baking, and can therefore, be removed. The other
group represented by the wheat high molecular weight (HMW) glutenins
are alone required for dough formation and baking, and therefore must
be retained. The molecular structure of these two types of prolamins is
very different and their genes are turned on and off by two fundamentally
different mechanisms, which provides the strategy for elimination of the
gliadins and LMW glutenins but preservation of the HMW glutenins.
The genes for gliadins and LMW glutenins are silenced by DNA meth-
ylation of their promoters in vegetative tissues. The promoters have to
be de-methylated at the beginning of endosperm development to permit
their transcription and the synthesis of the encoded prolamins. The aim
is to silence these genes permanently in the endosperm by mutations in
the enzymes carrying out the demethylation. A fully viable mutant with
these characteristics has been obtained in barley. The six wheat genes
encoding the elastic fibrils of the HMW glutenins that form dityrosine
cross-links during dough formation and baking and pasta production
are protected against DNA methylation in all tissues by a CpG island in
their promoter. They are turned on by synthesis of transcription factors
or removal of repressor proteins at the beginning of grain filling.

Preliminary studies

Only HMW glutenin is required for baking

Ingo Bauer [4] has transformed yeast with the wheat HMW glutenin genes
(HMWDx5and HMWDy10) and synthesized in fermenters gram quanti-
ties of the HMW glutenins. The HMW glutenin proteins were extracted
and highly purified. From the dough made with commercial wheat flour,
all gliadins, LMW and HMW glutenins were removed by washing. The
residues containing starch, soluble protein, fat, fibers and minerals were
ground together with the purified HMW glutenin protein into flour,
kneaded to dough and baked. The dough showed excellent elasticity and
resultant bread rolls had the desired volume and internal structure.

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009, 168-171



The lys 3a regulatory mutant in barley points the way

to celiac safe wheat

The recessive high lysine mutant 1508 (Iys 3a) was selected after muta-
genesis of the cultivar Bomi with ethyleneimine. Its lysine content in the
grain protein was increased by 44% [5]. Feeding trials with rats and pigs
revealed superior nutritional quality. Breeding by crossing the mutant
gene into other genotypes produced the cultivars Piggy, Lysimax and
Lysiba with high lysine and improved yield and thousand grain weights
[6, 7]. The increased lysine content is primarily due to a reduction in
prolamins and an increase in free amino acids. Ultrastructural infor-
mation on the development of protein bodies in the barley endosperm
of wild type and the high lysine mutants Iys 3a and hor 2ca (Riso 56)
was provided by electron microscopy [8]. The hordein polypeptides
are synthesized on the polysomes of the endoplasmic reticulum, co-
translationally transferred into the lumen of the endoplasmic reticulum
and then into the storage vacuoles, where they are compacted into the
protein bodies. Mutant [ys3a produces very little B- and C- hordeins.
Protein bodies of Jys3a contain only D-hordein characterized by the resi-
lin/elastin like fibrillar structure. The proposed pathway of protein body
formation has been verified using isolated endoplasmatic reticulum,
isolated protein bodies and by localization studies with monoclonal anti-
bodies for individual hordein polypeptides [9]. Cloning and sequencing
of structural genes for B-, C- and y-hordein polypeptides have corrobo-
rated that the Hor 1, Hor 2, and Hor F loci each consist of a family of
closely linked structural genes for these proteins, with each gene having
its own promoter [10]. Some of these genes contain stop codons, but
transient transformation experiments revealed that expression of such a
gene in the endosperm can take place by amber codon suppression [11].
The deposition of the prolamins in the protein bodies of wheat is similar
to that in barley [12].

The nature of the high lysine mutant Iys 3a was clarified [13 for
review]. Transcripts encoding B-hordein, C-hordein and protein Z are
practically absent in the developing endosperm of the mutant, while
the transcript levels for D-hordein, glyceraldehyde-3-phosphate dehy-
drogenase and histone are normal. Mikael Blom Serensen [14] showed
by genomic sequencing and ligation mediated PCR that cytosines of 10
CpGs in the promoters of the B-hordein genes and 4 CpGs of the adja-
cent coding region of the gene are hypomethylated in the endosperm but
fully methylated in the leaf. In the developing endosperm of the mutant
demethylation of the B-hordein promoter does not take place. Genomic
sequencing of the D-hordein gene promoter using bisulfite treated DNA
revealed a CpG island and confirmed that the promoter is unmethylated
in the leaf as well as in the endosperm both in the wild type and in the
mutant [15].

This form of transcriptional control by DNA methylation and demeth-
ylation was rediscovered in 2002 in Arabidopsisin connection with stud-
ies of genetic imprinting. The 5-methylcytosine deglycosylase, named
DEMETER, was cloned and the sequence identified for Arabidopsis |16,
17] and rice (Gene Bank Accession number AF521596). The Arabidopsis
enzyme (1,729 aa) is a bifunctional helix-hairpin-helix DNA glycosylase
with a proline-rich loop containing aspartic acid (D1304) and lysine
(K1286) serving as catalytic residues in the 5-methylcytosine excision
reaction [18]. An apyrimidinic lyase activity nicks the DNA generating
a 3’-hydroxyl to which a DNA repair polymerase adds an unmethylated
cytosine. A ligase completes the repair process by sealing the nick. In the
barley endosperm this demethylation process and initiation of transcrip-
tion takes place immediately prior to the accumulation of the hordein B,
C and vy transcripts [19].

Thus, two categories of promoters for endosperm-specific gene
expression can be distinguished; one that is silenced by methylation in
vegetative tissues and has to be demethylated before activation of tran-
scription can take place; the other solely dependent on removal of repres-
sors or induction of transcription factors specific for the endosperm. In
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hexaploid wheat, in each genome, on the long arm of chromosome 1,
there are two linked genes encoding HMW glutenin. The promoter of
the wheat HMW glutenin gene Glu-1D-1b [20], Acc.X12928) is 89%
identical in nucleotide sequence to the barley D-hordein promoter and
contains a similar number of CpG dinucleotides [15, 21]. It is therefore
expected to be unmethylated in the developing endosperm and the other
organs of the wheat plant. This provides the rationale for investigating, if
in wheat -by analogy to barley- the gliadins and LMW glutenins can be
eliminated by transcriptional silencing without affecting the synthesis of
the HMW glutenins.
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An asterisk marks the lysine residue that is diagnostic of a glycosylase/lyase activity, x
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Figure 1 The structure of the barley DEMETER gene (HYDME) compared to the rice gene
(OsDME) and two gene splice variants of the Arabidopsis gene (AtDME). Below are the
amino acid sequences of the conserved endonuclease / FES domain of the three enzymes.
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Is the lys 3a mutation in the barley Demeter gene?

We have used the Plant Transcript Assembly Report TA38047_4513
from the TIGR Database covering 2312 nucleotides corresponding to
DEMETER of Arabidopsis thaliana with 77.47% nucleotide identity and
56.52% coverage to design a forward and reverse primer using primer3
software. Primers TA38047for 5-TGTGCGTCTTTTGACACTCC-3’
and TA38047rev 5-GCTCGTACAATGTCCGTTGA-3" were used to
amplify barley genomic DNA or ¢cDNA. PCR products were visualized
by gel electrophoresis. The primers yielded in a PCR reaction on barley
genomic and cDNA respectively a 342 and 187 nucleotide fragment. The
sequence of the genomic fragment covers introns no. 6 and 7 and adja-
cent domains with a nucleotide coding identity between rice and barley
of 91.6%. The fragment was radioactively labelled and hybridized to the
filters of the cv. Morex six-row barley BAC library. The probe hybridized
to a single BAC clone, which has been subcloned and sequenced as sum-
marized in Fig. 1 (R. Brueggeman, G. Langen, J.Pang, unpubl.). With its
guidance we are sequencing the DEMETER genes of the lys3a mutant
and its mother variety Bomi. A suspected mutation will be verified by
expressing wild type and mutant DEMETER cDNA clones in E.coli
with a His-tag. The resulting proteins will be purified on a Ni**-NTA
column and their activity tested with methylcytosine containing double
stranded oligonucleotides [18]. A mutation affecting the activity of the
DEMETER protein will be recognized by its inability or reduced ability
to excise 5-methylcytosine.

Analysis of promoter methylation/demethylation of genes
encoding wheat prolamins

An analysis of the presence or absence of CpG islands revealed that
the HMW-glutenin genes Glu-A1l-2, Glu-Bli, Glu-1D-1b, Glu-1D-2b,
Glu-1Ax1 and Glu-1Dyl10 contained a CpG island in their promoter
(S.Rustgi, unpublished). Thus the DNA of all six HMW-glutenin genes
in the three genomes of bread wheat are expected to be unmethylated in
the vegetative organs as well as in the developing endosperm and their
transcriptional activity will be retained upon specific silencing of the
wheat DEMETER genes in the developing endosperm. A CpG island was
on the other hand not detected in the promoters of three a-gliadin genes
(Gene Bank Acc. numbers X01130, X02538, X02540) and the LMW-
glutenin gene GluD3-3 (DQ357058) and we expect therefore that the
transcriptional activity of the gliadin and LMW glutenin genes can be
eliminated in the endosperm by silencing the wheat DEMETER genes.

Three genes for wheat 5-methylcytosine DNA deglycosylases
Based on synteny studies with rice, two homologues of the DEMETER
gene were located on wheat chromosomes 3DS (bin 3 FL 0.24-0.55) and
3AS (bin 4 FL 0.45-1.00), respectively. It will have to be determined if
there is also a DEMETER gene in the B genome. Partial sequences of
the Demeter domains in wheat, rice and barley databases have been
aligned and display significant homology (S.Rustgi, unpublished). For
wheat we have a 3’ sequence of 981 nucleotides (pos. 6033-7014) from
a 5-methylcytosine deglycosylase. With a radioactive labelled probe for
this sequence we screened the hexaploid wheat (Triticum aestivum)
BAC library containing 1.3 million clones, representing 7x coverage of
the genome [22] and identified 12 BAC clones containing the targeted
gene(s) (R. Brueggemann, C.G. Kannagara, unpublished). They are
being fingerprinted by digestion with the HindIII restriction enzyme
to identify the unique clones. It is expected that we can sequence and
assemble the three expected genes for the 5-methylcytosine deglycosy-
lases from these BAC clones.

Transient silencing of genes in the developing wheat spike

using the barley stripe mosaic virus (BSMV)

It is likely that the three wheat DEMETER genes will contain identical
DNA sequences in their coding regions and that these will be suitable
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for transcriptional silencing of all three genes, thereby preventing the
synthesis of the gliadins and LMW glutenins encoded in the three
genomes in the developing endosperm. The barley stripe mosaic virus
(BSMV) gene silencing procedure with constructs containing sense and
antisense DNA fragments for phytoene desaturase [23] has been adapted
to inhibit endosperm granule bound starch synthase (encoded by waxy
gene) in the developing caryopses of the wheat spike (H. Pennypaul and
K.S. Gill, unpublished), and thus provides a model for studying silencing
of the DEMETER genes. BMSV is a positive-sense RNA virus with a
tripartite genome consisting of RNAs a, B and y. The three infectious
RNAs are prepared from ¢cDNA clones by in vitro transcription using
T7 DNA-dependent RNA polymerase [24]. The modifications of BSMV
for silencing or overexpression are as follows: The gene for the virus coat
protein in the -genome has been deleted. The y-RNA cDNA clone was
modified to allow insertion of sense or antisense fragments after the stop
codon of its yb gene into a Pacl/Nofl cloning site. As a test, 200 bp frag-
ments of granule bound starch synthase GBSSI and GBSS2 ( Waxy) were
used to inhibit the synthesis of amylose in the developing endosperm.
The infectious RNAs were rubbed on to the flag leaf prior to heading of
the spike and arrived at eight days after fertilization during the devel-
opment of the endosperm. They reduced the synthesis of amylose by
50%. It is intended to insert into the cloning site of the y genome cDNA
fragments of the wheat DNA 5-methylcytosine deglycosylase in sense
or antisense direction and similarly infect the flag leaf. This will allow
the recombinant viral RNA to arrive in the endosperm at 8 DAP, i.e., at
the beginning of the gliadin synthesis and promoter demethylation. We
will evaluate the inhibition of the synthesis of the wheat gliatin genes by
PAGE analysis of endosperm proteins and transcripts by real time RT
PCR and expect to find inhibition of gliadin and LMW glutenin synthe-
sis but not for accumulation of HMW glutenins.

Wheat plants with mutations in the three 5-methylcytosine

DNA deglycosylase genes

The three 5-methylcytosine deglycosylase genes of the three wheat
genomes will have in their introns and/or exons sequence differences that
distinguish them sufficiently to devise homoeolog-specific primers for
TILLING (Targeting Induced Local Lesions in Genomes) of these genes
in hexaploid Express spring wheat and Kronos tetraploid pasta wheat
[25, 26]. In cooperation with Charles P. Moehs, Arcadia Biosciences Inc.
the DNA of M, individuals of these two varieties will be screened with the
specific primers identified for the three 5-methylcytosine deglycosylase
genes. Briefly, the target gene sequences of the mutants will be amplified
by PCR, heat denatured and re-annealed for heteroduplex formation
between mutated and wild-type DNA. Heteroduplexes will be identified
through cleavage with Cell endonuclease and can be visualized in a high
throughput manner by size separation from the full-length PCR product
on a polyacrylamide gel.

The mutants identified will be analyzed for their inhibition of gliadin
and LMW glutenin synthesis. In case the deglycosylase genes of all three
genomes of hexaploid and both genes of tetraploid wheat are actively
transcribed and translated, separate mutants will have to be identified
and combined by crossing. In order to speed propagation and charac-
terization of the TILLED wheat mutants they are multiplied by doubled-
haploid production via induced microspore embryogenesis permitting
the production of ~1500 homozygous plants from a single spike in eight
months [27]. Analyses of protein fractions of the mutants will be carried
out with T-cell proliferation assays using the T-cell clones derived from
celiac lesions [28]. The freeze-dried, proteolyzed endosperm protein
samples will be dissolved in PBS with 2 mM CaCl, and treated with
100pg/ml human recombinant tissue transglutaminase for two hours
at 370°C. The treated endosperm digests will be incubated overnight
in triplicates in U-bottomed 96-well plates with 75,000 cells/well of
DQ2 homozygous, irradiated (75-Gy) Epstein-Barr virus-transformed



B-lymphoblastoid cell lines in a volume of 100 pl of RPMI 1640 medium
containing 10% pooled, heat inactivated human serum. These cell lines
produce the DQ2 leucocyte antigen, to which the prolamin epitopes
bind. After the incubation, 50 pl of freshly thawed T cells (1x10° cells/
ml) will be added to each well. The proliferation of the T cells is evalu-
ated by [3H] thymidine incorporation from 48 to 72 hours after addition
of the T cells.

Alternatively it is intended to inactivate the wheat 5-methylcytosine
deglycosylase genes specifically in the wheat endosperm by silencing
hairpin RNA with a modified pHELLSGATE vector ([29,] Acc. No.
AJ311874). Transformation will be carried out by co-cultivation of
immature zygotic embryos with Agrobacterium [30, 31]. For specificity
of silencing a HMW glutenin promoter and a nuclear localization signal
can be employed.
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Maize Mutant OpaqueZ2 and the Improvement of Protein
Quality Through Conventional and Molecular Approaches
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Abstract

Maize endosperm protein is deficient in two essential amino acids, lysine
and tryptophan. Several spontaneous and induced mutations that affect
amino acid composition in maize have been discovered, amongst which
the opaque2 gene has been used in association with endosperm and
amino acid modifier genes for developing quality protein maize (QPM),
which contains almost double the amount of lysine and tryptophan
compared to normal maize. These increases have been shown to have
dramatic impacts on human and animal nutrition, growth and perform-
ance. A range of hard endosperm QPM germplasm has been developed
at the International Maize and Wheat Improvement Center (CIMMYT)
mostly through conventional breeding approaches to meet the require-
ments of various maize growing regions across the world. Microsatellite
and SNP markers located within the opaque2 gene provide opportuni-
ties for accelerating the pace of QPM conversion programmes through
marker-assisted selection (MAS). Thus, CIMMYT scientists are develop-
ing a package of reliable, easy-to-use markers for endosperm hardness
and free amino acid content in the maize endosperm. Recent techno-
logical developments in molecular biology at CIMMYT such as single
seed-based DNA extraction and low cost, high throughput SNP geno-
typing strategies promise enhanced efficiency and cost-effectiveness of
QPM molecular breeding programmes. Here we present a summary of
QPM research and breeding with respect to the history of conventional
improvement methodologies, genetic and molecular basis of opaque2,
epistasis between opaque2 and other high lysine mutant genes and
recent advances in genomics technologies that could potentially enhance
the efficiency of QPM molecular breeding in future.

Introduction

Maize (Zea mays L.) plays a very important role in human and animal
nutrition worldwide. In the mature maize kernel, two principal com-
ponents, the endosperm and the germ (embryo), contain most of the
kernel protein. Generally, the endosperm accounts for 80-85% and the
embryo accounts for about 8-10% of the total kernel dry weight [1]. The
endosperm may contribute as much as 80% of the total kernel protein.
While the germ protein is superior in quality, the endosperm protein
suffers from poor quality with respect to human and animal nutri-
tional needs. The major drawbacks of maize endosperm protein are i)
its deficiency in two essential amino acids - lysine and tryptophan, ii)
high leucine - isoleucine ratio and iii) low biological value of utilizable
nitrogen. The need to genetically ameliorate the poor nutritional value
of maize has been recognized for a long time and several mutations, both
spontaneous and induced, have been identified that affect the amino
acid composition of maize endosperm. Among them, a spontaneous
mutation of maize with soft, opaque grains, named opaque2 (02), has
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been most intensively studied. Maize homozygous for the recessive 02
allele has substantially higher lysine (>69%) and tryptophan content
compared to normal maize [2].

Maize Protein

Maize endosperm protein is comprised of different fractions. Based on
their solubility, these can be classified into albumins (water-soluble),
globulins (soluble in saline solution), zein or prolamine (soluble in
alcohol) and glutelins (soluble in alkali). In normal maize endosperm,
the average proportions of various fractions of protein are albumins
3%, globulin 3%, zein (prolamine) 60% and glutelin 34%, while the
embryo protein is dominated by albumins (+60%), which are superior
in terms of nutritional quality. The zein in maize endosperm is low in
lysine content (0.1g/100g of protein), which negatively affects growth of
animals [3]. In opaque2 maize, the zein fraction is markedly reduced,
by roughly 50%, with a concomitant increase in the relative amounts
of nutritionally superior fractions such as albumins, globulins and glu-
telins. The endosperm of opaque2 maize contains twice as much lysine
and tryptophan and 30% less leucine than normal maize. The decreased
level of zein (5-27%) in opaque2 maize along with reduced leucine, leads
to more tryptophan for niacin synthesis, helps to combat pellagra and
significantly improves its nutritional quality.

High lysine mutants in maize

Several mutants have been detected that favorably influence maize
endosperm protein quality by elevating levels of two essential amino
acids, lysine and tryptophan. The discovery of opaqueZ2 [2] was followed
by recognition of the biochemical effects of floury2 (12) [4]. Searches for
new mutants continued and resulted in the discovery of several others
such as opaque7 (07) [5], opaque6 (06) (6], floury3 ({I3) [6], mucranate
(Mc) [7] and defective endosperm (De-B30) [8]. Attempts were also
made to find genotypes with high lysine genes that retained a high level
of zein fraction. Two such mutants, opaque7749 and opaque7455 (011)
[9] are particularly interesting as they have markedly higher levels of
lysine as well as a high prolamine fraction. The specific chromosomal
location is known for some of the mutants. For example, the 02 mutant
is located on chromosome 7, fI2 on chromosome 4, 07 on chromosome
10, fI3 on chromosome 8 and de-B30 on chromosome 7. The genetic
action of some of the mutants is also known, for example, 02, 06, 07and
o011 are completely recessive. The two floury mutants are semi-dominant
and exhibit variable expression for kernel opacity and protein quality
depending on the presence of one or more recessives in the triploid
endosperm. The mutant De-B30 is dominant and shows dosage effects
on kernel opacity and zein content [10].

Pleiotropic and secondary effects of opaqueZ and other

high lysine mutants

Genes and gene combinations that bring about drastic alterations in
either plant or kernel characteristics also produce several secondary or
undesirable effects. The low prolamine and high lysine mutants are no



exception. In addition to influencing several biochemical traits, they
adversely affect a whole array of agronomic and kernel characteristics.
The 02 and other mutants adversely affect dry matter accumulation
resulting in lower grain yield due to increased endosperm size. The
kernels dry slowly following physiological maturity of the grain and
have a higher incidence of ear rots. Other changes generally associated
with high lysine mutants include thicker pericarp, larger germ size,
reduced cob weight, increased color intensity in yellow maize grains,
and reduction in kernel weight and density. Thus, despite the nutritional
superiority of opaque2 maize, it did not become popular with farmers
or consumers mainly because of reduced grain yield, chalky and dull
kernel appearance and susceptibility to ear rots and stored grain pests.
Hence, CIMMYT undertook to improve the phenotype of opaque2
kernels to facilitate greater acceptability by developing hard endosperm
grain types with the protein quality of chalky opaqueZ strains. CIMMY T
received financial support, beginning in 1965, from the United Nations
Development Programme and introduced gene modifiers that changed
the soft, starchy endosperm to a vitreous type preferred by farmers and
consumers whilst retaining the elevated levels of lysine and tryptophan.
CIMMYT has subsequently developed a range of hard endosperm
opaque2 genotypes with better protein quality through genetic selection,
which are popularly known as quality protein maize (QPM). Today’s
QPM is essentially interchangeable with normal maize in both cultiva-
tion and agronomic characteristics as well as being competitive in terms
of yield, lodging, disease and pest resistance, and moisture level, while
retaining the superior lysine and tryptophan content. In 2005, QPM was
planted on 695,200 hectares across 24 developing countries.

Conventional breeding approaches to develop QPM
There are various breeding options for developing hard endosperm -
high-lysine maize that is competitive in agronomic performance and
market acceptance, which are based on specific endosperm high lysine
mutants or available donor materials. The past approaches involving
normal maize breeding populations have centered on altering germ-
endosperm ratio, selection for multiple aleurone layers, and recurrent
selection to exploit natural variation for high lysine content. Altering the
germ-endosperm ratio to favor selection of larger germ size will have the
dual advantage of increasing both protein quantity and quality [11] but
it is not practical to attain lysine levels approaching those of opaque2
maize. Besides, increased germ size has the disadvantage of contribut-
ing to poor shelf life of maize. Recurrent selection for high lysine in
normal endosperm breeding populations has been largely unsuccessful
due to the narrow genetic variation and heavy dependence on labora-
tory facilities. Alternatively, high-lysine endosperm mutants provided
two attractive options: i) exploiting double mutants involving 02, and ii)
simultaneous use of the 02 gene with endosperm and amino acid modi-
fier genes. In most instances, double mutant combinations involving o2
and other mutants associated with endosperm quality were not vitreous
[12]. The most successful and rewarding option exploited the combined
use of 02 with associated endosperm and amino acid modifier genes.
Segregation and analysis of kernels with a range of endosperm modi-
fication began at CIMMYT as early as in 1969 by John Lonnquist and
V.L. Asnani. Initial efforts towards development of QPM donor stocks
with good kernel phenotypes, as well as good protein quality, proved to
be highly challenging. Two effective approaches, i.e., intra-population
selection for genetic modifiers in 02 backgrounds exhibiting a higher
frequency of modified o2 kernels and recombination of superior hard
endosperm o2 families, resulted in development of good quality QPM
donor stocks with a high degree of endosperm modification. This was
followed by the large-scale development of QPM germplasm with a
wide range of genetic backgrounds, representing tropical, subtropical
and highland maize germplasm and involving different maturities, grain
color and texture. A summary of characteristics of promising QPM
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genepools and populations developed at CIMMYT is provided in Table
1. An innovative breeding procedure designated as ‘modified backcross
cum recurrent selection’ was designed to enable rapid and efficient con-
version programmes [13]. More recently, pedigree backcrossing schemes
have been used to convert elite QPM lines to maize streak virus (MSV)
resistance for deployment in Africa as well as conversion of elite African
lines to QPM.

Table 1. Characteristics of QPM genepools and populations devel-
oped at CIMMYT (using 02 and associated modifiers) including pro-
tein, tryptophan and lysine contents in the whole grain [12].

QPM Pop/Pool Adaptation Maturity Color Texture Protein Trypto- Lysine in Quality
(%) phanin protein Index
protein (%)
(%)
Population 61 Tropical Early Y  Flint 9.2 0.98 4.2 3.8
Population 62 Tropical Late W Semi-flint 9.9 0.92 € 4.4
Population 63  Tropical Late W Dent 9.1 0.97 4.3 4.3
Population 64  Tropical Late W Dent 9.6 1.00 3.8 4.3
Population 65 Tropical Late Y  Flint 9.2 0.96 4.2 4.4
Population 66 Tropical Late Y Dent 9.3 1.01 4.3 4.3
Population 67 Subtropical Medium W Flint 9.9 1.04 3.9 4.8
Population 68 Subtropical Medium W Dent 9.5 1.01 4.0 4.3
Population 69 Subtropical Medium Y  Flint 10.0 0.98 4.2 4.4
Population 70 Subtropical Medium Y Dent 9.3 1.10 4.3 4.7
Pool 15 QPM  Tropical Early W Flint-Dent 9.1 0.94 4.2 4.6
Pool 17 QPM  Tropical Early Y  Flint 8.9 1.04 4.5 4.5
Pool 18 QPM  Tropical Early Y  Dent €8 0.93 4.0 4.6
Pool 23 QPM  Tropical Late W Flint 9.1 1.03 3.8 4.2
Pool 24 QPM  Tropical Late W Dent 9.4 0.92 3.8 4.0
Pool 25 QPM  Tropical Late Y  Flint 9.8 0.94 4.0 4.0
Pool 26 QPM  Tropical Late Y Dent 9.5 0.90 4.1 4.3
Pool 27 QPM  Subtropical Early W  Flint-Dent 9.5 1.05 4.2 4.8
Pool 29 QPM  Subtropical Early Y  Flint-Dent 9.2 1.06 4.3 4.8
Pool 31 QPM  Subtropical Medium W Flint 10.2 0.96 4.1 4.5
Pool 32 QPM  Subtropical Medium W Dent 8.9 1.04 4.2 4.5
Pool 33 QPM  Subtropical Medium Y  Flint ©).8 1.05 - 4.2
Pool 34 QPM  Subtropical Medium Y  Dent 9.1 1.10 4.1 4.5

A QPM hybrid breeding programme was initiated at CIMMYT in 1985
as the QPM hybrid product has several advantages over open pollinated
QPM cultivars: a) higher yield potential comparable to the best normal
hybrids, b) assured seed purity, ¢) more uniform and stable endosperm
modification, and d) less monitoring of protein quality required during
seed production. Several QPM hybrid combinations were derived and
tested through international trial series at multiple CIMMYT and NARS
locations in Asia, Africa and Latin America. Current QPM breeding
strategies at CIMMYT focus on pedigree breeding, whereby the best
performing inbred lines and open pollinated varieties (OPV) with com-
plementary traits are crossed to establish new segregating families. Both
QPMxQPM and QPM x Normal crosses are made depending upon the
specific requirements of the breeding project. In addition, backcross
conversion is also followed to develop QPM versions of parental lines
of popular hybrid cultivars that are widely grown in CIMMYT’s target
regions. Inbred lines developed through this process are then used in
formation of QPM hybrids and QPM synthetic OPV [14].

Molecular basis of 02 and modifier gene action

The breeding of QPM involves manipulation of three distinct genetic
systems [14, 15]: i) the recessive mutant allele of the 02 gene, ii) the
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endosperm hardness modifier genes, and iii) the amino acid modifiers/
genes influencing free amino acid content in the endosperm. The 02
gene encodes a leucine-zipper class transcription factor that regulates the
expression of zein genes and a gene encoding a ribosomal inactivating
protein [16, 17, 18]. The homozygous recessive allele causes a decrease
of the production of these zeins resulting in a corresponding increase
in non-zein proteins, rich in lysine and tryptophan [19]. Additionally
the recessive allele of the 02 transcription factor also reduces the pro-
duction of the enzyme, lysine keto-glutarate reductase, involved in free
lysine degradation resulting in enhanced free lysine in the endosperm
of opaque2 maize. In the segregating generations, this recessive allele is
selected either visually (identifying mosaic ears on F, harvests) or using
molecular markers. The endosperm hardness modifier genes, which con-
vert the soft/opaque endosperm to a hard/vitreous endosperm without
much loss of protein quality, are selected through a low cost but effective
method of light box screening, where light is projected through the vitre-
ous grains or blocked by the opaque grains. Research at CIMMYT and
elsewhere has demonstrated the quantitative and additive nature of the
endosperm hardness modifying system [12]. Despite the presence of 02
and associated endosperm hardness modifier genes, the lysine and tryp-
tophan levels in segregating families vary widely indicating the existence
of a third set of genes that modify the amino acid content, which neces-
sitates systematic biochemical evaluation of lysine and/or tryptophan
levels in each breeding generation.

Molecular breeding for QPM

The opaque2 gene is recessive and the modifiers are polygenic. Their
introgression into elite inbred lines is not straight forward because of
three major factors: i) each conventional backcross generation needs to
be selfed to identify the opaque2 recessive gene and a minimum of four to
six backcross generations are required to recover satisfactory levels of the
recurrent parent genome, ii) in addition to maintaining the homozygous
opaque2 gene, multiple endosperm modifiers must also be selected, and
iii) rigorous biochemical tests to ensure enhanced lysine and tryptophan
levels in the selected materials in each breeding generation require enor-
mous labor, time and financial resources. Although conventional breeding
procedures have been used to convert commercial lines to QPM forms,
these procedures are tedious and time consuming. Rapid advances in
genomics research and technologies has led to the use of MAS which holds
promise in enhancing selection efficiency and expediting the development
of new cultivars with higher yield potential [20, 21]. While marker-assisted
foreground selection [22, 23] helps in identifying the gene of interest with-
out extensive phenotypic assays, marker-assisted background selection
[24, 25, 26, 27] significantly expedites the rate of genetic gain/recovery of
recurrent parent genome in a backcross breeding programme. With the
development and access to reliable PCR-based allele-specific markers such
as simple sequence repeats (SSRs) and single nucleotide polymorphisms
(SNPs), MAS is becoming an attractive option, particularly for oligogenic
traits such as QPM [28].

A rapid line conversion strategy for QPM has been developed [29],
consisting of a two-generation backcross (BC) programme that employs
foreground selection for the opaque2 gene, in both BC generations,
background selection at non-target loci in the BC, generation, and phe-
notypic selection for kernel modification and other desirable agronomic
traits in two subsequent selfed generations. The rapid line conversion
strategy outlined in this investigation brings together the salient features
of both marker-assisted and phenotypic-based selection approaches
such as fixing the large segregating generation for the target locus (02),
reducing the linkage drag by selection of flanking markers for recipient
allele type, recovering maximum amount of recurrent parent genome
within two BC generations and providing scope for precise phenotypic
selection for desirable agronomic and biochemical traits on a reduced
number of progeny.
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Low-cost marker for 02 and reliable markers for modifier

genes of QPM

SSR markers (umcl1066, phi057 and phil12) located within the opaque2
gene provide an excellent foundation for MAS, but this alone is not
sufficient to bring to bear the full effectiveness of molecular breeding
for QPM genotypes. Each of the microsatellite markers located within
the 02 gene is associated with factors that challenge their routine use
in MAS programmes. umcl066 is easily visualized on agarose gels but
is commonly not polymorphic in CIMMYT breeding populations;
phi057 is difficult to visualize on agarose gels, usually requiring the use
of polyacrylamide gels; phil12is a dominant marker, and hence cannot
be used in the identification of heterozygotes in F,/BC populations.
However, phil12, which is based on a deletion in the promoter region,
has the advantage of being a widely conserved marker, consistent with
the phenotype in QPM germplasm tested. In order to overcome these
difficulties, we have identified functional and more discriminative SNP
markers that could be used in high throughput genotyping systems for
selection of the opaqueZ2 genotype. These SNP markers have been used
in the development of a medium throughput dotblot assay based on a
detection system using hybridization on membranes, although these
markers could also be readily detected using capillary electrophoresis
systems.

Effective markers associated with modifying loci for both endosperm
hardness and amino acid levels need to be identified. Unfortunately, little
is known about the number, chromosomal location and mechanism of
action of these modifier genes. A complex system of genetic control of
these modifier loci with dosage effects, cytoplasmic effects, incomplete
and unstable penetrance in different QPM germplasm creates a major
bottleneck to the accelerated development of QPM germplasm. Using a
limited set of restriction fragment length polymorphism (RFLP) mark-
ers and bulked segregant analysis [30], two chromosomal regions on
the long arm of chromosome 7 that are associated with 02 endosperm
hardness modification were identified. The locus near the centromere is
linked with the gene encoding the 27 kDa gamma zein. More recently,
the analysis of two different QPM genotypes, K0326Y and cm105Mo2
(derived from CIMMYT’s Pool 33 QPM), corroborated the existence of a
common quantitative trait locus (QTL) near the centromere of chromo-
some 7 that appears to have a major effect (30% of the phenotypic vari-
ance) on o2 endosperm modification, in addition to a QTL on 9.04/9.05
[31]. In a specific F, population segregating for kernel vitreousness, these
two loci accounted for 40% of the phenotypic variation and thus may
prove to be strong candidates for MAS for QPM breeding.

Precise information on genes controlling the level of amino acid
modification, especially with respect to lysine and tryptophan, is rela-
tively scarce and studies to date have found several quantitative trait loci
(QTL) on many of the maize chromosomes [32, 33]. The free amino acid
(FAA) content in Oh54502 is 12 times greater than its wild-type coun-
terpart, and three and 10 times greater than in Oh51A02 and W64Ao02,
respectively. QTL mapping involving these materials identified four
significant loci that account for about 46% of the phenotypic variance
for FAA [34]. One locus on the long arm of chromosome 2 is coinci-
dent with genes encoding a monofunctional aspartate kinase 2 (Ask2),
whereas another locus on the short arm of chromosome 3 is linked with
a cytosolic triose phosphate isomerase 4. Subsequent feedback inhibi-
tion analysis has suggested that Ask2 is the candidate gene associated
with the QTL on 2S [35] and that a single amino acid substitution in the
C-terminal region of the Ask2allele of Oh54502 is responsible for altered
basal activity of the enzyme [36]. Using a RIL population from the cross
between B7302 (an 02 conversion of B73) and a QPM line (CML161),
it was possible to identify three QTL for lysine content and six QTL for
tryptophan content, which explained 32.9% and 49.1% of the observed
variation, respectively [37]. Thus a series of molecular markers (Table 2)
for manipulation of different genetic components of QPM is available,



and hence their validation and fine mapping in appropriate breeding
populations should now be carried out in order to establish a single cost
effective MAS assay for molecular breeding of QPM. Concerted research
efforts to quantify the effect of these loci affecting endosperm hardness
and amino acid levels, coupled with marker development and valida-
tion will also accelerate the pace and precision of QPM development
programmes.

Table 2. Molecular markers currently being validated at CIM-
MYT for manipulation of different genetic components of QPM.

Chromosome  Flanking markers LRS* PEV**  Reference

1) opaque2 gene

7S umc1066, phi057, phill2 (lo- [29,38]
cated within the 02 gene)

2) Endosperm harness modification (based on KO326YQPM x W64A02)

1.05-1.06 umcl1076-umc1335 12.8 5 [31]

7.02 umc1978-bnlg1022 (27kDa 75.3) 28 [31]
gamma zein gene)

9.04-9.05 umcl771-umc1231 29.4 12 [31]

10.02 phi063-umc1432 16.7 11 [31]

3) Free amino acid content (FAA)

2L bmc1633-bmc1329 (aspartate kinase2) 14.8 11 [34,36]

2S bmc1537-bmc2248 12.8 10 [331]

3S bmc1904-bmc2136/bmc1452 17.9 15 [33]

7L bmc2328b-phi045 12.6 10 [33]

* LRS is the likelihood ratio statistic that measures the significance of the QTL.
** PEV (percent explained variance) is the percent of total variance explained by the QTL.

Seed DNA-based genotyping and MAS for QPM

Leaf collection from the field, labeling and tracking back to the source
plants after genotyping are rate-limiting steps in leaf DNA-based geno-
typing. Recently, an optimized genotyping method using endosperm
DNA sampled from single maize seeds was developed at CIMMYT
[39], which has the potential to replace leaf DNA-based genotyping
for marker-assisted QPM breeding. This method is suitable for various
types of maize seeds, produces high quality and quantity of DNA and
has minimal effects on subsequent germination and establishment. A
substantial advantage of this approach is that it can be used to select
desirable genotypes before planting, which can bring about dramatic
enhancements in efficiency by planting only the plants containing the 02
gene in recessive form in BC F, generations of Normal x QPM crosses,
and also by minimizing the labor costs and scoring error associated with
light-box screening of a large number of grains for endosperm hardness.
Over several breeding cycles, this is likely to lead to cumulative and
accelerated gains in selection pressure (such as light box screening for
endosperm hardness modification and systematic biochemical evalu-
ation of lysine and/or tryptophan) and improvements in overall QPM
breeding efficiency.

Integrated approaches for improvement of enhanced protein
quality in maize

Research at CIMMYT is currently focused on developing a package of
molecular markers for cost-effective large scale, marker-assisted QPM
breeding programme. We have developed gene-based SNP markers
and a medium throughput, low cost dot blot genotyping assay using
a membrane-based hybridization system for the opaque2 gene. This
system is likely to be especially useful for NARS programmes with
limited lab facilities. In addition, intensive efforts are being made to
develop and validate new as well as existing markers for the endosperm
and amino acid modifier genes across a wide range of populations and
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improved pools. A new breeding programme has recently been initiated
at CIMMYT in collaboration with Guizhou Academy of Agricultural
Sciences, China, to pyramid the 02 with another high lysine mutant,
016, which was selected from Robertson’s Mutator (Mu) stock where the
lysine content in the F, 0202016016 families derived from recombination
of both 02 and 016, was about 30% higher than that of 0202 or 016016
F, families [40]. Using both genes together could lessen the requirement
for phenotypic screening for amino acid content and genetic screening
for amino acid modifiers.

Recent efforts in genetic transformation are focused on developing
a dominant opaque?Z trait in maize. RNA interference (RNAi) technol-
ogy has been used to reduce 22-kDa [41] and 19-kDa alpha zeins [42,
43] using antisense transformation constructs, which result in moder-
ate increases (15-20%) in lysine content. In a recent study, using an
improved double strand RNA (dsRNA) suppression construct, Huang,
et al. [44] reported lysine and tryptophan levels similar to convention-
ally bred QPM genotypes. While the dominant nature of the anti-sense
transgene is a definite advantage compared to recessive allele of 02, the
opaque endosperm still needs to be modified by endosperm modifier
genes whose epistasis with the transgene has not yet been tested. In addi-
tion, social acceptance and legislative concerns regarding genetically
modified crops may prove to be a major bottleneck to their practical
utility and large scale adoption in some developing countries. Efforts are
underway at CIMMYT-Africa to create transgenic events using RNAi
that could potentially enhance lysine and tryptophan to levels similar
to QPM. Identification and improvement of lines with enhanced regen-
erability and transformability is in progress to facilitate RNAi efforts.
Tropical maize lines, CML390, CML442, CML254 and CML492 were
identified for their better regenerability and transformability, while
CML395 was improved for transformation efficiency by crossing to
temperate inbred line A188.

Cost effectiveness of marker assisted QPM breeding programmes
Detailed cost-benefit analysis carried out at CIMMYT [45] with respect
to MAS for QPM (02 gene alone) suggested that the relative cost effec-
tiveness would depend upon specific circumstances. In cases where
segregating materials can be visually inspected or light box screened to
identify 02 containing ears, conventional methods may prove to be more
cost-effective although less accurate, while MAS may be a valuable tool
with certain genetic backgrounds which do not allow easy phenotypic
detection of 02. More recently, four BC,F, populations segregating for
o2 were used to test the error rate of light-box screening and to estimate
the cost of genotyping using a seed DNA-based genotyping method
recently developed at CIMMYT, which makes it possible for MAS to
be carried out before planting. For two populations where the light-box
error rate was over 30%, it is predicted that there is an overall benefit
from using MAS. Effective use of molecular markers for QPM would
be achieved through seed DNA-based genotyping, and use of flanking
markers around the 02 gene to improve the efficiency of backcross selec-
tion. In addition, simultaneous MAS for the o2 gene as well as modifier
genes for amino acid content and endosperm hardness would provide a
much more compelling cost-benefit ratio. This would reduce the need
for phenotypic screening, saving time and screening costs. Moreover,
when MAS is implemented for simultaneous selection of endosperm
modifiers and other multiple traits such as disease resistance and other
quality traits, the added value of MAS will be cumulative in terms of cost
and time efficiency, as well as selective gain.

Conclusion

Biofortification of maize grains is an important area of research for which
opaque2 provides an ideal platform upon which a number of nutrition-
ally important traits such as enhanced iron and zinc content and low
phytate content (for increased bioavailability of nutrients) could be
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combined for multiple benefits. Considering the pace of technological
developments in genome research, a molecular breeding option is likely
to be the leading choice in the future for stacking a range of nutritionally
important specialty traits, especially those governed by recessive genes.
With respect to opaque2, an additional challenge to field implementa-
tion of QPM is its recessive nature [14]. If QPM is pollinated by normal
maize pollen, there may be loss of high protein quality resulting in ero-
sion of the trait in farmer saved seed systems. Though several years of
QPM testing at CIMMY T and elsewhere has proved this apprehension
to be not significantly valid, training on good seed production practices
to the local communities may ensure sustainable higher nutritional ben-
efits of QPM in the long term.
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Abstract

Although sunflower oil is appreciated as a high quality commodity,
new emerging markets and increasing concern about health risks are
demanding changes in oil quality. The optimal quality of oils depends
on their intended use either for food or non-food applications. The fatty
acid composition and the total content and profile of tocopherols have
been the most important traits considered in breeding for oil quality.
Applications demanding a high nutritional value (salad oil) require a
reduction of saturated fatty acids and enhancement of the vitamin E
(alpha-tocopherol) content of the oil. Uses of oils in the food industry
requiring plastic fats (margarines) demand an increased concentration of
saturated fatty acids to avoid hydrogenation. High temperature processes
(frying, biolubricants) need oils highly resistant to thermo-oxidation,
with a high concentration of oleic acid and antioxidants (gamma- and
delta-tocopherol). In sunflower, the utilization of mutagenesis has been
the most successful procedure to generate genetic variability for these
quality components. The mutagenic treatment is usually applied to seeds
to obtain the M, generation and mutants are detected analyzing M, half
seeds, allowing identification of mutants in one year. The most valuable
sunflower oil quality mutants produced have been those with high oleic
acid (>80%), high levels of either palmitic or stearic acid (>25%), low
total saturated fatty acids (<7%) and increased levels of beta- (>65%),
gamma- (>95%), and delta-tocopherol (>45%). The novel traits are, in
all cases, governed by a small number of genes, which facilitate their
management in plant breeding. This induced variation opens up the pos-
sibility of tailoring specialty sunflower oils for specific food and nonfood
applications.

Introduction

Today, sunflower (Helianthus annuus L.) oil is the fourth most impor-
tant vegetable oil in world trade, after soybean, palm, and canola, with
an annual production around nine million tons and cultivated acreage
over 22 million ha [1]. Sunflower oil has been traditionally appreciated
as a high-quality commodity in the world oil market. However, new
emerging markets together with an increasing concern about health
risks of foods are demanding changes in oil quality. The optimal quality
of sunflower oil depends on the intended use of the oil, either for food or
non-food applications. The former include salad and cooking oils as well
as oils for the food industry (margarines, shortenings, etc.). The latter
comprises countless industrial sectors such as biodiesel and lubricants,
surfactants, surface coatings, cosmetics, etc. Consequently, selection for
a broad spectrum of oil types is required to fulfill the present and future
needs of the industry. In general, oil characteristics that are undesirable
for a particular application are required for others. Therefore, breeding
for improved oil quality is a continuous exercise of divergent selection.
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Components of oil quality: Breeding objectives for oil

quality in sunflower

Vegetable oils mainly contain molecules of triacylglycerol (TAG).
Triacylglycerols are glycerol molecules containing one fatty acid esteri-
fied to each of the three hydroxyl groups. The stereochemical positions
of the three fatty acids in the glycerol molecule are designed sn-1, sn-2,
and sn-3 (Fig. 1).

FATTY ACID: CH3-(CH2)n-COOH
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Figure 1 Schematic structure of a triacylglycerol molecule; sn-1, sn-2 and sn-3 refer to the
carbon numbers of the glycerol; sn-2is a chiral center.

In sunflower, triacylglycerols represent more than 95% of the total oil
weight. The remainder are lipid and lipid-soluble compounds, some of
them of great value because of the functional and nutritional proper-
ties they confer to the oil. The fatty acid composition of the oil and the
distribution pattern of the fatty acids within the triacylglycerol molecule
determine the physical, chemical, physiological and nutritional proper-
ties of vegetable oils [2]. Therefore, breeding for oil quality in sunflower
has mainly focused on the modification of the relative amount of fatty
acids that are present in the oil, but in recent years minor compounds
with important nutritional and antioxidant value, especially tocopherols
and phytosterols, have also attracted the attention of sunflower breeders.

Fatty acids differ in their number of carbon atoms and/or number and
position in the carbon chain of double bonds. Depending on the pres-
ence or absence of double bonds in the fatty acid chain, the fatty acids
are divided into saturated, which do not contain double bonds, monoin-
saturated, with one double bond and polyunsaturated, which contain
more than one double bond. For example, 18:1 designates an 18-carbon
monounsaturated fatty acid (oleic acid). The unsaturated fatty acids can
also have two possible configurations, cis or trans, depending on the rel-
ative position of the alkyl groups. Most naturally occurring unsaturated
fatty acids have the cis orientation, although several common industrial
processes such as hydrogenation, generate trans isomers which are con-
sidered to be nutritionally undesirable [3]. The tocopherols are a group
of four lipid-soluble substances with molecular structure comprised of
a chromanol ring and a saturated phytyl side chain (Fig. 2). The four
tocopherols, named alpha-, beta-, gamma-, and delta-tocopherol, differ

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009,177-181



FERNANDEZ-MARTINEZ ET AL

in the number of methyl substituents and the pattern of substitution in
the chromanol ring [4].

Bl
(]

R ¥ Me

Figure 2 Chemical structure of tocopherols. Me=methyl groups. R'=Me; R?=Me: a-tocopherol;
R!=Me; R?=H: B-tocopherol; R'=H; R>=Me: y-tocopherol; R'=H; R?=H: §-tocopherol.

Nutritional and functional properties of the oils are largely deter-
mined by the fatty acid composition of the oil, the distribution pattern of
the fatty acids within the triacylglycerol molecule, and the total content
and composition of natural antioxidants especially tocopherols. The
main fatty acids in sunflower oil and their outstanding properties are
given in Table 1.

Table 1. The major fatty acids in sunflower oil and their outstanding properties.

Trivial Symbol Nutricional properties Physical Oxidative Standard Richest Lowest
name properties  stability content source source
(%) (%) (%)
Palmitic  16:0 Hipercholesterolemic ~ Solid High 6 23 4
Stearic 18:0 Neutral Solid High 5 37 2
Oleic 18:1 Hypocholesterolemic Liquid High 21 94 B
Linoleic  18:22 Hypocholesterolemic  Liquid Low 68 85 2

2 Essential fatty acid that is not synthesized by the hu-
man body and has to be obtained from the diet.

Standard sunflower oil has an average fatty acid composition of 11%
saturated fatty acids (palmitic-16:0- and stearic acid-18:0- ), 20% oleic
acid (18:1), and 69% linoleic acid (18:2), although the ratio linoleic/
oleic acid, which together account for about 90% of the total fatty acids,
is environmentally dependent, with a range of variation from 0.8 to
5.0 depending mainly on the temperature during seed development.
From a nutritional point of view, the effect of fats on cholesterol levels
depends on their fatty acid composition [5]. In general, saturated fatty
acids are regarded as undesirable for human consumption, as they have
a hypercholesterolemic effect, increasing both serum total cholesterol
and low-density lipoproteins (LDL), and therefore the ratio LDL/HDL
(high-density lipoproteins), compared with mono- and polyunsaturated
fatty acids, which act to lower serum cholesterol. The exception is stearic
acid which, in spite of being saturated, does not have any effect on cho-
lesterol levels [6]. Oleic and linoleic acids are hypocholesterolemic but,
although linoleic acid is an essential fatty acid, oleic acid is nowadays
considered as the preferred fatty acid for edible purposes, as it com-
bines a hypocholesterolemic effect [7] and a high oxidative stability [8].
Another parameter playing an important role in lipid nutritional value
is the stereochemical position of the fatty acids in the three positions
of the triacylglycerol molecule, as the absorption rate of the fatty acids
is higher when they are sterified at the central sn-2 TAG position than
when they are at the external sn-1 and sn-3 positions [9]. Thus, vegetable
oils having undesirable saturated fatty acids at the sn-2 position, such as
palm oil or partially hydrogenated fats, are more atherogenic than those
having a similar total saturated fatty acid content but distributed at the
external positions, as is the case of high palmitic acid sunflower [10].

Tocopherols exhibit differential in vivo and in vitro antioxidant activi-
ties. Alpha-tocopherol exerts a maximum in vivo activity, also known
as vitamin E activity, but poor in vitro protection of the extracted oil,
whereas gamma-, delta- and to a lesser extent beta-tocopherol are pow-
erful in vitro antioxidants with low vitamin E value [4]. Applications
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demanding a high nutritional value of the oil (e.g. salad oil) will require
an enhancement of the vitamin E (=alpha-tocopherol) content of the
oil. Other important oil quality components with important nutritional
value, due to their ability to lower total and LDL serum cholesterol in
humans, are phytosterols.

From a technological point of view, key aspects for most applications
are plasticity and resistance to oxidation, particularly at high tempera-
tures. Plastic fats are widely required in the food industry for the produc-
tion of shortenings, margarines, and many specialty products. Because
standard sunflower oil is mainly made up of unsaturated fatty acids, it
is liquid at room temperature. Accordingly, its utilization by the food
industry usually requires a previous chemical hardening to change it to
a solid or semi-solid state, usually conducted by partial hydrogenation.
However, partial hydrogenation also induces cis-trans isomerisation of
fatty acids [3], resulting in the production of trans-fatty acids associated
with heart disease [11]. These uses demand sunflower oils with high
concentration of saturated fatty acids, preferably stearic acid which, as
mentioned above, does not modify the plasma cholesterol content [6].
For high temperature applications and deep frying, oils with a lower
content of polyunsaturated fatty acids are required. Thermo-oxidative
experiments to test oil stability carried out at 180°C for 10-hour moni-
torizing the formation of polar and polymer compounds of different
oils showed that TAG polymerization varied with the type of oil [12].
For example, commodity polyunsuturated oils such as soybean, canola
and standard sunflower oils must be rejected after eight hours at 180°C,
while high-oleic sunflower oil could still be used after 10 hours and the
high-palmitic and high-oleic oil last even longer. This indicates that oils
with a higher content of oleic and palmitic acids are the best for high
temperature applications. Tocopherols could also modify the thermo-
oxidative stability of the oils. Experiments including high-oleic, high-
palmitic sunflower oils containing either a-tocopherol or y-tocopherol
showed that the oil with y-tocopherol had a much better performance at
high temperature, as it produced less than half the polymerised triacylg-
lycerols than the same oil with a-tocopherol [13].

Following the previous description of components of quality, it is clear
that breeding objectives for oil quality in sunflower are multiple depend-
ing on the intended use of the oil. For example, applications demanding
a high nutritional value of the oil (e.g. salad oil) will require a reduction
of saturated fatty acids and enhancement of the vitamin E (=alpha-
tocopherol) content of the oil. Conversely, the use of sunflower oil in
the food industry requiring solid or semi-solid fats (e.g. margarines and
shortenings) will demand an increased concentration of saturated fatty
acids, mostly stearic, in order to avoid hydrogenation. For other food
applications, including high temperature processes (e.g. frying oil indus-
try), sunflower oils with high concentration of oleic acid and the in vitro
antioxidants gamma- and/or delta-tocopherols are much more appro-
priate. For industrial non-food uses requiring high oxidative stability at
high temperatures (biodiesel and biolubricants) high or very high levels
of oleic acid and gamma- and/or delta tocopherols are required.

Sources of variability and screening procedures

Breeding for oil quality requires the availability of sources of variation
for the different quality components and adequate screening techniques
to measure them. Mutagenesis has been used successfully to generate
genetic variability for sunflower seed oil quality traits. One of the most
valuable mutants obtained was the variety “Pervenets;” with oleic acid
content above 75%. It was produced at the All-Union Research Institute
of Oil Crops of the former USSR, after treatment with dimethyl sulfate
(DMS) [14]. Inbred lines have been derived from Pervenets with oleic
acid contents higher than 90% [15]. High and mid oleic acid mutants
were also developed using ethyl methanesulphonate (EMS) treatments
[16]. High levels of stearic acid (>25%) were achieved using the chemi-
cal mutagens EMS and sodium azide (NaN,) [17, 18] and high levels of



palmitic acid were obtained using both physical mutagens (X-rays and
y-rays) [17, 19, 20, 21] and EMS [22]. Alternatively, low levels of satu-
rated fatty acids were also obtained using chemical mutagenesis (EMS
and N-methyl-N-nitrosourea, NMU) [23]. Mutants with increased
levels of gamma-tocopherol (>95%) have been isolated following chemi-
cal mutagenesis with EMS [24]. A detailed list of the induced mutants
with improved oil quality developed in sunflower and mutagens used are
presented in Table 2.

The mutagenic treatment is usually applied to the seeds, which after
treatment are named M, seeds. Mutants can be detected in the M, gen-
eration. In sunflower, both the fatty acid and the tocopherol profile of the

MUTATION BREEDING FOR OIL QUALITY IMPROVEMENT IN SUNFLOWER

seeds are mainly under gametophytic control, i.e. they are governed by
the genotype of the developing embryo. Therefore, mutants are detected
by analyzing M, half-seeds.

Breeding programmes to improve seed oil quality traits require the
development of accurate and fast screening techniques to measure them.
Since fatty acid and the tocopherol profile of the sunflower seed oil are
under gametophytic control, selection for these oil quality traits can be
conducted at the single-seed level. Nondestructive methods to measure
these traits in single seeds have been developed for different oil seed
species. The half-seed technique developed for nondestructive analysis
of the fatty acid composition of single seeds has been adapted to sun-

Table 2. Fatty acid and tocopherol composition of the principal induced mutants of sunflower in comparison with the stand-
ard types. The concentrations of the most altered fatty acids or tocopherols are printed in bold.

Induced mutants and derived lines with altered fatty acid composition

Mutant or line Oil type Fatty acid composition (%) ® Mutagenic treatment Refe rence
16:0 16:1 18:0 18:1 18:2
Standard® Low/medium 18:1 5.7 - 5.8 20.7 64.5
6.5 3.0 40.9 49.6
Low content in saturated fatty acids
LS-1 Low 18:0 5.6 - 4.1 20.2 67.4 NMU (4-8 gkg ) [23]
LS-2 Low 18:0 8.6 sees 2.0 10.8 75.0 NMU (4-8 gkg ) [23]
LP-1 Low 16:0 4.7 - 5.4 23.8 63.7 EMS (4-8 gkg ) [23]
High content in palmitic acid
275HP High 16:0 25.1 6.9 1.7 10.5 55.8 y-rays (1550 R) [19]
CAS-5 High 16:0 25.2 3.7 Sib) 11.4 BENI) X-rays (150Gy) [17]
CAS-12 High 16:0 30.7 7.6 2.1 56.0 SHI X-rays (150Gy) [20]
CAS-37 High 16:0-16:1 29.5 12.3 1.4 5.4 38.7 X-rays (150Gy) [21]
NP-40 High 16:0 23.9 3.4 2.0 20.4 50.7 EMS (70 mM) [22]
High content in stearic acid
CAS-3 High 18:0 5.1 s 26.0 13.8 55.1 EMS (70 mM) [17]
CAS-4 Medium 18:0 5.4 e 11.3 34.6 48.0 NaN, (2-4 mM) [17]
CAS-8 Medium 18:0 5.8 - 9.9 20.4 63.8 NaN, (2-4 mM) [17]
CAS-14 Very high 18:0 8.4 === 3783} 12.4 38.0 NaN, (2-4 mM) [18]
High content in oleic acid
Pervenets High 18:1 - -e- 79.3 14.8 DMS (0.5%) [14]
HO lines? High 18:1 4.9 === 2.9 90.3 1.8 DMS (0.5%) [15]
M-4229 High 18:1 3.4 = 4.1 86.1 39 EMS (0.1%) [16]
M-3067 Mid 18:1 39 -— 5.2 54.6 SE.E) EMS (0.1%) [16]
Induced mutants and derived lines with altered tocopherol composition
Mutant or line Oil type Tocopherol composition (%) Mutagenic treatment Reference
a-T B-T y-T 8T
Standard High a-T 95.0 3.0 2.0 0.0
IAST-1 High y-T 5.0 == 95.0 = EMS (70 mM ) [24]
IAST-540 High y-T 5.0 === 95.0 === EMS (70 mM ) [24]
IAST-4 High & -T 4.0 3.0 34.0 58.0 Recombination® [24]
IAST-5 High B -T 25.0 75.0 s s Recombination® [24]

2 16:0=palmitic acid; 16:1= palmitoleic acid; 18:0=stearic acid; 18:1=oleic acid; 18:2=linoleic acid.

b Data of standard cultivars obtained in cool and warm environments, respectively.
¢ Contains also 4.6% of palmitolinoleic acid (16:2) and 5.8% of asclepic acid (18:1411).
9 Mean of four high oleic acid lines incorporating the Pervenets mutation.

¢ Obtained through recombination between IAST-1 and the natural variant T589, with medium p-tocopherol content.
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flower [25]. It consists of the removal of a small seed portion in the seed
extreme distal to the embryo in such a way that the germination capacity
of the seed is not affected. The excised half seed is used for chemical
analysis, whereas the other half seed containing the embryo can be sown
to produce a viable plant. The half-seed technique has been also used in
sunflower for the nondestructive analysis of tocopherol composition and
total tocopherol content [24].

Selection for seed quality at a single seed level has been facilitated
by the use of near-infrared spectroscopy (NIRS) for analyzing the fatty
acid profile of intact or hulled individual kernels. NIRS is a fast, non-
destructive and cost-effective technique that permits the simultaneous
analysis of multiple constituents in a single measurement. This requires
the previous development of individual calibration equations for every
constituent to transform NIRS spectral data into chemical informa-
tion. However, the application of this technique to sunflower breeding
requires the use of small samples of intact achenes. The feasibility of the
use of NIRS in the analysis of oil quality components has been demon-
strated for the determination oleic and linoleic acid concentration in the
seed oil in intact achenes [26] or for large-scale screening for high stearic
acid concentration in single hulled sunflower seeds [27].

Breeding and genetics

Comprehensive reviews on the genetics of quality traits in sunflower
have been published [28, 29]. In general, the novel fatty acid and toco-
pherol traits obtained by mutagenesis are controlled by the genotype of
the developing embryo and they are in all cases governed by a reduced
number of genes, which considerably facilitates their management in
plant breeding. For example, recessive alleles at three loci (PI, P2, P3)
are involved in the control of high levels of palmitic acid content and
partially-recessive alleles at loci EsI, Es2 and Es3 control high levels of
stearic acid content. Detailed genetic studies showed that some of these
recessive alleles were already present in the original lines and that the
mutagenic treatments only induced a single recessive mutation in the
wild dominant alleles, PI to p1 in the high palmitic mutant CAS-5 and
Esl to esl in the high stearic mutant CAS-3 [28]. The high oleic acid
content is controlled by one principal gene Ol and several modifier
genes. Similarly, two unlinked genes, TphI and Tph2, control altered
tocopherol composition. Moreover, in recent years molecular markers
have been developed for some of the traits, for example for high stearic
and high oleic acid contents [30], or high beta- and gamma-tocopherol
contents [31, 32]. The use of these molecular markers will contribute to
improving breeding efficiency.

Concluding remarks

A tremendous range of variation for the main components of sunflower
oil quality, the relative concentration of all the individual fatty acids
and tocopherols present in sunflower seeds, has been obtained through
mutagenesis. In contrast to other oilseed crops, this variation has been
much higher than that obtained from naturally occurring variation. This
progress has been made possible by the combination of chemical and
physical mutagenesis and advances in analytical techniques which allow
very rapid, cheap, reliable, and nondestructive analyses of fatty acid
and tocopherols at a single-seed level. Mutants with high, intermedi-
ate and low levels of saturated fatty acids, mid and high levels of oleic
acid, as well as high levels of beta-, gamma-, and delta-tocopherol have
been developed providing more variability for fatty acid and tocopherol
profiles in sunflower oil than in any other oilseed crop. For example,
sunflower oil with low saturates and very high oleic acid, has the high-
est oleic acid levels (>92%) of any vegetable oil currently in the market.
The novel fatty acids and tocopherol traits have a high environmental
stability and they are in all cases governed by a small number of genes.
Therefore, they can be easily managed in breeding programmes aimed
at developing cultivars incorporating these traits. Moreover, progress
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has been made over the last few years in the development of molecular
markers for some of the modified oil quality traits, which will contribute
to improve breeding efficiency, especially for those traits controlled by
recessive genes or those more affected by the environment. The combi-
nation of several quality traits in a single phenotype will enable tailoring
specialty oils providing essentially “new oilseed crops” for specific uses
in the food and non-food industry, thus guaranteeing a promising future
to sunflower in the global world market. In addition to the two sunflower
oils currently available, the standard low oleic and the high-oleic acid
oil (the first variant obtained by mutagenesis), new sunflower oils with
modified tocopherols and fatty acid composition, developed through
combination of the available mutants are foreseeable in the next few
years. Some relevant examples are:

o Low saturated oils, both in standard and high oleic acid back-

grounds and rich in vitamin E, suitable for salads and cooking.

« High stearic acid oils, in standard and high oleic acid backgrounds
and rich in vitamin E, suitable for the production of more healthy
margarines.

Mid and high oleic acid oils combined with high content of in vitro

antioxidants (gamma- and delta-tocopherol) usable for biodiesel

and other applications requiring high temperature processes (deep

frying, biodegradable lubricants).

» High palmitic acids oils in high oleic background and rich in
gamma or delta tocopherols as an alternative for high temperature
processes.
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The Multiple Uses of Barley Endosperm Mutants in
Plant Breeding for Quality and for Revealing Functional-
ity in Nutrition and Food Technology

L Munck’ & B Moller Jespersen

Abstract

This paper describes, with examples, how biochemical seed mutations
can be used not only to improve quality in cereals, but also to under-
stand functionality in nutrition and in food processing, and even to
provide an overview of gene expression for improved genetic theory.
A high lysine barley mutant Risg 1508 (Iys3.a) cross breeding material
developed at Carlsberg between 1973 and 1988 is used to demonstrate
how Near Infrared Reflectance (NIR) spectra evaluated by a Principal
Component analysis (PCA) score plot can visualize an improved chemi-
cal composition resulting from an altered genotype. By introducing high
lysine Iys3.a recombinants with increased starch and yield to pig feeding,
protein concentration in the feed, nitrogen load on the animal and, also,
importantly nitrogen load on environment could be reduced by 15-20%
without compromising meat production. The decreased nitrogen load
on the animal spares the energy that is necessary to catabolize the sur-
plus of non-essential amino acids. The lower carbohydrate content and
lower energy digestibility in the improved Iys3.alines is likely to be com-
pensated by a more efficient metabolism of the protein. Thus, the high
lysine mutants are contributing to the understanding of animal physi-
ology. Similarly, the technological importance of slender cell walls and
low $3-glucan was elucidated using mutant M-737 from Carlsberg, which
accelerated malt modification to spare one to two days. The vast major-
ity of scientists are traditionally rather pessimistic about the possibility
of repairing the negative pleiotropic effects of mutations by engaging in
the hard and time-consuming work of cross breeding. An open holistic
exploratory strategy is necessary in order to evaluate the great complex-
ity of the pleiotropic effects of a mutant gene that can not be forecasted
by prior scientific knowledge. This is now possible by exploiting NIR
Spectroscopy as a coarse overview of the phenotype (Phenome) on the
level of chemical bonds.
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Figure 1 Selection of high lysine (squares)
and normal (black dots) recombinants from
a cross between Hiproly x normal barley
from the dyebinding/Kjeldahl protein plot
(Munck, 1972).

Figure 2 Visualising the result of 15 years
of breeding at Carlsberg for improved
seed quality, starch content and yield in
Risg 1508 (lys3.a mutant). (A) Original
M-1508 mutant. (B) Improved high-lysine
recombinant Ca239913. (C) Normal con-
trol (Munck, 1988).
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Introduction

This paper focuses on what can be learnt, both practically and theoreti-
cally, from the intense research on cereal-seed mutants conducted in the
1960’ through the 1980’s sponsored by the IAEA/FAO. In the 1960’
there was major concern regarding the low nutritional quality of cereal
protein as a food to children, where lysine was the limiting amino acid.
In 1964 a dye-binding capacity (DBC) screening method (Fig. 1) was
developed to assay basic amino acids (lysine), which was used in 1966
to identify the first high lysine gene in an Ethiopian cultivar, later called
“Hiproly;” from the world barley collection (CI3947) [1]. Hans Doll and
his group at the Rise National Nuclear Laboratory in Denmark used the
DBC method extensively in the 1970’ to isolate about 25 barley mutants
with moderate-to-high lysine content in their protein. These were all
more or less depleted in starch and had lower yields and seed quality
than their mother variety [2]. The most radical mutant was Rise 1508 in
Bomi (gene Iys3.a), which had a 45% increase in lysine and a biological
value near to milk proteins. A pig trial conducted by H.P. Mortensen and
A. Madsen at the Royal Veterinary and Agricultural University (KVL)
using Rise 1508 recorded an 84% increase in growth over three months
(Fig. 3), reducing the barley consumed to obtain a 90 kg slaughter weight
from 538 kg for normal barley to 209 kg for the Risg 1508 mutant. The
experiment was made without protein additives.

Mutant 1008 Carkr Hermnat contod

three month pigs

Figure 3 Functionality of improved protein by essential amino acids (lysine) demonstrated
in a pig feeding trial with the Risg M-1508 (lys 3.a) mutant and a normal control without
protein supplement. Mortensen and Madsen, 1988. See Table 3.

In 1973, the senior author started a programme at the Carlsberg
Research Laboratory to induce mutants in barley with reduced extract
viscosity (8-glucan) and to breed for a genetic background for the lys3a
gene that could improve seed quality (Fig. 2), starch content and yield.
This was successful (Fig. 3, Table 1, [3]). However, while protein (soy
bean meal) was imported to the EU at world market prices, starch
obtained a higher market price through earlier EU subventions on cere-
als. Starch was three to six absolute percent lower in high-lysine barley.
This was one of the reasons why the high protein-lysine mutant is today
almost forgotten. However, the current rapidly rising food prices may
introduce new world market priorities that support improved cereal
protein in barley, maize and sorghum.

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009, 182-186



Table 1. Agronomic characters of high-lysine lys3.a breeding lines, mutant
1508 (lys3a) and Bomi in relation to national barley reference
(from Bang-Olsen, et al., 1991[3]).

Yield 1000

KW g

Chemical composi-
tion d.m. 1989

1988* 1989* 19901 1990 Il 1988 Protein Lysine Starch Fat
% g/llégN % %

Reference Yield® (58) (790 (59) (67) (51)
Relative Yield (HKg ha') 100 100 100 100

Variety
Bomi 101 102 91 98 52 114 3.6 5 23
R-1508 89 83 81 84 46 129 5.2 54 3.0

Ca429202 (Carla cross) 101 93 96 103 42 10.8 5.6 56 29
Cab33601 (Alis cross) = 102 105 110 43 11.1 5.6 55 3.0

Developing efficient screening tools for simple and

complex quality variables

In the IAEA/FAO research programme from 1968 to 1982, there was a
considerable effort to develop and test new screening tools for specific
chemical variables of nutritional importance [4]. This also included
the physical option of Near Infrared Reflection Spectroscopy (NIR)
combined with multivariate data analysis (chemometrics) that was
introduced for quality control in the cereal industry, including Carlsberg
Breweries, in the mid-1970’s and was further developed by our group
in Spectroscopy and Chemometrics at the Life Science Faculty of the
University of Copenhagen from 1991 [5, 6]. In the remainder of this arti-
cle, we will use data on the mutant ys3.a cross breeding material devel-
oped at Carlsberg in 1973-1988 to demonstrate how NIR spectroscopy
evaluated by Principal Component Analysis (PCA) can visualize changes

MUNCK & M@LLER JESPERSEN

in seed composition, such as starch content, resulting from genetic
improvement. We will also demonstrate how the calcofluor screening
method for malt modification and a flotation method for kernel density
can be used to test gene expression in a slender endosperm cell wall/low
3-glucan mutant developed at Carlsberg by Sten Aastrup [7].

“Data Breeding” for complex quality traits: Using NIR spectros-
copy data and a PCA score plot to select improved segregants

In Table 2 [6] the chemical composition of 15 genotypes from the
Carlsberg Iys3.a material is presented. The original mutants (Group
4) have lower starch content (48.7%) than normal barley (54.6%). The
improved Iys3a breeding lines (Group 1) and unselected Iys3.a recom-
binants (Groups 2 and 3) are intermediate in starch content. A low amide
to protein A/P index (Table 2) is indicative for high lysine. Comparing
NIR spectra in the short wavelength area interval 2260-2380 nm it is
seen that the spectral patterns for the normal control Triumph and the
original lys3.a mutant are quite different, with a plateau for Triumph
at 2290 nm (marked 1) compared to a slope for Iys3.a. The latter has
a characteristic peak at 2347 nm (marked 2), assigned to fat, that is
increased by 55%. The improved semi-commercial [ys3.a lines, Lysimax
and Lysiba, are approaching the normal (Triumph) spectral pattern with
regard to the plateau and peak marked 1 and 2.

The differences in patterns of whole log 1/R multiple scattered cor-
rected NIR spectra (400-2500 nm) of the 15 genotypes are represented as
distances in a PCA scoreplot (Fig. 4B). It is seen that the improved Iys3a
genotypes with increased starch Lysiba (52.2%) and Lysimax (52.9%) are
moved from the position above to the right of the original Jys3.a mutant
(starch 48.5%) towards the position of the normal barley Triumph
(starch 58.5%) down to the left. The PCA biplot of chemical data (Table
2) in Fig. 4C confirms the pattern of the corresponding spectral PCA
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Figure 4 (A) Comparison of the MSC NIR area 2260-2380 nm for samples of Triumph, mutant lys3a and high lysine recombinant lines Lysiba and Lysimax. Numbers are referred to in the
text. (B) PCA score plot of NIR (MSC) spectra from normal barley (Bomi, Minerva, Triumph), mutants (/ys3.a, lys3.m) as well as high lysine recombinant lines (0502, 0505, 0531, 0538,
0556, Lysiba, Lysimax). (C) PCA biplot of chemical data (protein, B-glucan, amide, A/P, starch) at the same material. (D) PLSR prediction plot of starch (y) by NIR measurements (x).
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scoreplot (Fig. 4B). NIR spectra indicate patterns of chemical bonds that
may be identified from the literature. In the chemical PCA biplot in Fig.
4C the variable “starch” is positioned near Triumph, indicating a high
level of starch in this cultivar. The move in both PCA s (Fig. 4B, 4C) of
the Lysiba and Lysimax genotypes from the position of the original low
starch Iys3.a mutant towards the high-starch variety Triumph indicates
a clear improvement in starch content.

The NIR and chemical data sets are combined in the Partial Least
Squares Regression (PLSR) starch prediction plot in Fig. 4D. This is, in
principle, how NIR and NIT spectroscopy are utilized today by plant
breeders for chemical prediction, using large calibration sets from the
instrument manufacturers to obtain precision when dealing with many
varieties and environments. It is possible empirically, and without elabo-
rate calibration by comparison to a high-quality genotype control, to
select for the whole expression of physical and chemical attributes at the
spectral level in a cross-breeding programme by “data breeding” [5, 6].

A complex quality trait such as starch and nutritional value (described
here) or malt and baking quality [5, 6] can be represented as a whole
spectral pattern by NIR and NIT spectroscopy. This can be done without
chemical analysis, except for the confirmation and evaluation of the final
varieties. It is clear that NIR and NIT spectroscopy combined with PCA
and PLSR data analysis (chemometrics) is a revolution in cost-effective
breeding for quality in all cereals [5].

Table 2. Average and standard deviation of chemical data for five chemical groups [6]

Normal (n=6) Group 1 Group 2 Group 3 Group 4
Protein (P) 11.3+0.4 11.7+0.1 11.7+0.1 12.6+£0.2  12.5+0.2
Amide (A) 0.28+0.03  0.21+0.007 0.21+0.007 0.22+0.02 0.23
AP 15.5+0.9 11.0+0.3 10.9+0.4 10.7+0.8 11.4
Starch (S) 54.6+2.5 52.6+0.5 50.0+0.1 49.4+1.5 48.7+0.2
B-glucan (BG) 4.7+1.1 3.1+0.1 3.1+0.1 3.1+0.3 2.8+0.5
Rest (100-P+S_BG) 29.5+1.8 32.7+0.5 35.3+0.3 34.9+1.8 36.1+0.5

Group 1l=Lysiba, Lysimax; Group 2=502, 556; Group 3=505,531,538; Group 4=lys3a, lys3m

The impact of barley seed mutants on defining

functionality in nutrition.

It is often forgotten that the introduction of, for example, a high lysine
mutant for practical use in the agricultural and feed industries can be
looked upon as a question to nature that could lead to surprising revela-
tions. One such surprise was when we found by NIR spectroscopy [8
and TAEA-CN-167-300 these proceedings] that the three minor lysine
mutants Risg 13, 16 and 29 (and three others) contained a {3-glucan con-
tent of up to 20% dry matter (d.m.). They had previously been identified
as structural mutants for ADP-glucose phosporylation and transport
in starch synthesis. Obviously they inherited a surprisingly pleiotropic
effect with regard to 3-glucan production that compensated largely for
the decrease in starch. Because $3-glucan, as a dietary fiber, does not con-
tribute to metabolic energy, there is no interest in feeding monogastric
animals high-8-glucan/low-starch mutants. However, the high fiber and
low caloric content (down to a 50% reduction) in these mutants made
them attractive as a source of human food with the potential to reduce
cholesterol [8].

Table 3. Feed trial with Piggy high lysine barley [10].

Pro- Lysine Fat% Carb.* N Nitrogen Metabolizable
tein% g/16gN digest% retention energy MJ/kg DM
Lami 13.2 3.64 3.3 62.7 72 22 14.1
Piggy  14.0 5.50 5.5 7.7/ 69 Sh) 14.0

* Carb. = starch + sugars
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The original Rise 1508 Iys3.a mutant has a reduced £3-glucan content
of about 2-4% (compared to 4-6% in normal barley). Nevertheless, Riso
1508 has a 5% absolute decrease in starch and a 2% decrease in digestible
energy that should reduce metabolisable energy. The decrease in starch
is energy-wise partly counterbalanced by an increase in fat from approx.
2 to 3.5%. Early on in our breeding work with Iys3.a, we gave a rather
pessimistic account on the economic value of the Risg 1508 mutant at
the 4th IGBS meeting in Edinburgh in 1981 (Bach Knudsen and Munck
[9]). This was because the low energy digestibility of -2 to -4% (in spite
of increased fat) that was published in the literature for the Riso 1508
mutant for rats and pigs. Our view was also influenced by the overrating
of cereals by EU subventions at the time, favoring available carbohydrates
(starch) at the expense of a nutritionally balanced protein. Increasing
starch content through the Iys3a breeding programme at Carlsberg (see
Bang Olsen, Stilling and Munck 1991, Table 1 [3]) and the pig feeding
trials that are reported in the following section changed our view.

The mutant lines were instrumental in understanding the functional-
ity of amino acid energy relation ships in feeding trials with pigs using
the original Rise 1508 mutant (Fig. 2) and with the starch improved
lys3.a variety Piggy (Table 3). Pig trials were undertaken between
1984 and 1989 by H.P. Mortensen and A. Madsen at KVL and by B.O.
Eggum at Foulum. The results were summarized in English in 1992
[10]. A pig trial with the Piggy Iys3.a recombinant and a normal feed
barley Lami was made without protein supplementation (Table 3). The
barley field trial was performed with late nitrogen fertilizer addition to
increase protein content from about 11% to 14.0% and 13.2% for Piggy
and Lami, respectively. This reduced yield and increased the difference
in carbohydrates (starch + sugars) between the two barleys to 5% in
absolute terms. Protein (N) digestibility was reduced by 3% and energy
digestibility by 2% confirming rat trials [10]. It was surprising, however,
that the metabolizable energy of Piggy was only 0.1% less than the Lami
control (Table 3). The explanation was obtained in a parallel soy bean
meal supplementation trial by Mortensen and Madsen [10] employing
the same barley samples as in Table 3, which was more suitable from a
pig production point of view.

Soybean meal could, in restrictive feeding, be reduced from 40.9 kilos
per pig down to 25.9 kilos and, in ad libitum feeding, from 47.3 to 14.3
kilos with only minor changes in live weight and meat percentage, when
supplemented by Piggy barley. The barley consumption was increased
by 20.8 and 33.7 kilos respectively. Piggy barley could support adequate
growth in pigs from 50 to 90 kilo live weight. It was realized by B.O.
Eggum of the Danish Agricultural Research, Foulum, that the soy-bean
meal sparing effect of high lysine Iys3.a Piggy barley could reduce nitro-
gen pollution in pig lots by 15-20%. This is a considerable amount in
Denmark, which produces about 25 million pigs annually. The expla-
nation is that both soybean and barley meal contain large amounts of
non- essential amino acids such as glutamine and proline that only can
be utilized if adequate amounts of essential amino acids such as lysine,
methionine and threonine are available. By introducing the improved
Piggy Iys3.a mutant into pig feeding, the protein concentration in the
feed and protein (N) load on the animal could be reduced by 15-20%
without compromising meat production. The decreased nitrogen (N)
load on the animal spares the energy that is necessary to catabolize the
surplus of non-essential amino acids through the liver and the kidneys.
The 5% less carbohydrates and 2% less energy digestibility in Piggy
measured in fecal trials is thus likely to be compensated by more efficient
energy metabolization of the protein. We may conclude that high lysine
barley mutant development has contributed to a deeper understanding
of animal physiology of practical significance, both nutritionally and
environmentally. It is remarkable that the scientific society that focused
on protein nutrition in the 1960’ identified the same mutant in the
1990’s as a gene contributing to reduced nitrogen pollution by pigs.



Using barley mutants to test functionality in malting and brewing
Genetically and chemically defined mutants are not only able to contrib-
ute to the quality of raw materials but can also be used to define more
precisely the functionality of a quality trait in an industrial process and
provide an insight to gene expression in the seed. At Carlsberg in the
1980’s, a screening analysis for percent malt modification was developed
by staining cell walls (f3-glucan) using the fluorescent dye calcofluor
[7]. The malt modification analysis by enzymatic breakdown of barley
endosperm cell walls is shown in Fig. 5A. Aastrup [7] screened barley
for low viscosity (f3-glucan) acid extracts to search for azid mutants.
3-glucan negatively influences wort and beer filtration. A low 3-glucan
mutant M-737 from the parent variety Minerva was isolated in which
3-glucan was reduced from 5.9 to 2.7%. There was a resulting reduction
in endosperm cell wall thickness by two thirds (Fig. 5B). The M-737
mutant increased the speed of malt modification by one to two days
because of less modification resistance of the cell walls during enzymatic
breakdown during malting (Fig. 5C). It was also found that the mutant
gene had a pleitropic effect on density (softness) of the seeds (Fig. 5D)
that could contribute to the increase in malt modification. Because of
lower yield the M-737 mutant, it was not exploited for malting. However,
it was of fundamental importance to understanding the connection
between the raw material and the malting process, as well as to elucidat-
ing how important physico-chemical traits were connected by pleiotropy
in gene expression. There is a similar story with the proanthocyanidine-
free barley mutants developed at Carlsberg by Diter von Wettstein and
Barbro Strid, which finally verified the cause of haze in beer [11]. But the
latter mutants are now also of commercial importance.
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Figure 5 Functionality in barley malting studied by the low B-glucan, slender cell wall azid
mutant Carlsberg M-737 in Minerva reveals faster malt modification and softer, less dense
seeds (Aastrup and Munck, 1985). (A) Malt modification by break down of cell walls in
the barley endosperm visualized by the fluorescent dye calcofluor. (B) Scanning electron
micrograph of endosperm cell walls. left Minerva (cell wall thickness 1.6 p; B-glucan 5.9%
d.m.), right M-737 ( cell wall thickness 0.5 y; B-glucan 2.7% d.m). (C) Malt modification%
(y) with time (x) for M-737 and the parent variety Minerva analyzed by calcofluor. (D)
Density grading with flotation for seeds of Triumph, Minerva and M-737.

The future exploitation of cereal endosperm mutants

The classic work on morphological barley mutations at the University
of Lund and at the Swedish Seed Association in Svalof that was started
by H. Nilsson Ehle and A. Gustafson in the 1930’s was reviewed by A.
Gustafsson [12] and U. Lundqvist [13] at the 100 Years Jubilee of the
Svalof Institution in 1986. This genetic material is now preserved by
the Nordic Genetic Research Center at Alnarp, Sweden, supplemented
by the biochemical barley endosperm mutants obtained at Svalof, Riso
and Carlsberg from the 1960’s to the 1980%. It is generally recognized
that new gene mutations most often give negative pleiotropic effects
on yield. It is rare that the mutants can be commercialized directly, as
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were the erectoides “Pallas” and the early mutant “Mari” introduced by
Gustafsson, and by a few of the proanthocyanidine mutants used for
malting and brewing discussed by von Wettstein [14]. He also referred
to the original valuable mlo-o powdery mildew mutation first isolated
by Freisleben and Lein in 1942. Only after 45 years of intense recom-
bination breeding could the pleiotropic leaf necrosis problem that lead
to deceased yield be solved, and the advantage of the broad and stable
resistance be fully exploited. It seems that the majority of scientists are
rather pessimistic about the possibility to repair negative pleiotropic
effects. They are searching for new genes instead of undertaking the
hard work of exploiting the great flexibility of nature to find “a happy
home” (gene background) for the mutant by crossbreeding. It seems that
only two such successful projects in breeding high lysine varieties with
improved yield and seed quality have been fulfilled since 1968: one at
CIMMYT for maize [15] and the other at Carlsberg [3, 10] for barley. As
was further discussed by us in these proceedings (IAEA-CN-167-300),
an open holistic exploratory strategy is necessary in order to evaluate the
great complexity of the pleiotropic effects of a mutant gene that can not
be forecasted by limited prior scientific knowledge. A coarse overview of
the phenotype (Phenome) is now possible by exploiting Near Infrared
Spectroscopy [5].
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Creation and Evaluation of Induced Mutants and
Valuable Tools for Pepper Breeding Programmes

N Tomlekova®’, V Todorova!, V Petkova', S Yancheva?, V Nikolova!, I Panchev’ & E Penchev*

Abstract

Advances in plant molecular biology and screening techniques, inte-
grated with mutation technologies, have allowed for study and better uti-
lization of mutant lines. Application of physical and chemical mutagens
in pepper breeding programmes has created mutants with applied value
- increased B-carotene levels in fruit, male sterility, lack of anthocyanins,
determinate habit, altered fruit shape and changes in fruit position.
Recombinant inbred lines (RILs) have been developed and different
mutant genes combined in the same genotypes. Mutants demonstrating
potential for increased P-carotene levels were selected and exploited as
parents for the development of hybrids. Dramatic increases in -carotene
content were found in some of these F  hybrids. Results obtained from
cytological, biochemical and physiological studies of carotenoid levels,
B-carotene hydroxylase activity and chlorophylls, together with observa-
tions of the phenotypes of plants and fruits suggested that several mutant
lines could be exploited in breeding programmes. Molecular studies
allowed us to establish a marker for orange fruit colour useful for MAS.

Introduction

The market justifies the breeding of new cultivars combining high-yield,
attractive fruit and high nutritional value. Bulgaria has a leading posi-
tion in the development of pepper cultivars with improved quality and
agronomic characters. Increasing biodiversity by conventional breeding
methods has been a difficult and long process. Until recently, pepper
improvement programmes were based mainly on utilizing natural sources
of germplasm and cross breeding, male sterility and heterosis effects. The
breeding of important agricultural characters (yield, resistance to pests
and diseases, etc.) have to be performed in parallel with breeding for
nutritional value. Our breeding strategy aimed at increasing carotenoid
levels, and was also directed towards the selection of other traits, such as
productivity, male sterility, plant habit, fruit size and shape, and lack of
anthocyanins. Modern techniques for plant characterization, particularly
those of molecular biology, were integrated with conventional methods to
generate and characterize useful induced mutations [1, 2, 3]. The purpose
of this study was the creation and evaluation of valuable pepper mutants
through appropriate methods for crop genetic improvement.

Materials and Methods
Investigations were carried out in 2002-2008 at the Maritsa Vegetable
Crops Research Institute, Plovdiv, Bulgaria, with Capsicum annuum
L. sweet pepper cultivars (cv.) and breeding lines (bl) for fresh
consumption.

Mutants (M) obtained by Tomlekova and colleagues [4] after Ethyl
methansulphonate (EMS) and Co® Gamma-ray treatment of wild-type
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(WT) cv. Hebar were identified by observation of phenotypic alterations.
Anthocyanin-free plants were observed at the seedling stage and their
phenotype has been further screened.

Physical treatments (120Gy X-rays) on dry seeds of red-fruited (rf)
local cv. Pazardzhishka kapiya 794 led to obtaining of a mutant (of, M),
with orange-coloured mature fruit [5], and a cv. Oranzheva kapiya was
developed by Daskalov and colleagues [6].

Mutants lacking anthocyanins (al) were obtained following gamma
irradiation of cv. Zlaten medal 7. Mal plants with early and high yield,
more attractive fruit and better flavor, were developed in cv. Albena by
Daskalov [7]. After the incorporation of the mutant character orange
fruit color (of) into genotypes bearing the al mutation a series of recom-
binant inbred lines (RILs; genotypes 32, 33, 34, 35, 36) were developed
(Mt [5, 9]. Near isogenic lines (NILscolournge) were advanced to
M12-15 and used for crosses with the corresponding WT, to produce
WTxM and MxM F, hybrids. Mutant genes introduced into elite pepper
Mef material were studied for their influence on p-carotene content in
mature fruit.

Male sterile mutant Zlaten medal ms8 (28) (M™#) had been obtained
by the application of 120Gy Ro-rays to the fertile (f) local cv. Zlaten
medal 7 (WT) [8, 10, 15]. The bl. 28™* and 30M>**" were crossed by us
to combine of, al, and ms8. The type of segregation (fertile (f): sterile (s)
plants) was defined in 124 F, plants. These plants were obtained from
seeds produced from different isolated fruits and plants of the same cross.
Pollen fertility or lack of pollen in anthers in the blossoming period was
assayed in 4% acetocarmine and glycerol (1:1) and microsporogenesis by
squashing anthers in 4% acetocarmine.

Fruits from 20 individual plants of each genotype listed in Table 1 at
the same stage of botanical maturity were used for biochemical analyses
of P-carotene content using column chromatographic absorption [11].
A three-year biochemical selection of bl. toward stable p-carotene levels
was conducted.

Photosynthetic pigments, chlorophylls (Chl), and total carotenoids in
fruit were also analyzed at botanical maturity, by the method of Wettstein
[12]. Analysis of the inheritance of 3-carotene content in fruit was done
according to Genchey, et al. [13].

The B-carotene hydroxylase (CrtZ) activity was analyzed in crude
extracts of green and mature lyophilized fruit of one WT and two M
lines, especially searching for differences in -carotene levels by detec-
tion of the conversion of 3-carotene (orange pigment) to f-cryptoxanthin
(yellow xanthophylls). Molecular characterization of the genes encoding
two hydroxylases CrtZand CrtZ-2 was conducted. Genomic DNA from
M°f and WT" was isolated using CTAB protocol, and used for gene-
specific PCR according to FAO/TAEA protocols [14].

Results and Discussion
The population raised from M, seeds from WT cv. Hebar treated with
EMS and Co® irradiation presented several morphological changes in
the M, generations (Fig. 1).

Phenotypes were screened in M, plants and mutant characters selected
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as valuable were fixed in further generations. A mutant with determinate
habit was selected and maintained.

Selected M plants included genotypes lacking anthocyanins, those
with erected fruit, erected fruit in a bunch and altered fruit shape.
Confirmation of these traits was performed until the M, generations for
further development of advanced mutant lines.

Control plass of ov. Heba

/2O

Andaocyman-fiv negase ke

Altemd frud chape

Figure 1 Induced pepper mutants in the M, generations following EMS treatment and Co®®
irradiation.

The cytological results (Fig. 2 a, b, ¢) undertaken on the F, segregating
progeny (28x30) showed that the average ratio of fertile: sterile plants
was 4.24:1, which is close to the expected 3:1 ratio. The expression of
the mutant gene ms8 was stable and no pollen formation in the anthers
of the studied sterile plants in both - the mother line 28 and the sterile
F, plants was observed, which is consistent with previous investigations
[8]. The anthers were deformed and without pollen grains. Results of
the meiotic analysis in pollen mother cells of sterile plants from line 28
revealed that lethality of the cells occurred after second telophase, by
blocked cytokinesis and tetrad formation in the ms ms, plants was not
observed.

e

Figure 2 Anthers of F, plants: fertile (a) with pollen grains (b) and sterile (c).

The biochemical data obtained in 2005 of the orange-fruited mutants
demonstrated that the P-carotene content was genotype-dependant
(Table 1). Comparative analyses between the groups of M*f and WT*
revealed much higher accumulation of B-carotene in the orange-fruited
(of) lines. All M had higher B-carotene content (12.57 to 19.58 mg/100
g fresh matter (fn)) than the WT (bl. 28, 31), which had red fruit (r£
6.68 and 4.30 mg/100 g fresh matter (fm)). The B-carotene levels in dif-
ferent F, hybrids (M°xW T M°xM®") were also greater than the WT™.
The highest concentrations were obtained when two parental M°f were
hybridized. The B-carotene content was the greatest in the F, [35x17]
hybrid (41.05 mg/100 g fm). The very high B-carotene levels of the F,
hybrids were preserved in three consecutive years, despite of the vari-
ation in this trait. Higher B-carotene levels in most of F, hybrids were
established combined with lower variation in this trait compared to the
corresponding parents.
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Genotypes that participated in the studied crosses were selected for
exploitation as parents for the development of hybrids. Line 35, followed
by lines 31 and 30 were recommended. The F  hybrids obtained with
bl. 31 could contribute to improved market performance due to the
preference of red-fruited peppers. Variability in the B-carotene content
of M°f with the same origin indicated that besides this mutation, there
are other genetically-determined factors contributing to increase in this
compound, reported for other pepper genotypes [19]. The presence of
mutant gene in M, the observed pyramiding of responsible genes and
their interaction in some of the F, hybrids demonstrated a greater poten-
tial for increased [-carotene levels. Despite the statistical significant
difference (95%) between WT¥ and M*f groups, the inheritance of the
[-carotene trait varied from partial dominance to over dominance in
the same F hybrids. In each WT* and M*' genotype a further selection
towards the B-carotene levels was conducted to decrease the variation of
the target (data not shown).

Table 1. Variation in p-carotene content per 100g fresh
fruit in individual plants of pepper genotypes
Error of the difference

Genotype-Parents and F1 hybrids B-carotene mg/100 g fm

Line number Fruit color  x +S x S VC%
P, 28 red 6.68*** 0.71 4.53 (F &P)) 35.32
P, 29 orange 12.57***  1.01 4.75 (P,&P)) 26.74
[, [28x29] red 12.20 0.98 -0.26 (F,&P,) 25.60
P, 28 red 6.68*** 0.71 4.65 (F &P)) 35.32
P, 30 orange 15.84***  1.55 5.36 (P,&P)) 31.00
7 [28x30] red 17.01 2.10 0.44 (F,&P,) 27.64
7 32 orange 12.80*** 1.38 6.77 (F,&P,) 35.98
P, 31 red 4.30%** 0.45 -5.81 (P,&P)) 28.05
7 [32x31] red 23.98*** 0.89 19.62 (F &P,) 10.54
B Sh5) orange 13.62** 1.07 3.26 (F,&P,) 24.92
P, 31 red 4.30%** 0.45 -7.98 (P,&P)) 28.05
7, [35x311 red 27.87*** 423 5.53 (F,&P,) 26.32
B 32 orange 12.80* 1.38 2.68 (F,&P,) 35.98
P, 17 orange 19.58* 2.00 2.78 (P,&P)) 32.33
7 [32x171 orange 18.89 1.79 -0.25 (F,&P,) 25.13
Py &5 orange 13.62%** 1.07 11.36 (F &P)) 24.92
P, 17 orange 19.58* 2.00 2.62 (PRP) 3233
7 [35x171 orange 41.05***  2.16 7.28 (F,&P,) 10.54
Df=18, t_...n Py (2.1), P, (2.88), P .., (3.92); VC=variation co-

efficient%; x=Average value; +S =Error of x

The quantity of chlorophylls, and total carotenoid content, was geno-
type-dependent. Effects of mutation in chlorophylls and total caroten-
oids in fruit were detected. Ch/ a contributed most to the increase of the
total chlorophylls. Despite the increase in p-carotene content, the rest
of carotenoids contributed to a decrease in the total carotenoid content
(data not shown).

On the basis of the data for p-carotene and total carotenoid levels,
a hypothesis for a mutation that affected a gene encoding an enzyme
responsible for hydroxylation of P-carotene to P-cryptoxanthin was
erected. Significantly less hydroxylase (e.g. CrtZ) enzyme activity in ripe
fruit was noted in the M* compared to the control WT (Fig. 3). This
enzyme is responsible for the hydroxylation of f-rings and the conver-
sion of carotenes into xanthophylls. Thus, data from analysis of enzyme
activity support the hypothesis.

Molecular studies have also supported this hypothesis. PCR reactions
with different gene-specific primers were undertaken for two hydroxy-
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lase structural genes known to be involved in pepper biosynthetic path-
way (Table 2).

Both hydroxylases are expressed in pepper [16], in tomato [17], and
localized in the green tissue and flower (Ronen, et al, 2000, quoted by
[18]). A band from CrtZwas amplified using primer combinations CrtZ-
C, D, D/C and E in all WT but was absent in M (Fig. 4). Fragments
amplified from CrtZ-2 in all WT and M° showed monomorphic
DNA profiles. This result was confirmed by a following sequencing of
fragments isolated from CrtZ and CrtZ-2 after amplification with the
CrtZ-C/C.

Two DNA fragments were amplified and isolated from each WT cor-
responding to CrtZ-2 and CrtZ genes and a unique fragment - from M
corresponding to Crt-2. A mutation occurring in the 3’-terminal region
in the mutant was very probable. The noted primer combinations could
be efficient as gene-marker for selection performing towards orange fruit
color in M°.

Table 2. PCR amplification with specific primers for the gene CrtZ and CrtZ-2.

Gene Primer Primer sequences Results from fragments
amplified  design by
cDNAbp
CriZ-C/C 607-885 F GAG CTG AAC GAT ATT TTT GCC ~ Band ~620bp from CriZ-
C/C in WT; absent in M;
CrtZ2C/C  586-864 R TAG GAA CAA GCC ATA TGG GA ~760bp from CriZ-2-C/C
present in WT and in M
CrtZ-DIC 526-885 F AGA TGG GCG CAT AGA GCA CTA  Band from CrtZ-D/C
~700bp in WT;
R TAG GAA CAA GCC ATA TGG GA  absent in M
CrtZ-D/D 526-866 F AGA TGG GCG CAT AGA GCA CTA  Band from CrtZ-D/D
~750bp in WT;
R ACC CCA TCA AAT TTG TCC GA absent in M
CrtZ-E/E 20-866 F CGT ACA TGG CTG CTG AAATT Band from CrtZ-E/E
~1400 in WT;
R ACC CCA TCA AAT TTG TCC GA absent in M
CrtZ-C/D 607-866 F GAG CTG AAC GAT ATT TTT GCC  Band from CrtZ- C/D
~580 in WT;
.08
|
0,05 |
= WA
0,04 | =M
weses M
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0,03 |
o, |
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Table 2. PCR amplification with specific primers for the gene CrtZ and CriZ-2.

R ACC CCA TCA AAT TTG TCC GA absent in M

* monomorphism - (-); polymorphism - (+)

Figure 3 CrtZ activity registered in pepper fruit of WT* and M°f at botanical maturity. x - time
of registration of the enzyme activity — 2, 5, 7, 12, 24 hours after starting of the reaction;
y - decrease of absorption values.

Conclusions

Application of EMS and Co® created mutations of applied value, such as
determinate habit, lack of anthocyanins, and changes of fruit shape and
position. Recombinant inbred lines were developed and different mutant
genes were combined in the same genotypes.

Cytological studies demonstrated the stability of the expression of the
gene ms8 determining male sterility.

Fruit from pepper mutants and wild-type plants differed in their
carotenoid content. In the fruit of the mutant lines, -carotene levels
increased dramatically. Conversely, a decrease in the accumulation of
total carotenoids, due to a decrease in xanthophyll formation, was found
in the mutants. A reduction in CrtZ enzyme activity, which converts the
B-carotene to B-cryptoxanthin, was observed in the mutants. Molecular
investigations suggested changes occurring in the 3’-terminal region of
the CrtZ gene could be responsible for reducing the hydroxylase enzyme
activity of the mutants.

Figure 4 PCR fragments in sweet pepper WT* and M°' with gene specific primer combina-
tions: 1-4-CrtZ and CrtZ-2 C/C (WT,, M, WT,, WT,); 5-DNA Ladder (250, 500, 750, 1000
bp); 6-9-CrtZD/D (WT,, M, WT,, WT.); 10-12-CrtZ E/E (WT, M, WT,).

This study allowed breeding strategies to exploit different mutant lines
for developing F, hybrids with increased -carotene content. The C and
D/C combinations could be used as a marker for high p-carotene for
performing marker-assisted selection. The presence of a fragment from
CrtZ-2 amplified in the mutant genotypes by primer combination C is
very useful as an internal standard (i.e. multiplex) co-dominant allele-
specific marker (null).
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Induced Mutagenesis for Oil Quality Enhancement in

Peanut (Arachis hypogaea L.)

S B Kaveri® & H L Nadaf

Abstract

Increasing the ratio of oleic to linoleic acid (O/L) in peanut (Arachis
hypogaeaL.) significantly improves the nutritional and quality attributes
of the crop. The lack of sufficient genetic variation in fatty acid com-
position, particularly the O/L ratio, in peanut germplasm and presently
grown cultivars make the creation of such variability necessary. Mutation
breeding of peanut was initiated with the objective of identifying stable
peanut mutants with altered fatty acid composition for improved oxida-
tive stability and nutritional quality. Seeds of peanut cultivars ‘GPBD-4’
and ‘TPG-41" were treated with y-radiation and/or ethyl methane sul-
phonate (EMS). Randomly selected mutants were advanced based on
single plant selection up to the M, generation and the harvest of M4
plants was evaluated for fatty acid composition by gas chromatography.
Highly significant variation for palmitic, stearic, oleic, linoleic and
arachidic acid was observed. EMS (0.5%) and 200Gy treatments were
found to be effective in increasing the variability in fatty acid content in
GPBD-4 and TPG-41, respectively. The variability was skewed towards
high levels of oleic acid (38-67%) and low levels of linoleic acid (15-41%).
Mutants selected for improved oil quality were significantly superior for
O/L ratio and had reduced palmitic acid. Oil with reduced palmitic acid
and increased O/L ratio is desired nutritionally. Hence, these mutants
can be exploited for the improvement of oil quality. The mutants GE-87
and T3-105 recorded the highest O/L ratios, of 4.30 and 3.91, compared
to control values of 1.75 and 2.60, respectively. A significant negative
correlation between oleic acid and linoleic acid, palmitic acid and iodine
values, and weak inverse relationship with oil content indicates the pos-
sibility of selection for improved fatty acid composition. These high oleic
acid lines could be utilized further in breeding programmes for improve-
ment of peanut oil quality.

Introduction

The peanut (Arachis hypogaea L.) is cultivated in most tropical and
subtropical regions. Because of extensive production for cooking oil, the
quantity and quality of the oil are extremely important considerations in
cultivar development. Peanut genotypes contain approximately 50% oil
[1], which becomes rancid upon exposure to air and heat due to oxida-
tion [2, 3]. Consequently the shelf life of oil and products that contain
peanut and peanut oil, is limited. The oxidative stability and shelf-life
of peanut oil is influenced by the concentrations of specific fatty acids
[4, 5]. In general, saturated fatty acids are less susceptible to oxidation
than less saturated fatty acids. Two fatty acids, oleic and linoleic, com-
prise over 80% of the oil content of peanut. Of these, linoleic acid is less
saturated and less stable than oleic acid. There is a strong negative cor-
relation between linoleic acid content and oil stability in peanut [6, 7].
In addition to increasing the stability of peanut oil, increasing the O/L
ratio appears to have health benefits as well. Research has associated high
oleic acid with lowered blood serum cholesterol, especially low density
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lipoproteins (LDL) in humans [8] and a reduction in recurrent myocar-
dial effects when oleic acid levels are increased in plasma fatty acids [9].

Increasing the O/L ratio in peanut seems to have positive effects on
peanut quality and nutritional value. The majority of peanut cultivars
average 55% oleic acid and 25% linoleic acid [10]. The available germ-
plasm and breeding lines screened to date have indicated very limited
genetic variability for O/L ratio (0.8-2.50). No genotypes were found in
either National (NRCG, Junagadh, India) or International (ICRISAT,
Hyderabad, India) germplasm collections of peanut with high O/L
ratios comparable to the natural mutants isolated in Florida, USA [11].
These mutants as well as their derivatives are highly protected and
patented. Thus they are not available for use in international breeding
programmes. Therefore, it is essential to create new genetic variability
for this value-added trait for the improvement of peanut oil quality. The
occurrence of natural mutations, possibility of induced mutations and
significant achievements made in different oilseed crops suggest that if
concerted efforts are made with the specific objective of increasing oleic
acid through induced mutations, it is achievable.

The present study was initiated with the objective of developing peanut
lines with a beneficially altered fatty acid composition in two indigenous
peanut varieties using induced mutagenesis.

Materials and Methods
Two Spanish Bunch genotypes viz., GPBD-4 and TPG-41 were used for
mutagenic treatments.

Mutagen treatments

Seeds of peanut cultivars GPBD-4 and TPG-41 were treated with
y-radiation and ethyl methane sulphonate (EMS). Uniform size seeds of
each cultivar were used for treatment. Treatments (500 seeds per treat-
ment) consisted of two different doses of y-radiation (200 and 300Gy)
and EMS (0.5%). Untreated seed of the respective cultivars were used
as a control. Seeds were irradiated with y-radiation at Bhabha Atomic
Research Center (BARC) Mumbai, India. EMS solution was prepared
in 0.1 M phosphate buffer (pH = 7.0). Seeds were presoaked in distilled
water for eight hours to allow uptake of EMS. Presoaked seeds were
then treated with EMS for two hours at room temperature in cloth bags.
Treated seeds were rinsed in running tap water for four hours and sown
in field plots along with untreated controls. The seeds were sown in a
randomized complete block design, in five replications, with spacing of
30cm between the rows and between plants. Recommended agricultural
practice was followed. The M, plants were harvested on a single plant
basis. In the M, generation one hundred progenies of each treatment in
both genotypes were selected randomly and advanced to the M, genera-
tion on single plant basis. The harvest of M, plants was used for fatty acid
analysis.

Fatty acid analysis
In the M, generation a hundred mutant progenies per treatment were
analyzed for fatty acid composition, following the extraction and esteri-
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fication method [12]. The oil content of selected mutants with high O/L
ratios was determined by nuclear magnetic resonance techniques [13].

Gas chromatography analysis

A gas chromatograph, model GC-2010 equipped with automatic sample
injector AOC-20i, flame ionization detector (Shimadzu, Kyoto, Japan),
fitted with a narrow bore capillary column Rtx-wax (film thickness-
0.25um; I. D.-0.25 mm ; length-30 m) was used to separate methyl esters.
The initial column temperature was set at 170°C and held for three
minutes, then programmed to increase by 10°C per minute to a final
temperature of 230°C, at which it was held for one minute. Injector and
detector temperatures were both set at 250°C. The flow rates for nitro-
gen (carrier gas), hydrogen and air were 45, 40 and 400 ml per minute,
respectively. The fatty acid methyl esters were identified by comparison
with the retention times of a standard methyl ester fatty acid mixture
(Sigma, Aldrich). The concentration of each fatty acid was determined
by normalization of peak areas and reported as per cent of the total fatty
acids.

Statistical analysis
Mean, range and variance were calculated in the M, generation for each
mutagenic treatment and control to determine the extent of variability
created. Two-way analysis of variance was computed to ascertain fatty
acid differences in the M, generation of all treatments and control using
SPSS (version 10). Significant differences between and within treatments
means were determined using least significant difference (LSD) values.
The oil quality parameters viz., O/L ratio, unsaturated to saturated ratio
(U/S) and iodine value (IV) were computed as follows:
1. O/L ratio =% oleic (C18:1) /% linoleic (C18:2)
2. U/S ratio =% (oleic + linoleic + ecosenoic) /% (palmitic +srearic
+ arachidic + behenic + lignoceric).
3. Iodine value = (% oleic x 0.8601) + (% linoleic x 1.7321) + (%
ecosenoic x 0.7854) [14]

In high oleic acid mutants, simple correlation coefficients were also
calculated for fatty acid content and different quality parameters using
SPSS (version 10).

Results and Discussion

Variability in fatty acid composition

The utility of any vegetable oil is largely determined by its fatty acid
composition. Therefore, genetic variability in fatty acid composition
is pre-requisite for any breeding programme aimed towards oil qual-
ity improvement. As a result of mutagenic treatments, a wide range of
variability for all the fatty acids was observed in M, seeds. Oleic acid
and linoleic acid represented ca. 90% of the fatty acid profiles of peanut
and exhibited more variability compared to other fatty acids (Table 1).
Mean values of treatments particularly in GPBD-4 were higher than
corresponding control mean values for most of the traits under study.
Interestingly, the range and variance for oleic and linoleic acid was
many fold higher than to the parents (control), indicating substantial
induced genetic variability for these traits. EMS (0.5%) induced greatest
variability for important oil quality traits in GPBD-4, followed by the
300Gy and 200Gy irradiation treatments. By contrast, in TPG-41, doses
of 200Gy and 300Gy induced greatest variability for important oil qual-
ity traits, followed by EMS (0.5%). These results indicated differential
responses of the genotypes to mutagen treatment and the potential of
mutagens to create genetic variability for oil quality traits in peanut. The
cultivar TPG-41 was found to be more sensitive to mutagenic treatments
than GPBD-4, as higher variance values were recorded. Thus it is sug-
gested that selection of a mutagen-sensitive genotype and appropriate
mutagens could create maximum genetic variability. The highest mean
and range for O/L ratio was observed in TPG-41 (2.40) and GPBD-4
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(1.0-4.3) treated with EMS (0.5%), respectively. The iodine value, which
is inversely proportional to oil stability, was found to be low in muta-
genized populations compared to controls, and the lowest mean iodine
value was observed in TPG-41 treated with 200Gy (90.70). Treatment
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Figure 1 Correlation between oleic acid and other fatty acids in peanut.

Table 1. Fatty acid variation in M, generation in peanut induced by mutatagenesis

Genotypes Fatty acid Treatments Mean Range Variance
GPBD-4 Oleic acid (0) Control 50.57 49.0-52.0 0.8
EMS (0.5%) 54.73 41.0-66.6 26.91
200 Gy 55.66 48.0-65.0 9.46
300 Gy 52.19 44.0-65.0 13,52
TPG-41 Control 58.00 57.0-58.0 0.35
EMS (0.5%) 56.40 48.0-65.0 16.25
200 Gy 58.61 38.0-64.0 42.10
300 Gy 59.08 39.0-65.0 32.42
GPBD-4 Linoleic Control 29.09 28.0-30.0 0.72
acid (L EMS (0.5%) 26.93 15.0-36.0 20.23
200 Gy 28.96 16.0-31.0 7.64
300 Gy 28.20 16.0-34.0 9.97
TPG-41 Control 22.51 21.0-23.0 0.75
EMS (0.5%) 24.40 16.0-31.0 12.07
200 Gy 26.45 18.0-41.0 32.30
300 Gy 26.21 17.0-41.0 23.88
GPBD-4 o/L Control 1.74 1.0-2.0 0.01
EMS (0.5%) 2.03 1.0-4.3 0.35
200 Gy 1.86 1.5-4.0 0.19
300 Gy 1.56 1.0-4.0 0.25
TPG-41 Control 2.58 2.0-2.7 0.02
EMS (0.5%) 2.40 1.0-4.0 0.30
200 Gy 2.18 1.0-3.5 0.35
300 Gy 2.70 1.0-3.8 0.29
GPBD-4 lodine value Control 94.63 93.0-96.0 1.06
EMS (0.5%) 91.21 82.0-101 12.90
200 Gy 93.36 84.0-95.0 5.8
300 Gy 94.63 83.0-100 1.06
TPG-41 Control 91.00 88.0-90.0 1.04
EMS (0.5%) 91.60 85.0-97.0 7.65
200 Gy 90.70 88.0-95.0 19.66
300 Gy 93.66 87.0-103 13.12
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Table 2. Fatty acid profile and oil content of mutants with the greatest O/L ratio selected in the M, generation

Fatty acid profile (%)

Mutants 0il cgntent
16:0 18:0 18:1 18:2 20:0 20:1 22:0 24:0 18:1/18:2 Ive uis® (%)
GE-87° 8.25 0.97 66.58 15.53 1.50 1.58 3.70 1.87 4.30 85.41 5.14 47.35
GE-112 7.32 2.78 64.94 15.78 3.12 0.70 3.86 1.45 412 83.74 4.40 47.10
GE-53 9.38 2.38 63.40 17.32 1.46 1.30 3.10 1.61 3.66 85.55 4.57 46.86
G2-229 7.76 1.77 65.32 16.53 1.24 1.60 4.01 1.74 3.95 86.07 5.05 47.26
G2-123 7.30 3.75 63.81 16.66 1.85 1.06 4.07 1.48 3.83 84.57 4.42 47.08
G3-18 7.98 2.70 63.96 16.27 1.70 1.50 3.95 1.92 3.93 84.37 4.48 48.20
G3-75 8.32 2.21 65.02 16.08 1.38 1.47 3.71 1.77 4.04 84.93 4.75 46.75
G3-280 7.85 3.07 62.08 18.60 1.73 1.21 4.06 1.42 3.34 86.56 452 46.24
TE-231 8.62 2.04 64.22 17.46 1.34 1.22 3.15 1.52 3.68 86.44 4.97 47.00
13-105 7.50 4.26 65.24 16.70 1.76 0.80 2.62 1.10 3.91 85.67 4.80 46.25
GPBD-4 10.12 1.80 50.67 29.00 1.65 1.30 3.64 171 1.75 94.83 4.28 47.70
TPG-41 10.85 177 58.67 22.61 1.34 1.21 3.10 1.73 2.60 90.58 4.40 45.25
LSD, 1.02 0.95 2.36 1.84 0.65 0.48 0.51 0.44 0.98 2.16 0.88 1.13

0.05

2 |V-iodine value, U/S-ratio of unsaturated to saturated fatty acids

b First letter and second letter/digit indicates the genotype and mutagen treatment, respectively (GE-87: GPBD-4, EMS treatment, progeny 87)

with EMS in higher concentrations, as well as combined treatment of
both y-radiation and EMS, increased the variability for fatty acids par-
ticularly oleic and linoleic acid content in soybean oil [15].

In the M , generation, out of 55 distinct mutants identified for
altered fatty acid composition, the 10 mutants with greatest O/L ratio
are presented in Table 2. The most distinguishable feature of the fatty
acid profiles of these mutants was the relative contribution of oleic and
linoleic acids to the total. The 10 mutants were significantly superior in
O/L ratio, which ranged from 3.34 - 4.27 compared to 1.75 (GPBD-4)
and 2.60 (TPG-41). The mutant GE-87 recorded the highest O/L ratio
of 4.30, highest U/S ratio of 5.14, and lowest iodine value of 85.41, with
an oil content of 47.35% comparable to the control (47.70%). The best
mutant in the TPG-41 mutagenized population was T3-105 recording
an O/L ratio of 3.91, a U/S value of 4.8, an iodine value of 85.67, and
comparable oil content to its parent. The rest of the mutants had O/L
ratios of 3.44 to 4.12. Palmitic acid, the principal saturated fatty acid
in plant oils, is known to be associated with increased levels of blood
cholesterol, arteriosclerosis and high risk of coronary heart disease [16].
Interestingly, the mutants identified here had significantly reduced pal-
mitic acid. The mutant GE-112 recorded the lowest palmitic acid content
of 7.32%, compared to a parental value of 10.12%. These results clearly
indicate that the mutants are significantly superior for oil quality and
nutrition. Mutation breeding has been extensively applied to modify the
fatty acid composition of soybean [17] and canola [18].

Correlation among fatty acids and oil content

The correlation coefficient between oleic acid and other fatty acids and
total oil content are presented in Fig. 1. The highest correlations were
noted for the percentage oleic and linoleic acids (r = -0.99) and for
percentage oleic and palmitic acids (r = -0.73). A positive relationship
was observed between the percentage oleic and eicosenoic (r =0.38),
arachidic (r = 0.28) and lignoceric (r = 0.12) acids and significant inverse
relationships between percentage oleic and behenic acids (r = -0.48).
Oleic acid content was inversely related to iodine value (r = -0.96) and
positively correlated to the ratio of unsaturated to saturated fatty acids
(r = 0.64). The percentage of oleic acid showed a weak inverse associa-
tion with oil content (r = -0.13). The strong negative correlation between
the percentage of oleic and linoleic acid results from them being the
main acyl groups in the oil, so that one cannot increase much without a

decrease in the other. The negative correlations between the percentages
of oleic and linoleic and palmitic acids [19, 20] and no correlation, or
weak inverse relationship between percentage oleic acid and oil content
have also reported by other researchers [21]. These findings suggest that
it is possible to obtain varieties with very high oleic and very low linoleic
and palmitic acids with no significant loss in oil content of seed.

The mutant lines identified in this study were found to be promising
from the viewpoint of oil quality and stability, and had an oil content
comparable to the control. Now, they need to be tested for their produc-
tivity and adaptability. In currently grown cultivars, the O/L ratio ranges
from 0.8 to 2.5 [22] and the accessions and germplasm screened in
peanut have indicated low variability for fatty acid profile. In this regard,
the mutants identified in the present study can be utilized as a potential
genetic resource for improving peanut oil quality.
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Protein Content in High-Protein Soybean Mutants in

Thailand
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Abstract

Two studies have been initiated to enhance nutritional quality of
seed protein content in soybean varieties using induced mutation
techniques. Approximately 5,000 seeds of uniform size of each vari-
ety were irradiated with Gamma-rays at a dose of 200Gy at Kasetsart
University. The Kjeldahl method was used to analyze seed protein per-
centages. Experiment I. Seed of three soybean varieties, Chiang Mai
60, SSRSN35-19-4 and EHP275 were irradiated. M, to M, generations
were grown at Nakhon Ratchasima Field Crops Research Center during
2004-2007. The Pedigree method of selection was used. In the M,, M,
and M, generation, selected mutant lines had 1.9-2.6%, 1.5-2.3% and
0.8-2.2% higher seed protein content than the three checks, respectively.
In a preliminary trial, the high protein mutant lines were tested for their
protein yield. The mutants had average protein content of 42.5%, 42.4%
and 42.9% whereas the check varieties had average protein content of
41.8,40.3% and 41.9%, respectively. There were six, 18 and eight promis-
ing mutant lines selected from Chiang Mai 60, SSRSN35-19-4 and EHP
275, respectively. The mutant lines produced both high seed protein
content and high yield. They will be tested in replicated trials in the
research centers and farmer fields. Experiment II. cm9238-54-1 (ST)
was a promising soybean line to be released for farmers. It gave 5-10%
higher grain yield than cv Chiang Mai 60, the most popular variety in
the northern and central regions. However, this line was susceptible to
Soybean Crinkle Leaf (SCL) Disease. M, plants generated by induced
mutation were grown in the dry season of 2003 at Sukhothai Technical
and Production Resources Service Center (TPRSC). The M, and M, seed
were sown in the dry and rainy seasons of 2004 and selected M, lines
were tested for grain yield in four environments, dry and rainy season
2005, rainy season 2006 and dry season 2007 at Lop Buri TPRSC. From
the 2006 to 2007 trials, six selected lines were found to be resistant to
SCL in laboratory tests and gave 74-81% higher grain yield than that of
the original parent. In addition, they had 2.1-4.0% and 2.1-7.5% higher
seed protein content than a check variety, Chiang Mai 60, respectively
and had 0.5-2.0% and -1.0-3.3% higher seed protein content than
another check variety, SJ4, respectively. The mutants had average protein
content of 38.5-43.8%, while the two check varieties had average protein
content of 36.3-39.9%.

Introduction

Seeds of soybean (Glycine maxL.) are important to the agriculture econ-
omy because of their high quality and nutritional protein. In Thailand,
soybean has been cultivated following the rainy season rice harvest,
particularly in the northern region for centuries. However, annual soy-
bean production over the last five years has been able to supply only
15-20% of the country’s demand. A total number of 16 varieties have
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2 Nakhon Ratchasima FCRC, Department of Agriculture, Nakhon Ratchasima, Thailand

2 Lop Buri TPRSC, Department of Agriculture, Lop Buri, Thailand
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been officially released in Thailand since 1965, with the most popular
varieties being Chiang Mai 60 and SJ4. These two varieties had average
grain protein contents lower than 40%. An increase in seed yield and
quality of soybean was achieved by pre-planting gamma irradiation [2].
Soybean variety improvement for increased nutritional quality protein
content using induced mutation was initiated. It is possible to select
mutant lines with seed protein content higher than their respective par-
ents by at least 1-2%. The objective of the two studies presented here,
which were undertaken in the IAEA/RAS/5/040 project, was to enhance
protein content in soybean lines using induced mutation techniques.

Experiment |

Materials and Methods

Approximately 5,000 seeds of uniform size of each three soybean
varieties, Chiang Mai 60, SSRSN35-19-4 and EHP275, were irradiated
with Gamma-rays at a dose of 200Gy, as recommended by IAEA [3],
at Kasetsart University. M, to M, generations were grown in the field
at Nakhon Ratchasima Field Crops Research Center (FCRC) from 2004
to 2007. The Pedigree method of selection was used. The high protein
mutant lines were tested for their protein yield in replicated trails. The
Kjeldahl method [1] was used to determine seed protein percentages.
Measurement of total nitrogen by Kjeldahl analysis is the historical refer-
ence method for determination of the protein content of dairy products.
For quality assurance of the data, duplicated samples, laboratory-forti-
fied matrix samples, and an internal reference, soybean seed sample were
also analyzed and included in each batch of samples. The protein content
was calculated as the total nitrogen (N) content multiplied by 6.25.

Table 1. The seed protein content in the M,, M, and M, generations and in a
preliminary trial at Nakhon Ratchasima Field Crops Research Center
from 2004 to 2007.

Varieties Seed protein (%)
M, M, M, Preliminary trial

Mutant CM 60 45.16 43.87 42.77 42.52
Original CM 60 43.01 42.36 41.99 41.75
Difference CM 60 +2.15 +1.51 +0.78 +0.77
Mutant SSRSN 35-19-4 44.90 45.19 44.39 42.36
Original SSRSN 35-19-4 42.30 42.85 41.71 40.32
Difference SSRSN35-19-4 +2.60 +2.34 +2.02 +2.04
Mutant EHP 275 44.79 43.33 43.14 42.94
Original EHP 275 42.89 41.49 41.25 41.93
Difference EHP 275 +1.90 +1.84 +2.23 +1.01

CM 60 = Chiang Mai 60, Differences = Mutant minus Original

Results
No selection was made in the M, generation. The M, seed was bulked
and M, plants with good agronomic traits were selected by comparison
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with the original parents. The average seed protein content of the M,
generation, mutant lines of Chiang Mai 60, SSRSN 35-19-4 and EHP 275
were 45.2%, 44.9% and 44.8%, while the original parents were 43.0%,
42.3% and 42.9%, respectively. M, plants were grown in rows. In each
row, the best four plants were selected for protein analysis. Average
protein content of mutant lines were 43.9%, 45.2% and 43.3%, while the
three check varieties had average protein content of 42.4, 42.8 and 41.5%,
respectively. In the M, generation, the mutant varieties had 0.78-2.23%
higher seed protein content than the three checks. In a preliminary
trial, the high protein mutant lines were tested for their protein yield.
The mutants had average protein content of 42.5%, 42.4% and 42.9%.
The check varieties had an average protein content of 41.8%, 40.3% and
41.9%, respectively (Table 1). The promising mutants selected from
Chiang Mai 60, SSRSN35-19-4 and EHP 275 had six, 18 and eight lines.
The mutant lines produced both high seed protein content and high
yield. They will be further tested in replicated trials in research centers
and farmers’ fields.

Experiment Il

Materials and Methods

CM9238-54-1 (ST) is a promising soybean line to be released to farmers.
It gave 5-10% higher grain yield than Chiang Mai 60, the most popular
variety in the northern and central regions. However, this line is sus-
ceptible to Soybean Crinkle Leaf (SCL) Disease. Approximately 5,000
seeds of the line with uniform size were irradiated with a dose of 200Gy
Gamma-rays, as recommended by IAEA [3], at Kasetsart University. The
M, plants were grown in the dry season of 2003 at Sukhothai Technical
and Production Resources Service Center (TPRSC). The M, and M, seed
were sown in dry and rainy seasons of 2004, and the selected M, lines
were tested for grain yield in four environments: dry and rainy season of
2005, rainy season of 2006 and dry season of 2007 at Lop Buri TPRSC.
The six mutants from the rainy season of 2006 and dry season of 2007
trials were tested for their protein contents. The Kjeldahl method [1]
was used to determine seed protein percentages. For quality assurance
of the data, duplicated samples, laboratory-fortified matrix samples,
and an internal reference, soybean seed samples were also analyzed and
included in each batch of samples. The protein content was calculated as
the total nitrogen (N) content multiplied by 6.25.

Results

In the rainy season of 2006 and dry season of 2007 trials, the six selected
lines were resistant to SCL in laboratory tests and yielded 74-81% more
grain than the original parent. In addition, the six mutants had 2.1-4.0%
and 2.1-7.5% higher seed protein content than a check variety, Chiang
Mai 60, respectively, and had 0.5-2.0% and -1.0-3.3% higher seed
protein content than another check variety, SJ4, respectively. The six
mutants had average protein content of 38.5-43.8% while the two check
varieties had average protein content of 36.3-39.9% (Table 2). The six
mutant lines will be tested in the farmers’ fields.

Discussion

It is possible to select mutant lines with greater yields and seed protein
contents one to two percent higher than their parents. Soy protein is an
important source of high-quality, cholesterol-free, inexpensive protein. It
is suited to human physiological needs and has great potential as a major
source of dietary protein for the future. The policy of the Thai govern-
ment is to increase grain protein percentage for day food products. In the
international marketplace, buyers pay six to 15 cents per bushel more for
soybeans with just 1% higher protein content. The results of two studies
presented here, suggest that soybean variety improvement for increased
nutritional quality protein content is possible using induced mutation
techniques.
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Table 2. The seed protein content of mutant varieties, rainy season of 2006 and
dry season of 2007 at Lop Buri Technical and Production Resources Service
Center.

Seed protein (%)

Varieties Rainy 2006 Dry 2007

Protein  iicme0 Ditsi4 PO pircmeo  Dif.s) 4

(%) : : (%) : :

POP1-4-Mutant 4078  +4.07 +1.99  42.86 +6.51 +2.88
POP16-42-Mutant 40.15  +3.44 +1.36  43.29 +6.94 +3.31
POP18-46-Mutant  40.23  +3.52 +1.44 3845 +2.10 -1.53
POP19-49-Mutant 39.89  +3.18 +1.10 3862 +2.27 -1.36
POP20-50-Mutant ~ 40.70  +3.99 +1.91  43.84 +7.49 +3.86
POP30-1-Mutant ~ 39.26  +2.55 +0.47  39.04 +2.69 -0.94
CM9238-54- 3879  +2.08 0 39.04 +2.69 -0.94
1(ST)-Original
SJ4-Check 3879  +2.08 0 39.98 +3.63 0
Chiang Mai 3671 0 208 3635 0 -3.63
60-Check

CM 60 = Chiang Mai 60, Dif. = Differences of Mutant minus Check
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Genetic Enhancement of Speciality Rice through
Induced Mutation — Short-Grain Aromatic Rice

A Patnaik” & G J N Rao

Abstract

India has a rich diversity of widely distributed aromatic rices. They
include Basmati, whose cultivation is limited to a well-demarcated
geographic zone, and the short grain aromatic rices that are grown in
localized pockets throughout India, which with their unique sensory
and cooking traits, cater to defined groups of consumers in specific
niche markets. Some short-grain aromatic rices like Dubraj, Durgabhog,
Makarkanda, Badshabhog are superior to Basmati in traits like high
kernel elongation, high volume expansion and high head rice recovery,
while Bindli is superior to Basmati in aroma and grain elongation.
Kalajeera is known for the retention of aroma even after long storage.
To date, little attention has been paid to short-grain aromatic rice, as the
focus was directed towards improvement of Basmati. Less attention to
the short-grain aromatic rices can be attributed to their low productiv-
ity, long duration and tall plant stature. As high economic returns are
feasible with high-yielding varieties with shorter duration and shorter
height, a mutagenesis approach was attempted to induce erect, semi
dwarf, non-lodging mutants with high yield potential, while keeping the
unique grain type and cooking quality traits of the parent cultivar. Twelve
popular cultivars from different states (Kalanamak, Dubraj, Tulsiphool,
Randhunipagal, Badshahbhog, Katrani, Improved Raskadam, Kalajeera,
Pimpudibasa, Chinikamini, Dhusara and Kalajoha) were subjected to
gamma (y) irradiation. From the M, generation, selection was initiated
to isolate mutants with shorter duration and plant height. Mutants with
shorter (~20%) stature derived from Kalanamak, Dubraj, Kalajeera and
Chinikamini showed high promise in the evaluation trials. Mutants with
shortened duration (~10d) were also isolated in all the four genotypes.
With the isolation of mutants with desirable traits, an expansion in the
area under short grain aromatic rices is feasible, and the expected rice
surplus can augment farmers’ income, as well as Indian exports.

Introduction

Indian aromatic rice germplasm is well known because of Basmati, a
national heritage, which occupies most of the area under aromatic rice.
This is complemented by a large number of aromatic short and medium
grain land races, grown in specific pockets in different states of the coun-
try [1]. These specialty rices are endowed with quality characteristics
that are not present in ordinary rices [2]. These rices are equal to, or
superior to Basmati, having strong aroma and greater kernel elongation
[3], the only difference being breadth wise swelling and shorter kernel
length. These aromatic rices of the Indian subcontinent are classified in
Group V along with Basmati [4]. Most of these land races are photosen-
sitive, tall, late maturing, low yielders, and distributed in localized small
pockets throughout the country. Most research efforts have concentrated
on the improvement of Basmati rices as they are linked with valuable
foreign exchange, and native short grain aromatic rices could not attract
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the desired attention [5]. With the country gaining self-sufficiency in
rice and transforming itself from a net importer to the second larg-
est exporter of rice in the world, vast scope exists for these high value
speciality rices that are famous for their cooking and eating qualities.
Though Basmati’s share is intact in the market, with the improving eco-
nomic standards of the people, enough opportunities are available for
commercial exploitation of these rices. Keeping this in mind, efforts are
being made to improve the native land races through alterations in a
few characters, such as duration and plant height, while retaining the
unique quality features of each variety. A few aromatic short-grain varie-
ties have been released in different states, including Ambemohar mutant
in Maharashtra [6]. As it is a necessary to keep grain quality traits intact,
it is difficult to get recombinants with the desired traits through pedigree
breeding, but an induced mutation approach is ideal.

Materials and Methods

Seeds from 12 popular cultivars (Kalanamak, Dubraj, Tulsiphool,
Randhunipagal, Badshahbhog, Katrani, Improved Raskadam, Kalajeera,
Pimpudibasa, Chinikamini, Dhusara and Kalajoha) were treated with
with three doses (200, 250 and 300Gy of “°Co y-rays at Utkal University,
Bhubaneswar, in 2004. The irradiated seeds were sown in trays and trans-
planted to field with 10x10cm spacing. The fertilizer input was minimal
to discourage tillering. The percentage survival was recorded in the M,
generation and panicle-to-row progenies were grown in subsequent gen-
erations. The frequency of chlorophyll mutants in the M, generation was
recorded as a ratio of panicles segregating chlorophyll mutations to the
total number of panicles sown. Since all the cultivars were photoperiod
sensitive, advancement of generations was undertaken only during the
wet season, and starting from M,, the main criteria for selection was
erect, non-lodging plant habit and earliness, while efforts were made to
keep the parental grain characters intact. Promising mutants were evalu-
ated in both M, and M4 generations in observational trials conducted at
the CRRI experimental farm.

Results and Discussion
The irradiated seeds of 12 cultivars were raised in trays and later trans-
planted in the field at very close spacing and the first three panicles from
each individual M, plant were collected [7]. The materials were checked
for treatment effects by observing seedling height using the growing rack
method [8] that can effectively distinguish the effects of radiation-like
delayed germination, stunted growth, poor vegetative vigor etc. (Fig. 1).

The results of four genotypes, Chinikamini, Dubraj, Kalajeera and
Kalanamak, are presented in Table 1. A minimum of 200 plants (two
treatments, 250 and 300Gy, of 200 seeds each) were raised in the M1
generation, and more than 600 lines (400 M, plants x 3 panicles each)
for each treatment were grown in the M, generation. The frequency of
chlorophyll-deficient mutations were scored (Table 2).

The data shows that genotypic differences exist in the biological
damage caused by the radiation treatment. The chlorophyll-based muta-
tion frequency was highest (23.8%) in Dubraj while the lowest (~8%)
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Figure 1 Screening of mutagen treated populations (M, generation) through seedling rack
method.

damage was seen with Kalajeera. However, the chlorophyll mutation fre-
quency was found to have no relation to the other traits under study, as
the frequency of lines with the desired alterations, i.e. short duration and
shorter height, were higher in Kalajeera than in Dubraj and Kalanamak.

These four short-grain aromatic rices have excellent grain and cook-
ing quality characteristics (Table 3), and while making selections, it was
ensured that these quality traits remained intact.

In the M, generation, selections were made exclusively on the shorter
plant height and the results are presented in Table 4. The yields were
calculated on a single plant basis.

Table 1. Number of plants grown from treated popula-
tions and mutants isolated in different generations

Genotype M * M, ** M, M,
Kalajeera 400 1169 98 15
Kalanamak 400 1173 22 9
Chinikamini 400 1130 66 19
Dubraj 400 1118 25 18

* @ 200 plants for each treatment
** @ Progeny from around 600 first formed panicles from each of three M, plant

Table 2. Frequency of chlorophyll deficient mutants in different genotypes.

Table 4. The range of the different characters observed in mutants with
reduced plant height in different genotypes in the M, generation.
Parent and mutants

Plant height (cm) Panicle length (cm)

Chinikamini

Putative Mutants (66) 129-157 28.5
Parent 161 24

Dubraj

Putative Mutants (25) 100-146.6 20.9-26.6
Parent 157.5 23.8
Kalajeera

Putative Mutants (98) 141-151 28.2-32.6
Parent 176.5 8745
Kalanamak

Putative Mutants (22) 122-135 22.5-24.2
Parent 176.5 32.5

The yield did not appear to increase, although mutants with significant
reduction in height were isolated in each genotype. Mutants with semi-
dwarf stature (~100cm) were observed only in Dubraj, with a reduction
of more than 50cm in height, while in Kalajeera the reduction in plant
height was only 30cm, with mutants in the other two cultivars having
intermediate heights (Fig. 2).

S. no Cultivar No of M, No M, lines segregating for (%)
plants grown chlorophyll mutations
250Gy
1. Kalajeera 530 43 8.11
2. Chinikamini 528 69 13.06
& BIETEL e EL g Figure 2 Mutants with reduced plant height induced in different short grain aromatic rice
4. Kalanamak (37632) 534 87 16.29 cultivars (the highest plant in each photo is the parent control)
300Gy

1. Kalajeera 569 48 8.43 In the M, generation, some of the mutant lines showed high levels of
2 - 55 168 6T umforml_ty. Observat10n§ were made, except for yield pqtentlal of the

: mutant lines, and selections were made for short duration and plant
3. Dubraj 589 140 23.76 . . . . L. .

yield, while trying to keep the grain quality intact (Table 5). Eighteen

4. Kalanamak (37632) 584 115 19.69
Table 3. The physico-chemical properties of grain quality of aromatic rices
Genotype MILL (%)  HRR (%) KL (mm) KB (mm) L/B Ratio  GrnTy Grain chalk  VER WU (ml) KLAC (mm) ER ASV AC (%) GC mm
Chinikamini 69.4 67.2 3.43 2.17 1.58 SB VoC 5.3 175 6.8 1.98 510 23.30 53
Dubraj 70.2 56.7 5.83 1.94 3.0 MS voc 4.9 130 10 1.71 7.0 25.86 48
Kalajeera 67.5 60.7 3.95 2.12 1.86 SB VOC 5.3 187 8.0 2.01 4.7 22.68 63
Kalanamak 64.9 51.8 5.46 1.92 2.84 MS voc 5.3 195 € 1.81 5.0 25.52 553

Source:Directorate of Rice Research Annual Progress Report, Vol 1(2003-2005). Mill: milled rice; HRR: head rice recovery; KL: kernel length; KB: kernel breadth; Grn Ty: grain
type; VER:volume expansion ratio;WU:water uptake;KLAC:kernel length after cooking:ER;elongation ratio;ASV:alkali spreading value;AC:amylose content;GC:gel consistency
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desirable selections of Dubraj were advanced to the M, generation,
but the crop was severely affected by rice tungro disease, which led to
stunted growth of several mutant lines, and as a result, no observations
were recorded and the generation will be grown again.

Table 5. The range of the different characters observed in mutants with
reduced plant height in different genotypes in the M, generation.

Parent and mutants  DFF Plant height Panicle Harvest Yield (kg/
(cm) length (cm)  index ha)

Chinikamini

Mutants (19 ) 110-120  122-156.4 20.3-23.9  0.19-0.42 1044-2698

Parent 120 168 22.6 0.31 2642

Kalajeera

Mutants (15) 115-123  141-146 28.2-33 0.10-0.18

Parent 121 176 30.6 0.11

Kalanamak

Mutants(9) 110-130 122-150 22.5-24.2 1380-2152

Parent 131 176 2.5 2560

DFF: Days from sowing to 50% flowering.

Discussion

The data clearly indicates that mutants with shorter duration could be
induced in four genetic backgrounds, while reductions in plant height
varied from genotype to genotype. Plant height varied from 122c¢m to
156cm in the mutant lines, and for duration, a 10-day reduction was
seen. However, with the reduction in plant height, yield levels also
declined and efforts are now underway to grow more plants from each
genotype. Selections will be based on duration, plant height and yield.

As expressed in several quarters, there is increasing demand to develop
a market for these short-grain aromatic rices. Mutants with shorter plant
stature with a high response to fertilizer are needed to exploit the enor-
mous diversity of aromatic rice germplasm [9]. These rices could con-
stitute a third distinct category of rices, after Basmati and non-aromatic
rices for export purposes.
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Development of a High Oleic Soybean Mutant and its
Stability Across the Environments

A Patil’, S P Taware & V S Rao

Abstract

Modifying seed oil composition has become a major goal in soybean
breeding programmes. Elevated oleic acid and reduced linoleic and
linolenic acid content can improve the oxidative stability, flavor and
nutritional value of soybean oil. The objectives of this study were (1)
to develop a high oleic acid soybean mutant and (2) to determine the
stability of its fatty acid composition across different environments. A
high oleic acid mutant (HOM), containing 40% of oleic acid compared
to 27% in parent cultivar MACS 450, was selected from a treatment with
200Gy y-rays and 0.15% ethyl methane sulphonate (EMS). To investi-
gate the influence of environmental factors on fatty acid composition,
the HOM, along with four other soybean lines (MACS 1034, MACS
1055, MACS 1092 and Bragg) was grown at 12 locations. Seeds of each
genotype from each location were analyzed for fatty acid composition
by gas chromatography. Eberhart and Russell’s linear regression model
was used to study the environmental stability of fatty acid composition.
In general, all the fatty acids studied were influenced by environmental
factors. Elevated oleic acid in the HOM was less stable across environ-
ments than the oleic acid content in the other four cultivars. The mean
oleic acid content in the HOM was 31.26 - 45.18% over the 12 locations.
Linoleic acid content in the HOM and in MACS 1034 also showed sig-
nificant deviation from unity for their regression coefficient, indicating
significant environmental effects. This study shows that extent of the
elevation of oleic acid and reduction of linoleic acid content in the HOM
are strongly influenced by environmental factors.

Introduction
The end use of soybean oil is influenced by its fatty acid composition.
Common soybean cultivars consist of 11% palmitic, 4% stearic, 24%
oleic, 54% linoleic and 7% linolenic acid. Changing the proportion of
these fatty acids will enhance food, fuel and other applications of the
oil. The high content of polyunsaturated fatty acids (i.e. linoleic and
linolenic) limits the utility of soybean as cooking oil, unless it is hydro-
genated. Genetic modification of soybean oil composition to reduce
polyunsaturated fatty acids and increase monounsaturated (oleic) fatty
acids could be a viable strategy to improve oil stability and flavor without
the need for hydrogenation, which produces undesirable trans fat caus-
ing increased cholesterol and heart disease in humans [1]. Also oil with a
high content of monounsaturated fatty acids is less susceptible to oxida-
tive changes. Mutation breeding is one of the best and widely used tools
to alter the fatty acid composition in most of the oilseed crops [2-6].
Environmental influences on the fatty acid profile of soybean oil from
common cultivars have been observed in several studies. The effects
of year or location on the fatty acid content of soybean lines with dif-
ferent fatty acid profiles have been investigated in many reports [7, 8].
The differences in fatty acid content are likely to be a consequence of
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the different weather patterns, from year to year and location to loca-
tion. Seed development at higher temperatures resulted in a significant
decrease in linoleic and linoleinc acid and increase in oleic acid content
[9-11]. Palmitic and stearic acids are generally unaffected by changes in
temperature. Evaluation of stability of oleic, linoleic and linolenic acid
contents of genotypes with modified fatty acid profiles is necessary to
determine their utility in plant breeding programmes, developing soy-
bean cultivars with enhanced oil quality and adaptation to a wide range
of environments. This study had the objectives of developing a high oleic
acid soybean mutant and determining the stability of its fatty acid com-
position across different environments.

Materials and Methods

A high oleic acid soybean mutant (HOM), cultivar Bragg, and three
soybean breeding lines (MACS 1034, MACS 1055, MACS 1092) were
used in this study.

Mutation treatment

Seeds of soybean cultivar MACS 450 were treated with doses of
y-radiation and various concentrations of ethyl methane sulfonate
(EMS). The mutation treatments given to seeds of MACS 450 are
described by Patil, et al [12]. The seeds of each treatment were sown in
two rows. Each row consisted of 100 seeds with a distance of 5cm within
rows and 45cm between rows. At the M, generation, 92 morphological
variants were identified in the field and advanced until the M, generation
by single seed descent. A line containing 40% oleic acid (as compared
to 27% in MACS 450), derived from a treatment of 200Gy y-radiation
and 0.15% EMS, was selected from the M, population. Stability of the
high oleic acid mutant (HOM) was tested until the M, generation at the
research farm of the Agharkar Research Institute (Hol, Pune, India).

G X E interaction

To study the influence of the environment on fatty acid composition,
the HOM, four soybean lines and cultivar Bragg were grown at 12 loca-