
w / Induced Mutations
and Molecular Techniques 

for Crop Improvement
PROCEEDINGS OF A SYMPOSIUM, VIENNA, 19-23 JUNE 1995 

JOINTLY ORGANIZED BY IAEA AND FAO





INDUCED MUTATIONS 
AND MOLECULAR TECHNIQUES 

FOR CROP IMPROVEMENT

DISCARDED





PROCEEDINGS SERIES

INDUCED MUTATIONS 
AND MOLECULAR TECHNIQUES 

FOR CROP IMPROVEMENT

PROCEEDINGS OF AN INTERNATIONAL SYMPOSIUM 
ON THE USE OF INDUCED MUTATIONS 

AND MOLECULAR TECHNIQUES FOR CROP IMPROVEMENT 
JOINTLY ORGANIZED BY THE 

INTERNATIONAL ATOMIC ENERGY AGENCY 
AND THE

FOOD AND AGRICULTURE ORGANIZATION 
OF THE UNITED NATIONS 

AND HELD IN VIENNA, 19-23 JUNE 1995

INTERNATIONAL ATOMIC ENERGY AGENCY 
VIENNA, 1995



VIC Library Cataloguing in Publication Data

International Symposium on the Use of Induced Mutations and Molecular 
Techniques for Crop Improvement (1995 : Vienna, Austria)

Induced mutations and molecular techniques for crop improvement : 
proceedings of an International Symposium on the Use of Induced Mutations 
and Molecular Techniques for Crop Improvement jointly organized by the 
International Atomic Energy Agency and the Food and Agriculture 
Organization of the United Nations and held in Vienna, 19-23 June 1995. 
— Vienna : The Agency, 1995.

p. ; 24 cm. — (Proceedings series, ISSN 0074-1884) 
STI/PUB/972 
ISBN 92-0-104695-2 
Includes bibliographical references.

1. Plant mutation breeding—Congresses. 2. Molecular biology—
Technique—Congresses. I. International Atomic Energy Agency.
II. Food and Agriculture Organization of the United Nations. III. Title. 
IV. Series: Proceedings series (International Atomic Energy Agency).

VICL 95-00133

Printed by the IAEA in Austria 
November 1995 

STI/PUB/972



FOREWORD

More than 60 years have passed since L.J. Stadler successfully used radiation 
to generate genetic variation in plants. Since then, a great deal of research has been 
carried out on the theoretical basis of mutagenesis in plant material, with activity 
reaching its peak in the mid-1960s. The results of these investigations led to the for
mulation of theoretical and methodological principles for the use of various mutagens 
in creating and selecting desired variability. As a result of this intensive research, 
numerous mutant varieties of various crop species have been officially released and 
introduced to the field; the FAO/IAEA Mutant Varieties Database lists 1790 varie
ties of 158 plant species officially released in 52 countries.

In parallel with this applied research, a large number of morphological, 
developmental and biochemical mutants were obtained that have provided valuable 
material for molecular genetic research and added to our understanding of the 
processes that lead to an increase in genetic diversity. Mutagenesis, followed by the 
appropriate biochemical selection procedures, has been instrumental in investigating 
the biosynthetic pathways of many significant and agronomically desirable plant 
characters. Such mutational genetic analysis has found clear application in breeding 
programmes. The impact of these investigations will be increased through the recent 
discovery of syntenic relationships among genomes of various plant species or 
genera. As supporting tools for conventional breeding, molecular techniques have 
the potential to assist in obtaining increased and sustained productivity and improved 
food quality, and in developing new raw materials for industry. Over the past few 
years, many transgenic plants have been developed in important crops such as rice, 
wheat, maize, soybean, banana, cassava and cotton, as well as in many food, indus
trial, forest and pharmaceutical plant species. Application of DNA based markers as 
a selection tool has been recognized for some years and this method is now being 
used to breed cereals, legumes and vegetatively propagated species.

The aim of this Symposium was to review current aspects of mutation and 
molecular biology techniques for use in crop improvement and to bridge the gap 
between practical plant breeding and molecular laboratory techniques. More than 
180 participants from 48 countries, of which 31 were developing countries, attended 
the Symposium, which provided a forum for the discussion of problems related to 
crop improvement worldwide, and their possible solution. To meet the world’s food 
production challenges, use of all available approaches, including mutation and 
molecular biology techniques, will be crucial to future plant breeding programmes.
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B. Sigurbjôrnsson
Secretary General,

Ministry of Agriculture,
Government of Iceland,

Reykjavik, Iceland

On behalf of the International Organizing Committee, it gives me great 
pleasure to welcome you to Vienna and to the Opening Session of the Symposium 
on the Use of Induced Mutations and Molecular Techniques for Crop Improvement.

This International Symposium, organized by the Plant Breeding and Genetics 
Section of the Joint FAO/IAEA Division of Nuclear Techniques in Food and 
Agriculture, will address two very important modern approaches to plant breeding. 
First, use of induced mutations, which has already established itself as a powerful 
plant breeding tool in its own right and contributed significantly to food and fibre 
production and to farmers’ incomes and national economies worldwide. Second, use 
of molecular techniques for crop breeding, which is in a state of early development 
but which is already starting to make important contributions to the success of plant 
breeding and to have an enormous and exciting potential for crop improvement. By 
their nature, these two approaches are complementary and can be uniquely combined 
with a synergistic effect. It would be an important outcome of this Symposium if we 
could discern clever ways of wielding these powerful scientific tools together.

This year marks an anniversary in the history of the Plant Breeding and 
Genetics Section. Thirty years ago, in the spring of 1965, the section organized its 
first two meetings of plant breeders and geneticists, thereby starting its worldwide 
activities. The Research Co-ordination Meeting on Rice Mutation Breeding met in 
Bangkok in February of that year to launch a very successful rice mutation breeding 
programme which can now take credit for introducing a number of highly successful 
rice varieties that contributed to the famous Green Revolution. The second meeting 
was a gathering of some of the pioneers in plant mutation breeding who joined forces 
in a co-ordinated research effort to perfect the practical aspects of mutation breeding 
technology. The outcome was the Manual on Mutation Breeding published by the 
section and used by plant breeders throughout the world.

The list of participants at that first meeting and the members of the research 
group read like a Who is Who in mutation research, including Gustafsson and 
Hagberg from Sweden, von Wettstein from Denmark, Gaul and Gottschalk from 
Germany, Broertjes from the Netherlands, Scarascia-Mugnozza from Italy, 
Borojevic from the former Yugoslavia, Swaminathan from India, Kawai from Japan, 
Favret from Argentina, Brock from Australia, and Nilan and Konzak from the 
United States of America. On this occasion, I would like to pay tribute to these

3
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pioneers for the groundwork they laid for the practical use of mutations in plant 
breeding. Looking at the group present here, I think that only Diter von Wettstein 
and I, who organized the meeting in 1965, are present today.

If we felt that plant breeding and plant science were important 30 years ago, 
they can now be regarded as the keys to solving the problem of feeding the world’s 
population in the next century. Farmers could be faced with the task of having to 
triple food production. To achieve this, they do not have much extra land and their 
water resources are scarce; also, our environment might not be able to accommodate 
all the chemical inputs needed for current types and varieties of crops to reach such 
production levels. We need to use molecular and induced mutation techniques to 
redesign our crops and to fit them with the genes and attributes that could meet the 
enormous food production challenges facing farmers in the next half century.
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S. Machi
Deputy Director General,

Department of Research and Isotopes,
International Atomic Energy Agency,

Vienna

It is a pleasure and honour for me to welcome you all to this FAO/IAEA 
Symposium on the Use of Induced Mutations and Molecular Techniques for Crop 
Improvement.

I am also very pleased to have Mr. B. Sigurbjôrnsson, our former Director of 
the Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture, as 
Chairperson of the Opening Session, and to introduce Mr. J.D. Dargie as the new 
Director of this important division.

At present, the world’s population is 5.7 x 109 and increasing at the tremen
dous rate of 94 x 106 per year. The United Nations World Food Council reported 
that global hunger and malnutrition are continuing to deteriorate. More than 
780 x 106 people are chronically undernourished. Security of food supply, there
fore, is of highest priority in many countries.

To improve agricultural productivity and its sustainability, nuclear techniques 
such as radiation and isotope tracers have been playing an important role. The Joint 
FAO/IAEA Division and the FAO/IAEA Agriculture and Biotechnology Laboratory 
at Seibersdorf have been assisting Member States to fully utilize these techniques for 
their food security and national development.

Needless to say, plant mutation breeding using radiation is one of the most 
effective methods for achieving sustainable agriculture. The FAO/IAEA Mutant 
Varieties Database now contains 1790 accessions, the vast majority of which were 
obtained with gamma and neutron irradiation; more than half were released during 
the last 10 years. In addition, there has been a resurgence of interest in the use of 
induced mutations to create alterations useful to the new biotechnologies. One appli
cation involves placing important traits on genetic maps with the help of induced 
mutations. After nearly three quarters of a century, induced mutations are still an 
important tool for many applications.

The purpose of this meeting is not only to discuss scientific developments in 
plant molecular biology and mutation techniques but also to exchange views on how 
this scientific progress can be applied to practical breeding programmes, especially 
in developing countries. In fact, participation at this Symposium includes representa
tives from 31 developing countries of the 48 countries represented. In bringing 
together scientists from established and developing laboratories throughout the 
world, the meeting will stimulate the future attainment of plant breeding objectives 
in many countries.

At this Symposium, we will certainly learn of the progress being made in many 
areas of plant research, including genetic understanding of biochemical pathways,
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molecular mapping and transgenic approaches towards improving germplasm. We 
must then advise plant breeders as to the necessity of developing a particular bio
technology for agricultural sustainability and food security. However, these new 
technologies may currently be cost prohibitive for direct application to the breeding 
programmes of minor crops in developing countries.

It appears that there will be an increase in genetic applications to plant breed
ing. Mutation techniques present the opportunity of creating variability in germplasm 
that is unavailable with other methods. Molecular genetics offers the opportunity of 
locating a gene of interest on a map and allows plant breeders to make marker selec
tions for that trait as the first step towards isolating the gene for réintroduction into 
the same or different plant species. This combination of mutation techniques and 
molecular methods will lead to an increased understanding of the fundamental 
genetics and plant physiology that underlie many of the traits of importance for 
increasing plant production. We should not forget that these new technologies are 
only tools in a toolkit, and in order to be successful they must be used in conjunction 
with strong conventional plant breeding programmes worldwide.

The last FAO/IAEA Symposium on Plant Mutation Breeding for Crop 
Improvement was held in June 1990. Since then, much progress has been achieved. 
This meeting is, therefore, very timely and of great importance to Member States.

Finally, may I wish you a most successful and fruitful Symposium and an 
enjoyable stay in the beautiful city of Vienna during the best season of the year.
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J.D. Dargie
Director,

Joint FAO/IAEA Division of Nuclear Techniques 
in Food and Agriculture,

International Atomic Energy Agency,
Vienna

This Symposium is the latest in a series of many organized by the Joint 
FAO/IAEA Division of Nuclear Techniques in Food and Agriculture, and on behalf 
of the staff of the division I would like to thank you for attending, and for giving 
this division and the many who will read the Symposium Proceedings the benefit of 
your knowledge and experience. The Joint FAO/IAEA Division was established 
more than 30 years ago, and over the years it has evolved as a powerful catalyst for 
development through research in the agricultural sector, covering a wide variety of 
problems and topics amenable to study and solution by nuclear techniques. Some
times, this restricted mandate of the division raised controversy — even heated 
debate — with those involved in the mainstream of agricultural research, who argued 
that there was no place for our nuclear tools and that to promote them only diverted 
funds from other, more conventional approaches. Occasionally, the mandate of 
promoting research brought conflict with those more interested in information 
gathering, in conventions, in defining research paradigms. And perhaps, most 
recently, the discussion has centred on whether this division now promotes ‘unclear’ 
as opposed to nuclear methods because of its involvement in methods which either 
derive from or enhance the usefulness of nuclear techniques.

Of course, none of these debates, controversies or arguments is new to our 
Chairperson, who was not only one of the founding fathers of the division but was 
also the first Head of its Plant Breeding and Genetics Section, and then led the 
division for 11 years. Nor is it new to people like A. Micke, who followed
B. Sigurbjôrnsson as Section Head, or to R. Rabson and others who have been 
closely associated with this section for many years. However, for people like 
M. Maluszynski and now myself, who have had much more recent involvement in 
this particular programme, the seas are calmer and the clouds less apparent. For me, 
the reason for this is simple: mutation breeding, and more particularly plant breeders 
using mutation induction directly or indirectly, have shown what they can do to 
produce crops that feed people better or to generate income in order to improve the 
quality of life. These benefits have been across crops, cropping systems and agro- 
ecological zones and in developed and developing countries alike. They cannot be 
denied; just look at the Proceedings of the last Symposium. Nor can it be denied that 
of all the activities of the Joint FAO/IAEA Division, this is the one that has brought 
greatest impact to developing countries. To this I might add, it is also the one that 
is likely to pay off even more in the future because of the speed at which the newer 
molecular, immunological and other techniques are leading to the generation of
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greater knowledge for the ultimate benefit of plant breeders and farmers, not to 
mention new, if sometimes controversial, crop varieties.

My predecessor was a plant breeder, while my background is in animal 
production and health. These are very different disciplines, but exactly the same 
basic problems have to be resolved if productivity, quality, biodiversity and the 
environment are to be protected or enhanced. As an animal scientist, I therefore feel 
as one of you, even if I am a little jealous that, for reasons decided by the highest 
power, research on plants has always been more advanced and therefore probably 
more exciting than that on farm animals. Nevertheless, in terms of the division’s own 
activities, more recent developments in plant breeding, driven now by breakthroughs 
in in vitro culture and molecular techniques, have provided the impetus to promote 
research and development not simply on plant breeding but also on plant genetics. 
In this respect, they are helping us to address more comprehensively than before the 
work implied in the name of the section — Plant Breeding and Genetics.

The Joint FAO/IAEA Division’s mandate is essentially to promote research 
into the development of techniques and technologies for increasing agricultural 
production without degrading the natural resource base. We work directly with the 
national agricultural research systems in developing countries, assisting them in 
doing research into identifying and solving their own problems. I do not need to 
remind you here about the extent and depth of poverty in the developing world; all 
I will say is that it is a disgrace, and that unless concerted action is taken, poverty 
will not diminish in the future.

One way of helping is to improve agricultural growth, because history has 
shown that this is the catalyst for broad based economic growth, and history has also 
shown, very clearly, that agricultural research and technological improvements are 
crucial to increase agricultural productivity and returns to farmers and farm labour, 
and in so doing to reduce poverty.

Owing to our limited funds, a Symposium such as this can only be held every 
5 years. I am sure that, like the Symposium on Plant Mutation Breeding for Crop 
Improvement held in June 1990, this one will be a great success scientifically. More 
importantly, I hope that through the formal presentations and the many informal 
discussions which it makes possible between participants from the developed and 
developing countries, new ideas will be generated and future collaborations will be 
developed and strengthened for helping us all to enjoy real food security.

Thank you again very much for coming, and all the best with your 
deliberations.
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J.P. Gustafson
Plant Genetics Research Unit,
Agricultural Research Service,

United States Department of Agriculture,
University of Missouri,

Colombia, Missouri,
United States of America

There is no need to offer memorials to Lewis John Stadler (1896-1954); he 
created his own monument by his scientific contributions. Yet, on the approaching 
100th anniversary of his birth we should pay homage to the man who brought use 
of mutation techniques to the plant kingdom.

L.J. Stadler, a native of Missouri, remained a Missourian during his entire life. 
With brief interruptions, he pursued his studies, and started and completed his aca
demic career at the University of Missouri. He was first exposed to maize genetics 
during his graduate years there.

A series of experiments was initiated in 1924 that made Stadler’s name famous. 
In the Annual Report of the Missouri Agricultural Experiment Station for the year 
1925/1926, we read the following:

A Genetic Analysis of Maize 

Variation in the intensity of linkage in maize

... The effect of X-rays on crossing over in the studied material is of special 
interest. Irradiation at the greater dosages resulted in the death of a considerable 
proportion of the pollen and in some cases in distortion of the tassel.

The frequency of mutations in maize

...Preliminary studies of the frequency of mutation in the genes for several 
endosperm characters were made. It was possible to determine the rate of muta
tion in genes not selected because of their high mutability.

There can be no doubt that experiments on mutation induction with barley must 
have started in 1926 because the oldest record of Stadler on the use of X rays for 
plant treatment, found in his notebook, is dated 30 July 1924. The research laborato
ries of the world learned of his work on induced mutation only after the publication 
of Muller’s (1927) similar results with animals. By 1930, Stadler had obtained X ray 
mutations by the hundreds. His experimental designs were elegant and critical, and 
the dimensions most impressive.

On the basis of the experimental observations available at that time, the state
ments contained in his posthumous paper appear as wise today as they were 43 years 
ago:
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“When we conclude from an experiment that new genes have evolved by the 
action of X-rays, we are not simply stating the results of the experiments. We are, 
in the single statement, combining two distinct steps: (i) stating the observed 
results of the experiment, and (ii) interpreting the mutations as due to specific 
mechanisms. It is essential that these two steps be kept separate, because the first 
statement represents a permanent addition to the known body of fact, whereas 
the second step represents only an inference that may later be modified or con
tradicted by additional facts. When the two steps are unconsciously combined we 
risk confusing what we know with what we only think we know. ’ ’

Stadler went on to introduce a new mutagenic agent, ultra violet light, into his 
laboratory (1936).

Following his death, M.M. Rhoades (1957) wrote in the Biographical Memoirs 
of the National Academy of Sciences:

“Stadler’s experimental studies are models in their clarity of conception and 
simplicity in design, he excelled as a theoretician and analyst. ”

It is only fitting that we are here in Vienna at the International Atomic Energy 
Agency to attend an International Symposium on the Use of Induced Mutations and 
Molecular Techniques for Crop Improvement on the approaching anniversary of 
Stadler’s birth.
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Abstract

INSTABILITY OF TRANSGENES IN PLANTS AND ITS IMPLICATIONS FOR PLANT 
BREEDING.

A major commitment is being made to the exploitation of transgenes for crop improve
ment. Numerous studies involving many transgenes and plant species indicate that transgenes 
are often silent, or display variable expression during development or between sexual genera
tions. Transgene expression is affected by the number of transgenes, the genetic background 
and the environment. Instability in expression of chalcone synthase genes in petunia in the 
presence of a transgene(s) encoding chalcone synthase under the control of the cauliflower 
mosaic virus 35S promoter is described. Chalcone synthase is a key enzyme in floral anthocya- 
nin production. Such transgenic plants vary in floral phenotype. Some have purple flowers, 
others white flowers and many have flowers with non-random white and purple sectors. 
Flower type is characteristic of a particular transformant. Somatic variants are observed 
frequently. Loss of purple pigment production is associated with post-transcriptional loss of 
mRNA from trans and endogenous chalcone synthase genes (co-suppression). Studies on the 
structure of the chalcone synthase RNAs produced in transgenic plants, amplified using poly
merase chain reaction, have revealed several kinds of aberration. It is therefore postulated that 
aberrant RNAs provoke chalcone synthase RNA turnover. A speculative scheme to explain 
how RNA degradation occurs, involving antisense RNA, is presented. The implications of 
transgene behaviour and instability in plant breeding are discussed.

1. INTRODUCTION

The widening of genetic variation available to plant breeders by incorporating 
genes constructed in the laboratory will have an enormous impact on crop improve
ment in the future. It is now some 13 years since the first transgenic plants were 
designed. In the meantime, a large number of species has been genetically modified 
by introducing genes constructed in the laboratory. Many transgenic plants have 
been evaluated in field trials and companies are now close to releasing a series of 
improved transgenic cultivars, for example, cotton, maize and potatoes, to follow 
the transgenic ‘Flavr Savr’ TM tomato first released in the United States of America 
in 1994 [1, 2].
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Development of transgenic plants involved an outstanding series of scientific 
achievements: recombinant DNA technology, tissue culture methodology, the design 
of genes to function in plants and the insertion of genes into cells from Agro- 
bacterium tumefaciens or via particle bombardment. The process involves the 
laboratory selection of plants carrying the new genes, followed by selection and 
evaluation in glasshouse and field to produce plants that consistently display an 
improved phenotype which is inherited in a Mendelian fashion from a single locus. 
Yet, all who have evaluated transgenic plants have recognized that transgenes do not 
always behave in a predictable, stable way (e.g. Refs. [3-5]). Some of the deviations 
emanate from multiple genes being inserted at multiple locations. The unpredicted 
behaviour of transgenes in a range of plant species has been the subject of several 
recent reviews [6-14]. It is now well documented that some copies of transgenes are 
silent, or become silent during plant development or during breeding experiments. 
Gene silencing appears to be more frequent when multiple copies are present and 
therefore silencing can be established by crossing together lines with single copies. 
Certain promoters, constructs and insertions appear to be inheritably unstable and 
genetic background can influence transgene stability. Transgene stability can also be 
influenced by the environment in which the plants are grown. Not all copies of a 
given transgene behave similarly in different transformants. These observations have 
given rise to the ‘folklore’ that transgene activity and stability depend on the position 
in which the transgene happens to reside in a chromosome. Because of these observa
tions associated with transgenes, it is essential to discover how and why transgene 
activity can be so variable and unstable. With this knowledge, breeders might find 
it more straightforward to design and select transgenic plants that will have no risk 
of being unstable in agricultural use — a possibility that exists at the present time, 
given the widespread occurrence of transgene instability.

2. Petunia hybrida PLANTS WITH CHALCONE SYNTHASE TRANSGENES:
A MODEL SYSTEM FOR ANALYSING TRANSGENE BEHAVIOUR

The transgenic plants we have studied in detail came from experiments 
originally conducted at DNA Plant Technology, Oakland, California, United States 
of America [15], and others made subsequently by R. Jorgensen at the University 
of California, Davis, California, USA. Petunia plants contain copies of a transgene 
T-DNA construct built from a kanamycin resistance gene and the coding sequence 
of the petunia chalcone synthase A gene, placed under the control of a cauliflower 
mosaic virus 35S promoter (35S), and the terminator of the nopaline synthase gene 
from Agrobacterium tumefaciens-, the construct is shown in Fig. 1 [15]. Chalcone 
synthase is a key enzyme in anthocyanin biosynthesis and the chalcone synthase A 
(chsA) gene is especially active in the epidermal cells of flower petals, where the 
purple floral pigment accumulates.
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FIG. 1. Chalcone synthase transgene construct, its expected transcribed chalcone synthase 
product and the primers used to analyse the RNA products. A schematic map o f the T-DNA 
inserted into petunias. P35S = 35S promoter from the cauliflower mosaic virus; e = 35S 
enhancer; chsA =  cDNA sequence from the petunia chalcone synthase A gene; Tnos = termi
nator from the nopaline synthase gene o f  Agrobacterium tumefaciens; Pnos = promoter from  
nopaline synthase; nptll =■ neomycin phosphotransferase II coding sequence from  E. coli; 
Toes =  terminator sequence from octopine synthase from  Agrobacterium tumefaciens; 
LB = left border; RB = right border [15]. The chsA mRNA is enlarged, showing the position 
o f the transcription start and stop codon, the intron position within the endogenous 
chsA mRNA (splicing site) and the position o f a cryptic intron (cryptic splicing site, 
endogenous), which is spliced out only in certain transgenic plants. The number, position and 
orientation o f oligonucleotides used as reverse transcriptase-polymerase chain primers are 
shown below, together with the scale in base pairs.

The transgenic plants containing copies of the construct transferred via T-DNA 
from Agrobacterium tumefaciens and selected on the basis of being resistant to 
kanamycin have surprising phenotypes (Fig. 2). Some lack anthocyanin pigmenta
tion and have completely white flowers; others display floral patterns with some 
flower sectors being white and others purple. The sectors are usually not random. 
Sometimes, the white sectors emanate from the corolla tube and extend along the 
fused petal junctions; in other cases, the sectors extend along the veins [15-17]. The 
presence of white sectors results from the transgene because such sectors rarely, if 
ever, are observed in control plants. In the white sectors, transgene expression must 
have become inactivated and caused loss of expression from the two endogenous 
copies of the chalcone synthase A genes. The loss of both transgene and endogenous 
gene expression led to use of the term ‘co-suppression’ [12]. Loss of chalcone 
synthase activity from both kinds of gene was confirmed by showing that in the white 
flowers and the leaves of white flowering plants the levels of messenger RNA from 
the transgene and endogenous chsA genes were much reduced, relative to the purple 
flower segments [15, 18]. The relatively sharp boundaries between purple and white
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FIG. 2. Flowers from transgenic petunia plants containing additional copies o f a gene 
specifying chalcone synthase: top: purple flower similar to that o f the non-transgenic parent; 
middle: purple/white sectioned flower, with the white sectors extended along the petal junc
tions; and'bottom: all white flower.

sectors on individual patterned flowers implies that whatever causes the loss of 
mRNA to create the patterns it can switch rapidly and respond to developmental 
signals [16, 17]. The floral phenotype is generally characteristic of a transformant, 
implying that it is somatically inherited. However, somatic variants are observed 
relatively frequently. White flowering plants can produce a purple flowering branch, 
and vice versa. Occasionally, changes in phenotype occur from young to old 
flowers [16, 17]. Thus, it appears that a given transgene(s) can exist in different
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‘states’, revealed by the floral phenotype they create. The state can change during 
plant development; it can also change between sexual generations [16, 17].

Our molecular studies have, to date, focused on the levels and structures of 
RNA products from the transgene and the endogenous chsA genes. These seemed 
worthy of study because the loss of gene expression is not likely to be due to silencing 
of transcription. Studies on similar transgenic plants in the laboratory of J.N.M. Mol 
in Amsterdam investigating ‘run on’ transcription of chalcone synthase in isolated 
nuclei have revealed that chalcone synthase RNA synthesis appears quantitatively 
similar in the white and purple sectors [10, 19]. If the loss of RNA is post- 
transcriptional, then the transgene must in some way be responsible for the degrada
tion of chalcone synthase A RNA, independently of whether the RNA comes from 
the transgene or the endogenous genes [19].

3. ANALYSIS OF CHALCONE SYNTHASE RNAs IN 
TRANSGENIC PLANTS

To study chalcone synthase RNAs, we used polymerase chain reaction (PCR) 
to amplify them to easily detected levels. A DNA strand is synthesized first on the 
RNA template using a defined oligonucleotide primer [20], and then the DNA 
product is amplified, usually using a second primer. The product is examined by 
electrophoresis to assay the double stranded DNA molecules of expected defined 
length, and sometimes also by hybridization to a radioactive chalcone synthase gene 
probe after Southern blotting of the DNAs to a filter. The primers used are indicated 
in Fig. 1. The primers G996, B25 and G995, B26 are specific for the transgene and 
endogenous chsA genes, respectively, and therefore allow RNA products from the 
different genes to be distinguished (see Fig. 1).

Primers incorporating oligodT prime DNA synthesis from polyadenylated 
RNAs [20]. Quantitative experiments that compare products using the oligodT con
taining primer and another primer with products from other pairs of internal primers 
enable the amounts of poly A + chsA mRNA to be compared with the levels of total 
chsA mRNA. Primer selection also enables the amount of full length mRNAs, e.g. 
G995 and B26, or RNAs containing 3' end segments, e.g. G1607 and G1561, to be 
compared (see Fig. 1).

Using these experimental approaches, we have drawn the following 
conclusions:

(1) The levels of transgene RNA can differ between different transformants and 
between different branches of the same plant.

(2) Purple flowering transgenic plants can have trans and endogenous chsA genes 
active, but the proportions of poly A + RNA can be much higher than those 
found in parental non-transgenic plants.
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(3) Transgenic plants displaying white floral sectors, and therefore considered to 
be in a state that readily switches from purple to white, have poly A + trans
gene RNA, but poly A + chsA RNA from the endogenous chsA genes is 
almost undetectable. The purple floral pigment therefore presumably comes 
from transgene mRNA. The loss of endogene chsA RNA also occurs in leaves.

(4) RNAs that lack the poly A tail accumulate from both the transgene and 
endogenes in transgenic plants.

(5) The residual chsA mRNA in white tissue is poly A", short 3' fragments or 
RNA transcripts not cleaved for poly adénylation.

(6) Aberrantly spliced transcripts accumulate from the endogenous chsA genes in 
the presence of the transgene.

4. SPECULATIONS ON THE MOLECULAR MECHANISMS BEHIND THE 
LOSS OF CHALCONE SYNTHASE RNAs IN WHITE TISSUE

The series of observations described above leads to the conclusion that the 
transgene(s) leads to the accumulation of aberrant RNAs from the transgene and 
endogenes as well as the degradation of chsA RNAs in white tissue. How this hap
pens has yet to be elucidated. It can be postulated that the transgene may have an 
unusual structure, including promoter and termination sequence, or an unusual 
(ectopic) location in the chromosome or position in the nucleus, and these lead to 
inefficient RNA processing, transport or polyadenylation [9, 21, 22]. Even if such 
speculations turn out to be correct, how does the presence of these aberrant transgene 
RNAs lead to degradation of transgene and endogenous chsA RNA? It is known that 
antisense RNAs can form double stranded RNA complexes with sense RNAs and 
these may be degraded by specific RNases that recognize double stranded RNAs. Is 
antisense RNA involved in the RNA degradation process (because it is hard to 
envisage how else all RNAs of the same sequence are degraded)? We have therefore 
used primers in PCR assays to search for antisense RNAs. They appear to be present 
in all the transgenic plants we are studying but not in the parental non-transgenic 
plants. The levels correlate with those of the sense RNAs (unpublished results), as 
expected if they are degraded together. Detection of antisense RNA suggests that this 
is likely to be involved in the specific degradation of chsA RNA sequences. How 
might the antisense RNAs be synthesized? They could be made in the nucleus from 
the transgene construct using the nopaline synthase promoter and reading through the 
chalcone synthase coding sequence [13]. Alternatively, they could be made using the 
aberrant RNA as template by an RNA dependent RNA polymerase (Fig. 3) [23, 24]. 
We favour the latter hypothesis but have no conclusive evidence for this, at present.

Antisense RNA from an RNA dependent RNA polymerase could arise in the 
nucleus or the cytoplasm. The small RNA degradation products might move between 
the nucleus and the cytoplasm and serve as primers to stimulate more antisense RNA
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FIG. 3. Speculative scheme to explain how chalcone synthase transgene transcription leads 
to chalcone synthase RNA degradation. The scheme is derived from the observed production 
o f aberrant RNA transcripts. It is postulated that these could be the template o f antisense RNA 
transcript synthesis, by RNA dependent RNA polymerase. Antisense and sense RNAs form  
hybrids that are degraded by specific RNases. The degradation products could serve as 
primers to promote more antisense RNA production and RNA degradation, or interfere with 
mRNA processing, transport and polyaderylation and lead to the production o f more aberrant 
RNAs [23, 24].

production and RNA degradation, and possibly interfere with the normal processing, 
polyadenylation, transport and translation of RNAs (Fig. 3). These speculations 
imply that an autocatalytic cycle would be involved in the loss of mRNA: aberrant 
RNA stimulates antisense RNA synthesis, RNA degradation, production of RNA 
degradation products, more antisense RNA and, hence, aberrant RNA formation. 
Such an autocatalytic cycle helps explain the rapid and ‘complete’ switch from purple 
to white tissue during development [17, 25].
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This working hypothesis suggests that loss of chalcone synthase RNAs 
originates with the observed production of aberrant transgene RNAs in the nucleus. 
What happens when transgenes change state? This could involve a change in the rate 
of transgene transcription, a change in local chromosomal or nuclear structures 
around the transgene, or the clearing of RNA degradation products from the cells, 
with consequential interruption of the autocatalytic cycle. These possibilities need to 
be investigated.

The studies summarized here show that unexpected phenotype alterations and 
instabilities are due to post-transcriptional events. In other cases, transgene interac
tions cause transcription silencing. The full range of observations on transgene insta
bility has been reviewed elsewhere [6-14]. Whatever the cause of the instabilities, 
they generate profound concern for plant breeders.

5. TRANSGENE INSTABILITY AND PLANT BREEDING

Clearly, distinctiveness and uniformity, essential for variety registration, are 
at risk if transgenes occasionally become inactive or lead to RNA degradation 
systems affecting expression of themselves or related genes. In the hands of the 
breeder there will be problems if the transgenes are unstable in different genetic 
backgrounds or when the number of copies of the gene is varied. Risk assessment 
procedures followed by national and international regulatory authorities are based on 
the assumption that transgenes behave like endogenous genes. If this is often not the 
case, the decision making procedures may become more complex. In risk assessment 
terms, instability will rarely be a problem. However, if a transgene is being used 
to downregulate an undesirable chemical constituent, e.g. food protein allergens in 
rice [26], then the risk associated with transgene silencing could be substantial [27].

Whatever the environmental or other risks that may be associated with the 
aberrant behaviour of transgenes, the economic risk for the company marketing the 
product and the farmer selling a crop will be substantial. Therefore, companies will 
work extremely diligently to make selections of transgene plants in which transgene 
behaviour is stable in relevant environments. Our studies are beginning to reveal 
aberrant cellular molecular events, relating to transgenes, that occur long before 
anything is visible in the phenotype or in crop performance. Development of 
knowledge and assays of these molecular mechanisms may provide additional tools 
for the plant breeder to assess the potential stability of a specific transgene in 
varieties grown in specific environments. Once again, the study of genetic variants 
is providing systems for monitoring normal gene behaviour.
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Abstract

PRODUCTION AND APPLICATION OF DOUBLED HAPLOIDS IN CROPS.
Haploid plants (containing the gametic chromosome number n of a species) can be 

produced by a number of methods and have been reported in well over 200 plant species. 
However, only two methods have been capable of producing large numbers of haploids from 
most genotypes: chromosome elimination following wide hybridization and in vitro culture of 
gametes, either microspores (androgenesis) or megaspores (gynogenesis). Chromosome 
elimination was first established in barley and has been utilized in the production of over 
20 cultivars in this crop. Chromosome elimination was also established as a method for 
producing haploids in wheat, either from crosses with Hordeum bulbosum or maize pollen, 
with the latter being used in commercial breeding programmes. Production of haploids 
(dihaploids) in cultivated potato (Solatium tuberosum 2n =  4x = 48) by crossing with 
5. phureja (2n = 2x = 24) appears likely to also occur through chromosome elimination. 
However, because of the large number of microspores in anthers, androgenesis has the poten
tial to be much more efficient than chromosome elimination in the production of haploids and 
is available in more crop species. Frequent questions posed by breeders, including the relative 
costs, are discussed. Application of doubled haploids in breeding programmes is now estab
lished for a number of crops and many cultivars have been released from programmes using 
haploidy procedures. In the area of molecular genetics, haploid procedures have proved to be 
very beneficial in developing molecular maps and in analysing quantitative trait loci. Isolated 
microspores have also been the target of research in transformation and in vitro selection in 
crops, with limited success reported.

1. INTRODUCTION

‘Haploid’ is a general term used to denote an organism (plant in this case) with 
the gametic chromosome number, i.e. half the normal number for such a species. 
A doubled haploid is derived from a haploid plant by doubling its chromosome

* Research carried out in association with the IAEA under Research Agreement 
No. 7765/CF.
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number. The key feature of this event is that, in one step, one has increased the 
homozygosity level. In diploid and allopolyploid species, the doubled haploid should 
be completely homozygous for all gene loci, whereas in autopolyploid species the 
doubling of a dihaploid is equivalent to three to four generations of inbreeding but 
the plant is not completely homozygous. The term ‘dihaploid’ is used for the diploid 
derived from an autotetraploid by haploidy and is not the same as a doubled haploid 
from a diploid species.

Androgenetic haploids are derived from the male gamete via the process of 
androgenesis. Gynogenetic haploids are similarly derived from the female gamete. 
Haploid terminology was strongly debated at the 1st International Conference on 
Haploids in Higher Plants: Advances and Potential, and the terminology agreed upon 
is summarized in a paper by DeFossard in those Proceedings [1].

While haploids have been obtained from hundreds of species, their application 
has been limited by the need to be able to produce large numbers from any given 
genotype. This long and difficult process has required a tremendous amount of 
research into methods of producing haploids and, subsequently, doubled haploids.

Haploids are now becoming commonly used in plant breeding as well as in 
related research such as mutation and molecular biology. Haploid tissue facilitates 
the generation of genetic variability and its identification [2]. Using in vitro tech
niques, the DNA of haploid cells can be altered by mutation, somaclonal variation 
and genetic transformation. Recessive mutations will be directly visible in the 
monoploids of diploid species and by doubling the haploids they will become 
homozygous for the altered locus. In this paper, production of doubled haploids and 
their use in plant breeding and molecular genetics are covered. Use of haploids in 
mutation is discussed by Szarejko et al. [3] and Kott [4] in these Proceedings.

Barley is a crop in which examples of the various haploid production methods 
are well developed and which has been studied extensively in breeding. We are most 
familiar with it and examples from barley are often cited to illustrate points.

2. METHODS OF PRODUCING HAPLOIDS

There are many ways of producing haploids in plants but only two have been 
developed for large scale production in a number of crops [5]. However, the first 
haploid plants that were found in most species were ones that occurred spontaneously 
and were assumed to have arisen by parthenogenesis (development of an egg cell into 
an embryo and plant without being fertilized). The problem is that such events are 
rare. Research therefore focused on genetic selection for higher frequencies and on 
using markers in crosses in order to select these rare events. Chase [6] attempted to 
use this system to produce inbred lines for corn (Zea mays) by selecting the haploids 
with marker genes, and he was reasonably successful in producing good inbreds. 
However, it was not adopted by others and never used to any great extent because
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of the problem of low frequencies and the difficulties in doubling the chromosome 
number of the haploid plants. Many genes influencing the frequency of parthenogen
esis have been found in various species but the frequencies are still low and the 
problems of using such genes in breeding systems limit their applications [7, 8].

A modified parthenogenetic system called ‘semigamy’ has been used in cotton 
breeding [9]. The sperm cell enters the egg cell but the two nuclei do not fuse, 
resulting in plants that become chimeric (part being haploid for the male gamete and 
part being haploid for the female gamete). It is not an easy system to manipulate for 
breeding but could be of interest for mutation research.

The two systems for producing haploids in large numbers are chromosome 
elimination following wide hybridization, and androgenesis using in vitro culture of 
anthers or isolated microspores. Some reviews [10, 11] include chromosome elimi
nation under parthenogenesis, but we prefer to leave it as a distinct procedure from 
parthenogenesis.

2.1. Chromosome elimination

Kasha and Kao [12] reported the production of haploids in barley following 
the hybridization of barley (Hordeum vulgare, 2n = 2x = 14) by H. bulbosum 
(2n = 2x = 14). Haploids were regenerated by rescuing the embryos on a nutrient 
medium. Chromosome elimination following fertilization was proposed on the basis 
of the influence of the genome balance in reciprocal crosses between the diploid and 
autotetraploid levels of these two species. Chromosome elimination was later con
firmed by cytological [13] and genetic [14] studies. The frequencies of barley 
haploids produced per 100 florets pollinated range from 10 to 47 [15] and many 
doubled haploid barley cultivars have been produced. Chromosome elimination in 
other Hordeum interspecific crosses and in crosses between wheat and H. bulbosum 
was subsequently found (see review in Ref. [15]). While haploids could be produced 
in wheat by this system, the frequencies in most genotypes of wheat were too low 
for breeding purposes. Subsequently, it was found that using Zea mays pollen (or 
some other grass pollens) on wheat worked well, with no strong wheat genotypic 
differences [15, 16]. This system is now being used in commercial wheat breeding.

The keys to success in haploid production by chromosome elimination are to 
grow good healthy plants and to use hormones before and after pollination in order 
to stimulate the growth of the embryos. The positive features of the chromosome 
elimination system are that the plants are not albino, that nearly all the embryos and 
plants produced are haploid (very little spontaneous doubling of chromosomes 
occurs) and that a random sample of gametes is obtained. Therefore, it is a good 
source of haploid tissue for mutation or transformation research. On the other hand, 
it is necessary to use chromosome doubling techniques in order to obtain doubled 
haploids. The procedures for doubling the chromosome number of haploid plantlets 
are well developed [15, 17], with 70-80% of the haploid plants being successfully
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doubled in barley and wheat. In crop species such as Zea mays, which lack tillering, 
chromosome doubling of plants is much more difficult.

The other crop where haploidy is used extensively and where the mode of 
haploid production appears to be mainly chromosome elimination is the potato 
(Solarium tuberosum). In this case, interspecific crosses are used to reduce the 
autotetraploid to the diploid (dihaploid) level [18].

2.2. In vitro androgenesis

In vitro androgenesis refers to culture of the male gamete, either in the anther 
or as isolated microspores. The term anther culture clearly refers to the plating of 
the anthers containing microspores on the culture medium. However, the term 
microspore culture has been used for anther culture in some instances and for iso
lated microspore culture in others. We prefer to restrict its use to isolated microspore 
culture in order to avoid confusion.

Most of the research in the literature is on anther culture for the production 
of haploids, but isolated microspore culture is likely to become the procedure of 
choice for cereal breeding and research, as it is now in Brassica napus [19]. Without 
the anther wall, isolated microspores are more amenable to research because they 
can be directly observed and exposed to mutagenic or selection treatments. Isolated 
microspore culture also avoids any potential confusion relative to the origin of calli 
or embryos from anther wall tissue versus microspores. The frequencies of green 
plants obtained from anther culture in barley, as recently summarized in a review 
of 24 reports [15], ranged from less than one to 590 per 100 anthers cultured. These 
are lower than those recently summarized for isolated microspore culture (266 to 
ca. 5000) based mainly on the cultivar Igri [20]. However, in our experience with 
many other genotypes, these Igri frequencies are now typical.

There are many factors that influence the response frequencies from in vitro 
androgenesis and these factors may also interact. The transfer of a successful proce
dure from one laboratory to another is not easy, as conditions vary from laboratory 
to laboratory and some modifications are usually required. Nevertheless, in cereals 
it is possible to obtain fairly consistent results and large numbers of haploids via 
in vitro androgenesis. Some of the main factors discussed are: genotypes (gene con
trol); donor plant growth condition; anther pretreatments; culture media composi
tion; and culture environment.

2.2.1. Genotypes

Owing to strong genotype differences in haploid induction response, most 
breeders try to make crosses that involve at least one parent that normally responds 
well. Alternatively, they might try to develop a gene pool with an improved overall 
response. However, with the improvement in culture techniques, these strategies are
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becoming less important [11]. One of the main limitations in barley has been the high 
frequency of albino plants produced from some genotypes. Many researchers have 
looked for ways of overcoming this problem, with only modest success [15].

2.2.2. Donor plant growth condition

Different species grow best under different temperatures and conditions and 
these need to be carefully observed to obtain vigorous and healthy plants. For barley, 
most laboratories have chosen a 16 h day at a temperature of 12-15°C, with a lower 
dark period temperature [20]. To obtain a good response in culture, the anther donor 
plants should not be water, nutrient or pest stressed during growth. The microspore 
development stage is critical for good induction and the corresponding plant develop
ment stage can vary with genotype and growth environment.

2.2.3. Anther pretreatments

Most genotypes require pretreatment to induce embryo development, although 
the barley cultivar Igri responds to some extent without pretreatment. The pretreat
ment needs to be applied during a short critical period in the development of the 
microspore, usually at the mid to late uninucleate microspore stage. The type of 
pretreatment varies with species. For B. napus, heat stress is particularly effec
tive [19]. For barley and wheat, most laboratories use cold pretreatment at 2-4°C 
for up to 35 days. During this pretreatment, normal development of the microspore 
is greatly reduced and the stage advances very little during the cold period. For 
barley and wheat, an alternative pretreatment is to use osmotic stress by placing the 
anthers in 0.3-0.5M mannitol for 3-5 days. This is particularly useful for isolated 
microspore culture as the microspores can be shed from the anthers after such treat
ment with the aid of a Vortex or other means of shaking or stirring [21]. After pre
treatment, the microspores are transferred to culture media and begin to divide 
almost immediately.

2.2.4. Culture media composition

Culture media are a complex of many inorganic and organic chemicals along 
with plant hormones. Many factors in the media have been found to be critical and 
some are species specific relative to response. Some of the more recent findings that 
have been critical to. improved in vitro response in barley are:

(1) Replacement of sucrose by maltose or melibiose as the carbon source [22, 23];
(2) Use of high levels of organic nitrogen such as glutamine [24] ;
(3) Balance of organic and inorganic nitrogen sources [25];
(4) Replacement of agar by Ficoll [26] or by agarose [27];
(5) Use of phenyl acetic acid (PAA) as auxin replacement for 2,4-D [28, 29].
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PAA is now becoming more widely used as the auxin source, since it produces 
a better quality embryo which regenerates better than those produced with other 
auxins, particularly in microspore cultures. The pH of the media is also very critical.

2.2.5. Culture environment

Once placed on culture media, the cultures are kept in the dark or under very 
low light intensity until embryos or calli are formed. The temperature during this 
time is also important and species specific. In some species, a short high temperature 
treatment is given for about 3 days and then it is lowered to an optimum temperature. 
In barley, most laboratories culture the microspores or anthers at 25°C; we have also 
had success at 27°C [20] but higher temperatures result in lack of response. For 
wheat, the optimum temperature is between 28 and 32°C and response at these tem
peratures is much better than that at 25°C. Once embryos are formed and reach about 
2 mm in length, they are transferred to a regeneration medium, usually MS without 
auxin and containing 3% sucrose [10]. Use of sucrose is better at this stage of culture 
than maltose, probably because of the quick energy release following its more rapid 
breakdown.

2.3. Comparison of chromosome elimination and in vitro androgenesis

In 1992, Pickering and Devaux [15] attempted to compare the efficiency and 
advantages of these two methods for haploid production in barley. They concluded 
that the labour requirement was similar for the two methods, as were the success 
rates. However, as isolated microspore culture improves, it should become more 
efficient if it works well across most genotypes. This has still to be demonstrated. 
The Bulbosum (or chromosome elimination) system in barley has the advantage that 
albino plants are rare, whereas albino frequencies can be very high from some geno
types when using androgenesis systems. Haploids from the Bulbosum system are 
nearly all haploid (no spontaneous doubling), while an average of 70% of the plants 
derived from androgenesis are spontaneously doubled haploids, eliminating the 
necessity for using chromosome doubling procedures. It has been demonstrated that 
haploids produced by the Bulbosum system are a random sample of the gametes 
produced by an F¡ plant, whereas some deviations have been demonstrated in 
progeny from androgenesis in barley [15]. There is also more opportunity for gameto- 
clonal variation to occur during the culture of microspores, since usually both calli 
and embryos are formed. As embryo formation improves in such cultures, the level 
of gametoclonal variation is reduced. At this stage, Pickering and Devaux [15] con
cluded that there is very little difference in the efficiency of the two systems, and 
which you choose may depend on your purpose and the local facilities. While 
chromosome elimination appears to be a widely occurring phenomenon in wide 
crosses when coupled with embryo culture to facilitate the recovery of haploids,
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it has not been developed to the stage of use in crops other than barley, wheat and 
potato. Thus, for most crops, the logical procedure to develop is in vitro 
androgenesis.

3. DOUBLED HAPLOIDS IN PLANT BREEDING

Systems for the production of doubled haploids in most major crops are now 
reaching the stage where their use in plant breeding and mutation research is clearly 
feasible and desirable. Their use in breeding in self-pollinated cereals, potato and 
some species of Brassicaceae is widespread, with much of the recent use being 
undertaken by commercial companies. The procedures for achieving consistently 
high levels of production are demanding and require facilities for good plant growth 
under controlled environmental conditions. Without these, the production period is 
restricted to optimal seasonal conditions. It is clear that the system of choice for 
haploid production in most crop species is in vitro androgenesis (anther or micro
spore culture). When the interest is in mutation or in transformation, the isolated 
microspore targets can be a distinct advantage. Where the interest is in larger 
quantities of haploid tissue, or in a more random sample of gametes, chromosome 
elimination may be the system of choice.

For self-pollinated seed crops, the main use is for rapid production of new pure 
line cultivars; much of the work has been done in barley [30], rice [31] and 
wheat [32]. For cross-pollinated or partially cross-pollinated crops, doubled 
haploids are used mostly to produce inbred lines for the production of hybrid seed, 
such as in maize [6] or in rapeseed [19]. In autoploid cross-pollinated crops such as 
potato and alfalfa, haploids are used to simplify the genetics of traits and to 
reconstruct new combinations of genes at the tetraploid level. In the potato, the 
haploids (dihaploids) are also used as parents in somatic hybridization [11]. Overall, 
the main feature of haploid use is in saving time (generations) in breeding pro
grammes. However, selection for recessive genes in haploid plants or comparisons 
of traits in these uniform doubled haploid progeny lines is much easier than segrega
tion of progeny rows.

The first haploid production system that produced sufficient numbers of 
doubled haploids in the self-pollinated species to enable evaluation of haploidy as a 
breeding method tool was the chromosome elimination (crosses with H. bulbosum) 
system in barley. Comparisons between doubled haploids (DH) produced from the 
same F, plants as lines produced by the pedigree, bulk and single seed descent 
(SSD) breeding methods were made [30]. A number of crosses were studied, with 
60-120 DH lines produced from each cross. The lines derived by the bulk and 
pedigree methods were expected to be a better population of lines as a result of selec
tion, while the SSD derived lines should be a random sample of the population 
derived from the cross. The DH lines should also be a random selection of gametes
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(single gamete per DH line), but require fewer lines to find the superior gametes than 
when using SSD (two gametes per line, male and female). The results of numerous 
publications on these studies in barley were summarized in 1985 [30]. In summary, 
the best DH lines from a cross were equivalent to the best lines produced by the other 
breeding methods. The best lines derived by the various breeding methods were also 
studied over different environments to examine the question of the stability of pure 
lines. Again, the DH lines were as stable over environments as the inbred lines 
produced by the other breeding methods [33].

Another study undertaken was to compare the best DH lines from a cross with 
the yield of F| hybrids of the same cross [34]. Five crosses were studied but in 
small plots because of the necessity of producing F¡ seed by manual crossing. Three 
of the five crosses showed a significant F, yield increase over the best parent in the 
cross. For three of the five crosses, the best DH line was significantly higher yielding 
than the F] hybrid, one of these being from a cross where there was significant 
heterosis in Fj. The conclusion was that additive gene action was predominant for 
yield in some of these crosses so that the heterotic effect could be fixed in pure lines 
such as DHs.

There has been a recent similar study in rice, to compare DH lines with the
F, from three heterotic crosses, studying a number of traits [35]. These authors also 
concluded that for traits expressing strong additive genetic effects, the derived DH 
lines could reach the heterotic level of the F) hybrids. For traits with predominantly 
dominance genetic effects, the F, hybrid was superior to the best DH line. In this 
study, the yield was found to be mainly controlled by dominance effects and only 
one DH line from the 61 studied was found not to be significantly lower yielding 
than the F, hybrid. However, a number of the DH lines were higher yielding than 
the best parent in the cross. The DH lines produced in this rice study were produced 
by anther culture.

3.1. Frequent questions on haploids in breeding

The questions frequently posed, relative to haploidy as a breeding tool, are:

(1) What population size should one produce for breeding?
(2) From which generation should one produce the DH lines? Is there sufficient 

recombination in F,? What if the genes of interest are negatively linked?
(3) Are there deleterious effects of complete homozygosity?
(4) What are the costs relative to conventional breeding?

3.1.1. DH population sizes

Researchers who have worked with haploid breeding programmes in barley for 
some time have generally concluded that 100 DH lines from a cross are usually
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sufficient to obtain a superior line relative to yield [11]. However, this may depend 
on how many traits or genes one is trying to combine in one’s selection. The key 
to successful plant breeding is still the ability to choose the best parents to cross in 
order to achieve one’s objectives. Many new DH derived cultivars in both barley and 
rice have been obtained when fewer than 20 DH lines were produced from a 
cross [15, 31].

3.1.2. When to produce DH lines

Most studies have shown that one can be quite successful by selecting recom
binants from DH lines produced from Ft [11]. Where one knows that there is tight 
linkage of genes, one could go to F2 to obtain an additional generation of recombi
nation; however, going to additional generations beyond F2 to obtain recombinants 
is usually not warranted [36]. After the F2 generation, one would be better off to 
select lines and make additional crosses and further DH lines from them. Where 
there is a major trait that must be in one’s selected material and where it can be iden
tified in F2 (such as disease resistance), some breeders will select at F2 and produce 
the DH lines from F2 or F3. Some breeders will use haploid procedures in F4-F 6 
selected lines in order to purify material for cultivar licensing trials.

An alternative system that is becoming useful when one is hybridizing diverse 
genotypes is to combine recurrent selection with doubled haploidy procedures. After 
selection and crossing, each subsequent population is produced as doubled haploids 
upon which one selects, then crosses and produces a new population of DH lines.

3.1.3. Is homozygosity deleterious ?

Some of the early work on DH lines produced by anther culture suggested that 
it was difficult to obtain lines better than the parents using this haploidy procedure. 
This had been postulated to be related to callus formation before regeneration of the 
plants. Now that most DH lines from anther or microspore culture come from 
induced embryos, this does not appear to be a problem and somoclonal variation is 
also reduced. It could vary with species, but excellent DH lines have been obtained, 
as discussed earlier in comparisons with F] hybrids.

3.1.4. What are the relative costs?

Very little has been published on the relative costs. When using haploid proce
dures in crop breeding, many factors have to be considered, e.g. equipment and 
depreciation, salaries and time, cost of supplies, and savings because of the fewer 
generations required to reach homozygosity with haploids. One recent extensive 
study carried out at the Centro Internacional de Agricultura Tropical in Cali 
(Colombia) [37], based on the costs of producing a rice cultivar in japónica, indica
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and savanna types using the haploid versus the pedigree method, showed a substan
tial cost saving (14-26%) when using the DH procedures. Most of the savings 
resulted from the three fewer generations of inbreeding when using haploidy. The 
costs of producing haploids by anther culture, even with very low frequencies, were 
not a major item.

3.2. Crops other than inbreeding cereals

In crop species where hybrids are the commercial product, the main interest
in haploidy is to produce and select superior inbred lines for hybrid production. This 
is the situation in maize and in some of the Brassica crops, e.g. rapeseed (canola in 
Canada). The DH lines are used as a method to save time in inbreeding where 
attempts are being made to incorporate specific traits into superior lines. Haploidy 
has been worked on extensively in asparagus, but with minimal success [38]. In this 
crop, the heterozygous male is a better yielder than the homozygous female. Since 
one cannot inbreed the male, the concept is to produce haploid males and double their 
chromosome number to produce ‘super’ males. The crosses with the super male will 
result in all the progeny being the desired heterozygous male.

In cross-pollinated species, which are autotetraploids (e.g. potato and alfalfa), 
haploidy is used to reduce the material to the diploid level for selection and cross
ing [18]. This simplifies the genetics of the traits and greatly reduces the population 
sizes required to select the desired combinations of traits. To take advantage of the 
increased tuber or plant size of the tetraploid, the lines selected are usually taken 
back to the tetraploid level for testing and commercial production. Another trick 
possible with these crops is to use somatic cell fusion to reconstruct tetraploids with 
the maximum amount of heterozygosity. In the potato, attempts have been made to 
select for disease resistance using toxins in the media with the microspores. In this 
way, plants can be regenerated with a greater tolerance to disease [11].

4. HAPLOIDS IN MOLECULAR GENETICS

In the field of molecular genetics, two areas of application have rapidly
emerged: production of pure line populations for molecular mapping and as targets 
for transformation. The molecular maps are particularly suited to identifying genes 
of quantitative traits and are enabling very rapid expansion of our knowledge of the 
factors involved in the inheritance of agronomic, quality and pest resistance traits. 
In addition, they provide the opportunity of tagging important genes so that they can 
be selected during the breeding programme. Recessive genes for disease resistance 
are one example where a great deal of time can be saved by selecting with the aid 
of molecular marker tags. Application in molecular genetics is illustrated, with 
examples given from our own work on barley.
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4.1. Molecular mapping

For molecular mapping, one needs a population of segregants from a cross. 
In many species, this is either an F2 population or inbred lines derived from F2 by 
SSD or some other procedure. In species where doubled haploids can be produced 
from the F; of the cross, an instant set of completely homozygous lines can be 
produced. Molecular mapping of the barley genome has been carried out by a 
number of groups and all have used a population of doubled haploid lines derived 
from the Fj of the cross. Many hundreds of molecular markers have been mapped 
to the seven barley chromosomes [11]. The great value of such a system is illustrated 
by our work on the North American Barley Genome Mapping Project (NABGMP).

In two crosses between malting and non-malting feed type cultivars, a random 
sample of 150 DH lines was used for molecular mapping and for growing field plots 
to measure the agronomic, disease and quality trait differences between the parents. 
Researchers in different institutions used DNA from exactly the same 150 genotypes 
to map molecular markers and the data was collated into molecular maps. The same 
150 DH lines per cross have been grown at field sites across North America and 
records taken on the traits. These can then be mapped on the same molecular maps 
as the molecular markers, and genes with a significant effect on the trait can be 
mapped to specific regions of the chromosomes; these are called quantitative trait 
loci (QTL). An average of five loci was identified for each agronomic or quality trait 
studied [39]. In most cases, these loci were not known previously and thus the 
amount of genetic information gained on the traits of interest to breeders is immense. 
Furthermore, because they are on the same map as the molecular markers, molecular 
markers can be selected that are close to the QTL genes involved and can serve as 
a tag for those genes in future crosses.

One other very interesting result of molecular mapping is the study of the evo
lution of the genomes in the Gramineae species. Because many of the same molecular 
markers can be mapped on the different crop genomes, a pattern has emerged on the 
relationships of blocks of chromosomes in the different species [40]. Blocks of chro
mosome material have been put together in different combinations to make up the 
species chromosomes in the Gramineae. For example, the 12 rice chromosomes can 
be rearranged into the seven chromosomes of wheat or barley or into two sets of 
five chromosomes in maize.

4.2. Gene transformation

The second major application of haploids in molecular genetics is in transform
ation. If one can transform haploid tissue and then double the chromosome number, 
the transformation should be homozygous. This is particularly useful when attempt
ing to add single genes to otherwise superior cultivars.
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A number of systems for transformation using haploid tissues have been 
successfully tried [32, 41]. Direct bombardment of isolated haploid barley micro
spores has resulted in homozygous transformed plants when the microspores have 
been subjected to selection in culture for the gene expression which is to be incorpo
rated [42]. Immature haploid embryos from isolated microspore culture have been 
transformed by Agrobacterium in B. napus [19] and after chromosome doubling 
have been homozygous for the transformation. Another system has been to use 
haploid protoplasts and to transform them using polyethylene glycol. New systems 
for the regeneration of protoplasts isolated directly from plant tissues rather than 
callus cultures would make such a process attractive. It has also been reported in 
barley that bombardment of the haploid embryos with DNA coated particles has been 
successful in transformation [42]. Systems developed to transform immature 
embryos or protoplasts should work when such cells or tissues are haploid [43].

5. SUMMARY

Doubled haploid procedures are now well established in a number of crop 
species after extensive research into techniques. In the future, isolated microspore 
culture techniques are likely to become the method of choice, although anther culture 
and chromosome elimination will also fit specific needs. The procedures for haploid 
production are demanding, but commercial companies are now utilizing such tech
niques in breeding and transformation programmes. Crops such as rapeseed, wheat 
and barley have a number of commercial programmes in place using haploidy. 
Haploidy procedures are also used extensively in the breeding of rice [31] and 
potato.

We can expect to see procedures improve for other crops and much heavier 
use of haploidy in the future. The main advantages are the number of generations 
saved (time) in reaching homozygosity and in developing more effective selection of 
the desired traits.

Haploids have played an important role in producing homozygous lines for 
molecular mapping in crop genomes, which in turn has generated tremendous 
knowledge on the traits with which plant breeders work. The ability to produce lines 
that are homozygous for transformed loci makes haploid cells and tissues attractive 
as targets for transformation in crop improvement. We can also expect to see 
continued and expanded use of haploidy in mutation programmes to expand genetic 
diversity for crop improvement [3].
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Abstract

COMPARATIVE QTL ANALYSIS AND ITS APPLICATION TO CEREAL BREEDING.
Following the construction of comprehensive genetic maps for almost all the major crop 

species, application of marker assisted selection can become a major tool in plant breeding. 
However, successful application of this approach requires that a portfolio of the tagged genes 
that control the traits of interest be established within each individual species. Since many of 
the important agronomic traits are quantitative in nature, this first requires the mapping of 
quantitative trait loci (QTL) using established and new statistical approaches. However, QTL 
analysis can now be considered in a wider context, since the great advantage of molecular 
markers over conventional markers is that DNA probes hybridize across crosses within the 
same species, across genomes within polyploid species, and frequently across independent 
genomes of taxonomically related species. Thus, comparative genetic analysis allows a new 
approach to gene location, provides new insights into gene action and gives breeders access 
to a wider spectrum of genes. Two major uses of comparative mapping approaches to map 
QTL within and between cereal genomes are discussed. First, it is shown that within many 
polyploid and genome duplicated species the homoeology of marker loci and the collinearity 
of maps allow QTL locations in one genome to be extrapolated to another, for example, in 
bread wheat and maize. Second, it is shown that genetic analysis in one species can be indica
tive of the presence of homoeologous genes in another species and that hitherto undetected 
genes in a related species can be identified. Examples from studies of the QTL that control 
grain quality in wheat, and adaptation and responses to abiotic stress, in particular low 
temperatures, in wheat and barley, are presented.

* Research carried out in association with the IAEA under Research Agreement 
No. 7768/CF.
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1. INTRODUCTION

Traditional plant breeding has relied on the generation of genetic variation by 
intervarietal or interpopulation hybridization and the phenotypic selection of recom
binants with improved performance in field nurseries. Although great progress in 
terms of genetic advance has been made in all the major cereal crops using this 
approach, it has been, in general, very reliant on the individual skills of plant 
breeders rather than on scientific method. One impediment to the application of a 
more objective approach to plant breeding has been the lack of genetic information 
on the inheritance of important traits, particularly those which exhibit polygenic 
inheritance, and this has contributed to inefficiencies in selection, which has had to 
be applied to the phenotype rather than to the genotype. At present, construction of 
comprehensive genetic maps using restriction fragment length polymorphism 
(RFLP) and polymerase chain reaction based molecular marker systems has been 
completed for almost all the major cereal species, and these can now be used to 
improve greatly the efficiency of genetic analysis. Through marker mediated 
approaches, there is now the potential to establish a comprehensive portfolio of the 
known genes, whether major genes or quantitative trait loci (QTL), that control the 
traits of economic interest, where individual genes can first be located and then 
tagged by molecular markers for application of marker assisted selection. There are 
now several excellent examples of the application of this approach in cereals, for 
example, in wheat [1], barley [2], maize [3] and sorghum [4].

QTL analysis can now be taken much further by applying a comparative 
approach, since the great advantage of molecular markers over conventional markers 
is that DNA probes hybridize across species and across genomes within polyploid 
species. Thus, it is now possible to carry out comparative genetic analysis within and 
between species, and to use the information to evaluate the extent and type of allelic 
and homoeoallelic variation between genomes. This information gives great added 
value to studies within any one species and allows a new approach to gene location, 
provides new insights into gene action and gives breeders access to a wider spectrum 
of genes.

2. QTL METHODOLOGIES

Within any one cereal species, genetic analysis using molecular markers relies 
on the establishment of an association between the segregation of known marker 
alleles with differences in phenotypic expression of the trait. First, this requires 
development of an appropriate recombinant population, be it F2 or, preferably, 
recombinant inbred between parents differing in phenotype for the character(s) of 
interest. Second, a genetic map of the population is developed by characterizing all 
the individuals or lines for their allelic constitution at marker loci dispersed through-
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out the genome and identified as being polymorphic in the cross from examination 
of the parents. This can be achieved through reference to published maps and the 
availability of particular probes. Preferably, markers are chosen to be a distance of 
about 20-30 cM apart on each chromosome arm, spanning the centromere. 1 This 
requires at least eight to ten polymorphic markers per chromosome (given that an 
average genetic distance per chromosome of cereals is approximately 150-200 cM). 
Concurrent with map development is evaluation of the recombinant lines in appropri
ate replicated and randomized experiments for the traits of interest. Subsequently, 
the final step is to use statistical procedures to combine the map and trait data so as 
to partition genotypic variation into the effects of individual QTL and to locate these 
relative to the marker loci in defined chromosome segments. To achieve this, a 
number of statistical methods are now available that range from simple ANOVA and 
regression techniques to more sophisticated maximum likelihood [5] and least 
squares approaches [6]. However, in practice, one of the constraints is that there is 
still a lack of widely available, user friendly statistical packages, although some, 
such as MAPMAKER/QTL, are available [7].

3. DETECTING AND ASSESSING HOMOEOLOGOUS VARIATION
WITHIN POLYPLOID CEREALS

Comparative maps of homoeologous genomes allow genetic information in one 
genome to be extrapolated to another. Since some of the major cereal species are, 
of course, polyploids, the most important example being wheat, or have extensive 
duplication of the genome, as in maize, this can greatly enhance analysis of these 
species. Thus, probes that are polymorphic across genomes can be jointly mapped 
to form landmarks for analysing QTL and major genes.

This analysis is probably most highly developed in wheat where, once the 
major genes or QTL of interest are identified and mapped on to a particular chromo
some, the known homoeologous regions in the other genomes can be searched for 
allelic variation. From comparisons of maps in different crosses, probes can be iden
tified which reveal polymorphisms across the A, В and D genomes, and can be used 
to link together the genetic information, either in the same cross or even from differ
ent crosses. In addition, one of the major advantages of carrying out genetic analysis 
in wheat is that it is possible to combine chromosome assay techniques with QTL 
techniques. This arises, of course, because polyploidy has enabled development of 
a comprehensive set of aneuploid lines that can be used to develop precise genetic 
stocks such as monosomies and single chromosome substitution lines [8]. In wheat,

1 cM =  centimorgan. Morgan is a unit of relative distance between genes on a 
chromosome. One morgan represents a crossover value of 100%; a crossover value of 1% 
is a centimorgan.
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although whole genome QTL analysis is possible [1], because of the large number 
of chromosomes it is much more efficient first to use chromosome assay techniques 
such as backcross reciprocal monosomie analysis to locate presumptive QTL to 
individual chromosomes rather than to develop a genetic map of the whole genome 
within a cross of interest. Then detailed mapping can be carried out for the identified 
chromosomes individually, using precise stocks such as single chromosome recom
binant lines. These provide a very precise and accurate method of locating QTL, 
even those of small effect, since segregation for only a single pair of homologous 
chromosomes is examined in a near homogeneous background with very little 
genetic background variation.

Studies of the genetic control of grain protein levels in wheat have demon
strated the utility of this type of approach [9]. High grain protein is a major objective 
for United Kingdom winter wheat breeders, since it is a major component of good 
bread making quality. However, selection is made difficult by the existence of a 
strong negative association between yield and protein, which makes it difficult to 
breed high yielding but high protein varieties. Nevertheless, some good bread mak
ing varieties have a higher protein content than their yield level would predict, sug
gesting the existence of genes giving higher grain protein levels, independent of 
yield. To locate these genes, we have carried out a whole genome analysis using a 
combination of chromosome assay and QTL approaches.

Two winter wheat parents were chosen that had similar yields but differed 
widely in their grain protein content under UK conditions, namely, the high protein, 
bread making quality wheat Avalon and the feed wheat Hobbit ‘sib’. First, the back- 
cross reciprocal monosomie technique was used to assay differences for each of the
21 chromosome pairs. The results for measurement of the mean grain protein levels, 
using near infrared techniques on seed from a field trial in which all 21 x 2 recipro
cal chromosome families were represented, are shown in Table I. Analysis of these 
data showed that there was significant whole chromosome variation and, in particu
lar, it highlighted the fact that chromosomes of homoeologous group 5 were major 
determinants of the difference in grain protëin content between the parent varieties. 
All three group 5 chromosomes, 5A, 5D and the translocated chromosome 
5BL-7BL, had an effect on grain protein, suggesting the presence of hoipoeologous 
genetic variation. Of greatest significance was the effect of 5D; the results indicated 
that this chromosome appears to be responsible for half of the approximately 2 % pro
tein difference between the parental varieties. In contrast, for chromosomes 5A and 
5BL-7BL, Hobbit ‘sib’ appeared to carry alleles that increased the grain protein 
relative to their Avalon homologues.

Following this analysis, single chromosome substitution lines were developed 
by substituting the Avalon 5D and 5A chromosomes into Hobbit ‘sib’ to map the 
presumptive QTL. Then, for chromosome 5D a population of single chromosome 
recombinant lines was developed, and each individual line was measured for the 
grain protein content and classified for RFLP genotype using a series of group 5
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TABLE I. MEAN GRAIN PROTEIN CONTENT (%) FOR INDIVIDUAL 
RECIPROCAL FAMILIES IN BACKCROSS RECIPROCAL MONOSOMIC 
FAMILIES DEVELOPED BETWEEN AVALON (HIGH PROTEIN) AND 
HOBBIT ‘SIB’ (LOW PROTEIN)3

Chromosome Avalon homologue Hobbit homologue Difference

1A 13.50 13.00 -0 .5 0

IB 12.59 13.05 -0 .4 6

ID 13.40 13.62 - 0.22

2A 16.25 16.81 -0 .5 6

2B 16.58 16.01 0.57

2D 15.73 15.33 0.40

ЗА 12.54 12.82 -0 .2 8

3B 14.93 14.64 0.29

3D 12.59 12.71 - 0.12

4A 12.31 12.08 0.23

4B 12.31 12.71 -0 .4 0

4D 12.36 12.14 0.22

5A 12.77 13.74 -0 .97*

5BS-7BS 12.43 12.71 -0 .3 4

5D 13.11 12.11 1.00*

6A 11.68 11.62 0.06

6B 12.54 12.14 0.40

6D 11.62 11.45 0.17

7A 12.02 12.60 -0 .5 8

5BL-7BL 13.05 14.28 -1.23**

7D 12.31 11.97 -0 .3 4

Parents 13.91 11.86 2.05***

a Significance levels: * =  0.05-0.01; ** =  0.01-0.001; *** <  0.001.
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located probes. This analysis established that variation at one major gene locus 
differentiates the parental homologues. This locus was located on the short arm of 
chromosome 5D, and appeared to be allelic to a previously described locus, 
Pro2 [10]. This locus was also shown to be closely linked to, or a pleiotropic effect 
of, the locus Ha, which determines grain hardness.

Following these investigations, attention turned to the study of chromosome 
5 A to see if homoeologous loci were also responsible for the effects of this chromo
some. Again, single chromosome recombinant lines were developed and studied, and 
the map data for each chromosome and for the three common repetitive clone RFLP 
loci allowed the maps of 5D and 5A to be aligned. For 5A, no discontinuous varia
tion was apparent for this chromosome and, therefore, QTL analysis was carried out 
using the mapped RFLP markers. From ANOVA and MAPMAKER/QTL analyses 
it was possible to show that some, but not all, of the homoeologous variations for 
grain protein content on 5A were due to a Pro2 homoeolocus on the short arm of 
chromosome 5A, although there was no allelic variation for grain hardness (Fig. 1). 
This suggests that grain hardness association with protein amount is probably due 
to linkage rather than pleiotropy. A further QTL was detected on the long arm of 
5A, although there was no homoeologous variation in the 5D population.

These data show that homoeologous marker variation can be detected and used 
to map homoeologous QTL in wheat and that the effects can vary greatly, either 
being recognized as major genes exhibiting discontinuous variation, or as QTL 
recognizable only by association with marker loci. Further examples of the use of 
this approach in identifying hitherto undescribed genes are also now emerging from 
studies of flowering time, plant height and other agronomically important attributes 
in wheat. The now recognized duplication of the maize genome indicates that the 
approach should have similar utility in this species.

4. DETECTING HOMOEOLOGOUS QTL IN RELATED SPECIES

A very important aspect of comparative genetic analysis is the ability to locate 
genes in one species from genetic map information in a related species. This can be 
used to link known genes into homoeologous series or to search for previously 
undescribed genes. In the Triticeae, for example, extensive collinearity has been 
shown between wheat, barley and rye genetic maps, and thus common markers can 
now be used to combine the available information on important agronomic characters 
into a common framework. Since this synteny now extends much further, to maize, 
rice, sorghum, millet and forage grasses, it should be possible to carry out compara
tive QTL analysis across all these species.

An example from our own work of such an analysis is the location of genes 
affecting flowering time and abiotic stress tolerance in wheat, barley and rye. 
Flowering time in wheat has been extensively studied and three types of gene have
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RFLP probes.

been recognized [11]: (1) those controlling vernalization response, located on the 
long arm of homoeologous group 5 chromosomes; (2) those controlling photoperiod 
response, located on homoeologous group 2 chromosomes; and (3) a series of loci 
that appear to affect the development rate independent of environment, termed 
‘earliness per se’ loci; these appear to be distributed across the genome, but their 
homoeologies have not yet been established.
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To study the homoeologies of vernalization loci across species, we first 
mapped in detail the locus V m l, which appears to be the most important locus in 
European wheats [12]. Using a specialist population of single chromosome recom
binant lines derived from the cross between the single chromosome substitution lines 
Chinese Spring (Triticum spelta 5A) X Chinese Spring (Cheyenne 5A), we demon
strated discontinuous variation for flowering time that could be correlated with the
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variation for alleles at the Vml locus. Further, this variation could be ‘tagged’ by 
the different alleles of the RFLP locus Xpsr426, which со-segregated with Vml 
(Fig. 2). Comparing these data with a map that we developed for a doubled haploid 
population of barley derived from a winter (Igri) x spring (Triumph) cross, and with 
published data on rye [13], the maps can be aligned and indicate that Vml must be 
homoeologous with Sh2 on chromosome 7 of barley and Sp on chromosome 5R 
of rye.

A further trait controlled by chromosome 5A of wheat is frost tolerance; using 
the same single chromosome recombinant population described above, we mapped 
the gene Frl, of major effect, closely linked to Vml (Fig. 2). Using published infor
mation on the mapping of frost tolerance genes in barley [2, 14], the maps can now 
be aligned to show that the frost tolerance QTL on chromosome 7 in the Dicktoo 
X Morex cross is likely to be homoeologous to Frl (Fig. 3) [2]. This example illus
trates that comparative mapping can be carried out as a bioinformatics exercise, as 
well as an experimental exercise.

We have also used comparative mapping to identify a hitherto undetected 
photoperiod sensitivity locus in barley. For several years it has been known that the 
genes controlling the photoperiod insensitivity of wheat are located on the chromo
somes of homoeologous group 2: Ppdl on chromosome 2D and Ppd.2 on chromo
some 2B. Using wheat cDNA and genomic DNA probes, it was possible to map these 
in detail and show that they are homoeoallelic. In contrast, no loci for photoperiod 
response had been reported on the homoeologous barley chromosome (chromo
some 2H). However, by hybridizing the RFLP probes for group 2 chromosomes on 
to the DNA of a recombinant doubled haploid population of barley developed from 
the Triumph X Igri cross it was possible to demonstrate the presence of a new 
photoperiod sensitivity gene, Ppd-Hl, on chromosome 2H of barley [15].

5. DISCUSSION

Genetic analysis plays a pivotal role in providing plant breeders with informa
tion on the characters they wish to manipulate in order to produce high yielding vari
eties with better adaptability to appropriate environments, better disease, pest and 
stress tolerances, and good quality. Currently, a great deal of information is emerg
ing from studies on major genes and QTL detected within recombinant populations 
of all the major crop species. With respect to QTL, the genetic architecture of 
characters is emerging in terms of the number of loci involved, their relative magni
tudes, their dominance and epistatic relationships, and their primary and pleiotropic 
effects. Using a set of ‘anchor’ probes across the Poaceae should allow alignment 
of the major genes and QTL for a range of economically important traits. A common 
framework map is emerging for all the major cereals, wheat, barley, rye, rice, oats, 
maize, sorghum and millet, as well as for sugar cane and forage grasses. Thus, com
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parative analysis is fast becoming one of the most exciting and most productive areas 
of the genetics of all the major crop groupings. This will enable the information 
gleaned from genetic studies of separate species over the past 80 or so years to be 
considered in its entirety. This in turn will provide new and novel insights into the 
biology of our most important food species, which can be translated into applications 
towards providing improved varieties to meet the world’s ever increasing food 
needs.
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Abstract

GENOME ANALYSIS OF PARTIAL AMPHIPLOIDS BY MEANS OF IN SITU 
HYBRIDIZATION.

A combination of genomic in situ hybridization on parental lines and meiotic pairing 
analysis of hybrids was employed to identify the genomic constitutions and relationships 
between partial amphiploids derived from wheat and wheatgrass crosses. Partial amphiploid 
TAF46 derived from the backcrossing of a hybrid between wheat and Thinopyrum inter
medium was found to contain a synthetic alien genome composed of six S genome chromo
somes and eight E genome chromosomes. The six disomic addition lines produced from 
TAF46 consisted of two with S genome additions and four with E genome additions. The 
seven additional partial amphiploids analysed were divided into three groups on the basis of 
similarities in their meiotic behaviour and genomic in situ hybridization patterns.

1. INTRODUCTION

Intermediate wheatgrass, Thinopyrum intermedium (Host) Barkworth and 
D.R. Dewey, syn. Agropyron intermedium (Host) Beauvois, syn. Agropyron glau- 
cum (Desf. en DC.) Roemer and Schultes, syn. Elytrigia intermedia (Hots) Nevski, 
is a hexaploid perennial wheatgrass carrying numerous factors for stress tolerance 
and disease resistance. Hybridization between this species and hexaploid wheat was 
initiated some 70 years ago. Since then, a number of useful genes have been trans
ferred to wheat, e.g. resistance to wheat streak mosaic virus, resistance to rusts and 
tolerance to salinity.

Tall wheatgrass, Lophopyrumponticum (Podb.) Love (syn. Agropyron elonga- 
tum (Host) PB), is a decaploid perennial wild species that has also been successfully 
crossed with wheat and had several useful genes (Sr24, Sr25, Sr26) extracted and 
used in several cultivars (Agent, Roazon, Eagle, Kite, Agatha) [1]. Further details

* Research carried out in association with the IAEA under Research Agreement 
No. 7766/CF.
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on aspects of intergeneric hybridization of wheat with the above two species have 
been given in recent reviews [2, 3].

Backcrossing of the sterile hybrids from both the above combinations to wheat 
has resulted in fertile, stable, 56 chromosome partial amphiploids. One particular 
combination, TAF46, was backcrossed to wheat to produce six of the possible seven 
disomic addition lines [4]. The homoeology of the disomic addition lines derived 
from TAF46 has been determined in several ways, including isozyme methods [5] 
and a combination of С banding and in situ hybridization (ISH) methods [6].

In many of the partial amphiploids currently available, the identity of the alien 
genome is unknown and in other cases it has been shown that the alien genomes are 
hybrid in nature, i.e. they are composed of chromosomes from more than one 
homoeologous alien genome [7-9].

ISH methodology has been used to identify the genomic constitutions of 
triticale strains, of Avena species, and of hybrids between Hordeum vulgare and
H. bulbosum [10-12].

The objectives of the present investigation were to differentiate between alien 
genomes in partial amphiploids from wheat employing combinations of meiotic 
analysis and genomic in situ hybridization.

2. MATERIALS AND METHODS

2.1. Plant material

The various partial amphiploids employed in this study are listed in Table I. 
With the exception of TAF46, the identity of the alien genome in the other partial 
amphiploids is not defined. The lines with PGR numbers from 18749 to 18752A 
were obtained from the Plant Gene Resources of Canada Centre in Ottawa, Canada, 
which in turn obtained them from the Vavilov Institute in St. Petersburg, Russian 
Federation. They may have been produced by Tsitsin and Lubimova [13], but we 
have no documentation of this fact.

The line Otrastayuskaya was perennial in its growth habit and the other lines 
were treated as winter types, so they were subjected to vernalization conditions to 
induce flowering. Vernalization treatments involved growing the plants as seedlings 
at a temperature of 2°C and 8 hour photoperiods for 6 weeks, at which time they 
were transferred to controlled environment chambers maintained at day/night tem
peratures of 20/15°C and 16 hour photoperiods. The lines shown in Table I were 
intercrossed in most combinations with some reciprocal crosses. Young inflores
cences for meiotic studies were fixed in Carnoy’s solution and the anthers squashed 
in 1.5% acetocarmine after staining in Snow’s solution.

The procedures for DNA extraction, probe preparation, chromosome prepara
tion, in situ hybridization-detection and microscopy-photography were carried out
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Identification Accession Source

PGR 18749 PWM706 Plant Gene Resources of Canada Centre, Ottawa, Canada
PGR 18750 PWM206 Plant Gene Resources of Canada Centre, Ottawa, Canada
PGR 18751 PWMIII Plant Gene Resources of Canada Centre, Ottawa, Canada
PGR 18752 PWM209 Plant Gene Resources of Canada Centre, Ottawa, Canada
PGR 18752A Otrastayu- Plant Gene Resources of Canada Centre, Ottawa, Canada

skaya 38
TAF46 Y. Cauderon
OK7211542 Sando via

A. Comeau, St. Foy, Canada
Ag wheat Sando via
hybrid A. Comeau, St. Foy, Canada
TAF46 P.J. Larkin, Canberra, ACT, Australia
addition lines

TABLE II. AMOUNT OF PROBE AND BLOCK DNA USED IN THE IN SITU 
HYBRIDIZATION EXPERIMENTS

Probe Block Block: probe
DNA DNA ratio

Ps. strigosa (S): 150 ng T. aestivum (CS): 4.5 /ig 30

L. ponticum (E): 500 ng T. aestivum: 25 /tg 50

L. ponticum (E): 500 ng T. aestivum: 25 fig 50
+ Ps. strigosa: 10 /ig 20

essentially as previously described by Chen and Armstrong [11], with the exception 
that the ratios of block DNA:probe DNA were as shown in Table П. Genomic DNA 
was extracted from the parental species L. ponticum and Th. intermedium as putative 
alien genome donor species and Pseudoroegneria strigosa as the source of the 
S genome.

Southern hybridization was performed on all the partial amphiploids listed in 
Table I using the repetitive sequence pLe UCD2 [14] as a probe. The procedures 
employed were identical to those described previously by Kim et al. [15].
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3.1. Southern hybridization

When Taql and НаеШ digested DNA were probed with pLe UCD2, all the 
accessions showed the same patterns (data not shown). Restriction fragments of 0.5,
0.7, 1.1 and 1.3 kb bands in the НаеШ digests and 0.7, 0.9, 1.1, 1.2 and 1.3 kb 
bands plus smear bands larger than 3.5 kb in the Taql digests were detected for all 
the accessions. These bands were also present in the parental Lophopyrum DNA. 
Restriction fragment sizes of 0.5 kb in НаеШ digests and 1.3 kb in Taql digests were 
also detected in the DNA of the wheat cultivar Vilmorin, a parental strain. These 
observations indicate that the alien genomes present in the partial amphiploids are 
similar to those present in L. ponticum.

The pLe UCD2 probe was a repetitive sequence isolated from Th. elongatum 
and is present on all the chromosomes of that species, but the probe is also highly 
abundant in the genomes of the species Thinopyrum, Pseudoroegneria, Agropyron, 
Ely mus and Elytrigia, therefore it was not discriminatory regarding the alien genome 
content of the partial amphiploids employed in the present study.

3.2. TAF46 and addition lines

When mitotic preparations of TAF46 were blocked with 50 X  wheat DNA and 
probed with the DNA of L. ponticum, 14 chromosomes fluoresced in varying shades 
of bright yellow, while the wheat chromosomes fluoresced as an orange or reddish 
colour. (In Fig. 1, the differences in intensity identify the alien genome chromo
somes.) The orange fluorescence on the wheat chromosomes was caused by a combi
nation of the red propidium iodide background fluorescence mixed with FITC 
resulting from weak cross-hybridization. The block:probe ratios employed in these 
studies are shown in Table П. The fluorescing chromosomes could be divided into 
two groups on the basis of their chromosome size and fluorescence intensity, i.e. six 
smaller, brightly fluorescing chromosomes and eight larger, less brightly fluorescing 
chromosomes. When TAF46 was blocked with 35 X  wheat DNA and probed with 
the DNA of Ps. strigosa (S genome), six chromosomes showed a bright yellow 
fluorescence. A signal was seen in the telomeric regions of eight additional chromo
somes, but these were believed to represent regions of conserved repetitive 
sequences of related genomes. Blocking with 50 X  wheat DNA and probing with 
Th. intermedium produced the same labelling pattern as that observed with 
L. ponticum.

The blocking of TAF46 with 50 X  wheat and 20 X Ps. strigosa DNA and prob
ing with L. ponticum revealed eight chromosomes with a weak fluorescence. These 
were not the smallest chromosomes of the complement and presumably represented 
the E genome chromosomes of the synthetic genome. From the above, we conclude

3. R ESU LTS
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F/G. 1. Somatic chromosomes o f TAF46 (2n = 8x =  56). The preparation was blocked with 
wheat DNA and probed with L. ponticum DNA. In a colour photo, the wheat chromosomes 
fluoresced an orange colour and the alien chromosomes in two shades o f bright yellow. The 
six smaller chromosomes o f the S genome are marked with arrowheads, while those from the 
E genome (eight) are marked with asterisks.

that the alien genome in TAF46 is a synthetic composed of six S genome chromo
somes and eight from an E genome.

The S genome probing was extended to mitotic preparations of the six disomic 
addition lines derived from TAF46 and signals were obtained on one pair of chromo
somes in each of lines 1, 4 and 7 but not in lines 2, 3 and 5. Thus, it follows that 
the addition lines account for the chromosome constitution of the alien genome of 
the partial amphiploid. One of the S genome chromosomes was not recovered as an 
addition.
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3.3. Meiotic analysis and fluorescent in situ hybridization (FISH) of partial 
amphiploids

As shown in Table Ш, the meiotic behaviour of eight self-pollinated partial 
amphiploids was quite regular, with only very low frequencies of either multi valent 
configurations or unpaired chromosomes. Some accessions showed none, while in 
others not more than one trivalent or quadrivalent was observed in their respective 
meiocytes. The frequency of unpaired chromosomes ranged from 0-4 in most acces
sions, giving average frequencies per cell of 0.74-2.23. The regular meiotic 
behaviour is probably responsible for the high fertility and stable transmission rates 
of the alien chromosomes in the selfed progenies of the partial amphiploids.

The FISH technique was also applied to the other seven partial amphiploids 
shown in Table I. They were blocked with 50 x wheat DNA and probed separately 
with the DNA of L. ponticum and Th. intermedium. For six of the partial 
amphiploids, a signal was detected on 14 chromosomes, indicating the presence of 
14 alien chromosomes. The one exception was the strain entitled Ag wheat hybrid 
in which yellowish fluorescence was observed on 16 chromosomes. This observation 
is similar to the one reported in Agrotana [16], so the two strains may in fact be iden
tical, although this was not verified in the present studies.

The results of meiotic analysis of Ft hybrids between the various partial 
amphiploids are shown in Table IV. A total of 28 hybrid combinations was studied,

TABLE Ш. MEIOTIC BEHAVIOUR OF SELFED PARTIAL AMPHIPLOID 
STRAINS

Meiotic configurations

П

Rod Ring Total Ш IV I

Ag wheat hybrid 4.42 20.70 0.31 0.15 2.23

OK 1.45 25.12 27.57 - - 0.86

OT 3.09 24.17 27.26 0.17 0.06 0.74

PWMHI 1.18 26.28 27.46 0.22 - 0.43

PWM206 1.77 24.48 26.25 0.63 - 1.49

PWM209 1.84 25.10 26.94 0.42 - 0.86

PWM706 2.34 25.10 27.44 - - 1.12

TAF46 5.10 21.63 26.73 - - 2.55
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representing a one-half diallel crossing scheme between the eight different acces
sions. With few exceptions, the majority of F, hybrids contained the expected chro
mosome number of 2n = 56. The exceptions included the hybrid between PWM706 
and PWM206, where 10.2% of the meiocytes contained 18 chromosomes. Abnormal 
chromosome numbers were also detected in the hybrid combinations of PWM206 x 
ОТ, PWM209 X PWMin and PWM706 x PWM209.

In the combination PWM706 X PWM209, 57% of the meiocytes contained a 
centric fragment of a chromosome. Intensive chromosome translocations character
ized the PWM209 X PWMHI combination (Table IV), where low frequencies of 
multivalents occurred, involving 5, 6 and 8 chromosomes.

Generally, there were not great fluctuations in the frequency of ring or rod 
bivalents or in their totals. There was a low frequency of trivalent and quadrivalent 
configuration in virtually every hybrid combination. In most cases, this may be pre
sumed to be among wheat chromosomes, since translocation differences are known 
to occur between cultivars. However, in situ studies were not conducted on meio
cytes to verify this premise. As expected, the chiasma frequency in all cases was an 
indicator of the extent of chromosome synapsis.

The factor that was used to judge the degree of dissimilarity between different 
partial amphiploids was the frequency of unpaired chromosomes, i.e. the univalent 
frequency per cell. Meiotic data were examined with a view to determining which 
partial amphiploids contained similar alien genomes. The parameter of univalents 
per meiocyte in the hybrids was used to determine the relative similarity of chromo
somes. The range of univalent frequencies per cell among the 28 hybrids ranged 
from 2.16 to 18.50 (Table IV). On the basis of the low univalent frequencies in the 
hybrids, some grouping of the partial amphiploids was possible. One group included 
the partial amphiploids PWM206, PWM209 and PWMIII. In fact, it appeared that 
the former two strains are quite closely related. Another group involved OK, 
PWM706 and the Ag wheat hybrid. The strain ОТ was judged to be the most variant 
of all the strains listed in Table I because it gave the highest univalent frequencies 
in most of the hybrid combinations listed in Table IV. The only strain that it seems 
to be related to was TAF46.

Mitotic preparations of all the partial amphiploids were blocked with wheat 
DNA and probed with Ps. strigosa DNA to determine their S genome chromosome 
content. No S genome signal was detected on the accessions OK, PWM706 and the 
Ag wheat hybrid. Eight S genome chromosomes were detected in the ОТ strain and, 
as mentioned above, six were detected in TAF46. The results obtained with PWMIII, 
PWM206 and PWM209 were less conclusive. In these three strains, probings with 
Th. intermedium and L. ponticum indicated that they may have 10, 8 and 10 S like 
chromosomes based on the intensity of yellow fluorescence; however, it did not 
appear to be a typical S type of signal, as seen in TAF46 and ОТ. In PWMIII, the 
signal was closer to typical S, with Th. intermedium probing showing fluorescence 
on the smaller chromosomes; however, with S genome probing, a signal was
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TABLE IV. AVERAGE MEIOTIC CONFIGURATION PER MEIOCYTE IN F! HYBRIDS BETWEEN PARTIAL 
AMPHIPLOIDS

Hybrid combination

II

Meiotic configuration 

IV V VI VIII I Xta
Micro
nuclei

Cell
No.Rod Ring Total Ш

PWMIH x TAF46 3.35 17.17 20.52 1.08 0.35 _ 10.32 40.90 9.01 37
x OK 3.18 19.41 22.60 0.88 0.34 - - - 6.82 49.78 4.54 48
x ОТ 2.55 19.79 22.34 1.07 0.20 - - - 7.77 44.39 8.13 100

X Ag wheat hybrid 3.18 18.83 22.00 1.21 0.28 - - - 7.24 44.10 7.92 44
x  PWM206 3.78 18.94 22.72 1.40 0.33 - - - 5.03 45.46 4.10 81
X PWM209 4.71 18.44 23.15 1.34 0.60 0.13 0.08 0.01 2.16 47.00 1.71 92
x PWM706 3.64 17.59 21.23 2.04 0.64 - - - 7.42 44.82 3.42 52

PWM706 x TAF46 3.22 16.07 19.29 1.87 0.62 - - - 9.33 40.96 6.44 38
x OK 3.84 15.37 19.66 1.15 0.70 0.04 - - 10.33 31.82 9.54 54
x ОТ 2.86 17.98 20.84 0.77 0.05 - - - 11.82 40.50 4.80 44
х Ag wheat hybrid 4.84 17.40 22.24 1.52 0.52 - - - 4.88 44.24 2.12 50
X PWM206 2.80 20.62 23.42 0.67 - - - - 7.16 45.37 3.62 49
X PWM209 4.47 15.94 20.41 2.50 0.12 - - - 7.24 41.69 2.45 48

FEDAK 
et al.



PWM209 X TAF46 4.58 11.71 16.29 2.92
x OK 3.10 18.54 21.64 1.88
X ОТ 4.65 16.23 20.88 0.94
X Ag wheat hybrid 4.42 17.41 21.82 1.46
X PWM206 1.79 23.49 25.58 1.08

PWM206 X TAF46 3.96 15.97 19.93 2.52
X OK 4.15 17.98 22.13 1.15
X OT 4.82 15.87 20.68 0.49
X Ag wheat hybrid 5.24 17.69 22.93 1.40

Ag wheat hybrid x TAF46 5.65 13.85 19.41 2.12
x OK 5.36 16.49 21.86 1.55
x OT 5.32 13.98 19.30 2.62

ОТ x TAF46 4.71 18.88 23.59 0.47
x OK 3.25 14.25 17.50 0.50

OK x TAF46 3.48 15.91 19.39 1.15

0.29 - - 13.50 34.71 9.94 48
0.42 - - - 5.40 45.20 3.20 50
0.15 - - - 10.83 39.43 9.60 52
0.33 - - - 8.19 42.12 5.10 58
0.13 - - - 1.69 51.31 1.22 59

_ _ _ _ 8.59 40.93 5.15 54
0.03 - - - 7.10 43.30 5.82 40
0.04 - - - 13.00 37.65 9.54 45
0.34 - 0.07 - 5.52 44.79 4.04 58

0.35 _ _ - 9.24 38.64 7.43 34
0.26 - - - 6.57 42.27 1.98 104
0.28 - - - 9.54 39.30 6.98 66

0.38 _ _ - 6.33 44.45 5.61 46
0.25 - - - 18.50 33.50 14.42 50

0.70 0.04 . _ 10.33 40.15 9.54 54

L/l40
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obtained on only one chromosome pair. Thus, until we obtain further data we con
clude that the above three strains do not give a typical S type of signal, especially 
in strains PWM206 and PWM209.

A low frequency of trivalents and quadrivalents was observed in all the hybrid 
combinations listed in Table IV. In one hybrid combination, PWMIII X PWM209, 
a low frequency of larger configurations such as pentavalents-octavalents was also 
observed. The S genome probing of PWM209 revealed four translocated chromo
somes involving S and E genomes. These may have been responsible for the elevated 
multivalent frequencies in the PWMIII X PWM209 hybrid; however, similar fre
quencies of multivalents were not observed in other hybrids that involved PWM209 
as one of the parents.

4. DISCUSSION

This study has confirmed that the alien genome in wheat-wheatgrass partial 
amphiploids may not be an intact genome of the donor species but a synthetic genome 
consisting of a certain number of chromosome pairs from more than one genome. 
This finding is in agreement with several authors who examined different partial 
amphiploids [7-9], and with Friebe et al. [6] who also examined TAF46 and the der
ived disomic addition lines by means of С banding and chromosome morphology. 
The third genome of 77г. intermedium has been defined as being closely related to 
the S of Pseudoroegneria [16] and this study has shown that the S genome is one 
component of the synthetic genomes of not only TAF46 but also other partial 
amphiploids. The other two genomes in Th. intermedium have been previously desig
nated as E, and E2 [17] and the E genome has been considered to be very closely 
related to the J genome. In our studies using the DNA from Th. elongatum as an 
E genome donor and the DNA from Th. bessarabicum as a J genome species we were 
unable to distinguish them in ISH studies, thus confirming the fact that the two 
genomes are virtually identical. The S and E genomes of Th. intermedium must share 
homology of some repetitive sequences. This was confirmed in the present study by 
the weak fluorescence detected on eight of the 14 alien chromosomes of TAF46 
following blocking with wheat and probing with L. ponticum (E genome) DNA. 
Although L. ponticum is not reported to contain an S genome and we were not able 
to obtain a clear signal with the S probe (data not shown), a dispersed type of fluores
cence was observed on 14 chromosomes of L. ponticum, indicating the presence of 
these sequences. For this reason, L. ponticum DNA was somewhat effective as a 
probe for E and S genome chromosomes.

Probing our strain of Th. intermedium individually with E and S genome 
probes indicated that the two E genomes were not identical in their response to 
E genome probing. Th. intermedium may contain a ‘third’ genome in addition to 
typical S and E genomes and extensive polymorphism has been reported in this spe
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cies [6 , 12], which may be the reasons for the inconclusive results we obtained with 
the S probing of strains PWMIII, PWM206 and PWM209.

It has been shown by Forster et al. [5] that the six disomic addition lines der
ived from TAF46 represented six different homoeologous groups. Therefore, even 
though the alien genome in TAF46 is a synthetic, it still functions as an integral unit 
in terms of stability, transmission of chromosomes, etc. The substitution ability of 
homoeologous chromosomes suggests a conservation of linkage of genes in the 
genomes (synteny).

Studies of the meiotic chromosome pairing in Fi hybrids between different 
partial amphiploids were found to be moderately useful in identifying similar alien 
genomes in studies reported by Banks et al. [7]. We have no direct evidence from 
our studies that meiotic chromosome pairing in such hybrids can be markedly 
influenced by the interaction of meiotic pairing control genes. However, in related 
studies, Zhang and Dong [18] showed that homoeologous chromosome pairing in 
such hybrids can be strongly promoted by the meiotic pairing control genes present 
in the Th. intermedium genomes. This factor tends to make meiotic analysis studies 
somewhat less reliable. Indications from the present study are that hybrids between 
partial amphiploids with similar S:E chromosome ratios may give a more regular 
meiotic pattern. For example, the highest univalent frequencies were observed in 
hybrids involving TAF46 (six S chromosomes) and ОТ (eight S chromosomes), with 
the other six strains probably having no S chromosomes in their alien genomes. The 
highest univalent frequency (at 18.50) was observed in a hybrid between ОТ 
(eight S) and OK (zero S), while the lowest (1.69) was observed in hybrids between 
PWM209 (zero S) and PWM206 (zero S). The frequency of unpaired chromosomes 
in a hybrid between TAF46 (six S) and ОТ (eight S) was moderate at 6.33. 
Generally, in hybrids between partial amphiploids with no S chromosomes, low to 
moderate frequencies of unpaired chromosomes were observed at MI of meiosis.

Friebe et al. [6] have shown by С banding and chromosome arm ratios that 
the chromosomes in the six disomic addition lines had identical counterparts in 
TAF46 and also in Th. intermedium accession No. 75, the donor parent, indicating 
that no chromosomal rearrangements had occurred during synthesis of the partial 
amphiploid and, subsequently, the addition lines. However, it appears that chromo
some rearrangements occurred during the synthesis of hexaploids such as Th. inter
medium from some of its putative diploid ancestors, e.g. Th. elongatum and 
Th. bessarabicum [19], such that karyotype comparisons, based on the comparative 
chromosome size and the С banding pattern, may be inconclusive. Another aspect 
that can lead to inconclusive results is the polymorphism in chromosome morphology 
and the С banding patterns between different accessions of a given species. For 
example, the accessions of Th. intermedium examined by Friebe et al. [6] and 
Aizatulina et al. [20] were quite different in terms of the above parameters.

However, in the present study our in situ data identified the addition lines L2, 
L3 and L5 as originating from the E genome and lines L l, L4 and L7 as originating
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from the S genome, thus confirming the findings of Friebe et al. [6], who indicated 
that lines L l, L4 and L7 were derived from the X genome, which at that time was 
not defined. The alien chromosome in line Ll is somewhat unusual in that it resem
bles an S genome chromosome in terms of its С banding pattern, but is somewhat 
larger than the S genome chromosomes in lines L4 and L7. It may be a polymorphic 
variant that is difficult to accurately identify.

This study, and that of Friebe et al. [6], have conclusively shown that the alien 
genome of TAF46 derived from Th. intermedium (EES genome) is a synthetic 
genome. Many of the lines in the Zhong series of partial amphiploids, which are also 
known to be derived from Th. intermedium, have also been shown by meiotic analy
sis [7] and by ISH [21] to contain synthetic genomes.

Although the origin of many of the partial amphiploids employed in this study 
is not documented, it is believed that at least some lines, e.g. OK (A. Comeau), have 
been derived from L. ponticum. The genomic constitution of L. ponticum is believed 
to be either EEEEE [22] or E1E2E3E4E5 [23]. Other lines employed in this study 
that showed no S genome signal, e.g. OK, the Ag wheat hybrid, PWM706, 
PWM206 and PWM209, may have derived from L. ponticum and in this case may 
not be synthetic genomes if L. ponticum is an autopolyploid.

Individual partial amphiploid lines are quite fertile and stable and so are their 
progeny. The findings in this study and other related studies indicate that the same 
type of progeny will not be derived from intercrosses between unrelated lines. First, 
chromosome pairing will be affected by the genomic differences inherent in the 
parents. Unpaired chromosomes will probably be eliminated and detected as 
micronuclei at the tetrad stage. As shown in Table IV, the average micronuclei per 
tetrad was as high as 18.50 in one hybrid combination. The low frequency of multi- 
valent associations would also adversely affect gamete viability. As expected, the 
seed yield of the hybrids shown in Table IV was extremely variable (data not shown). 
Although partial amphiploids have been shown to carry many useful agronomic traits 
such as disease resistance and stress tolerance, their interbreeding would not provide 
practical results unless it were confined to closely related lines.
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Abstract

BREEDING OF VALUE ADDED BARLEY BY MUTATION AND PROTEIN 
ENGINEERING.

Barley has been bred for food, feed and beverages over the past 5000 years by selecting 
for spontaneous mutations and random hybrids. Crosses with defined parents (since the turn 
of the century) and induced mutations (since 1927) have provided variability in selecting for 
novel varieties. Genetic transformation of barley has been a routine procedure since 1994 and 
permits the introduction of tailored genes for adding quality values to the grain. It comple
ments, but does not replace, existing efficient breeding methods. Radiation and chemically 
induced mutations, as well as genes introduced by transformation, have to be fitted into the 
genome, which may take 50 years of breeding effort and testing for agronomic and industrial 
performance. The mutation breeding strategy for proanthocyanidin free malt barley, which 
has led to the commercial varieties Caminant and NFC 8808, is presented. As an example of 
the breeding strategy to improve barley endosperm cell wall degradation, a description is 
given of the protein engineering of a (l-3,l-4)-/3-glucanase towards heat stability and the 
insertion of the gene encoding this enzyme by genetic transformation. It is expected that such 
barley varieties will extend the use of the grain for beverage and feed uses as well as for the 
production of renewable raw materials by malting and mashing processes.

1. INTRODUCTION

Crop improvement is highly successful if research in basic plant sciences and 
genetics is fully integrated into the long term breeding and field testing of the plant 
in question. Famous examples are: development of monogerm, triploid sugar beet 
in the Russian Federation, in which the mutant reduced the amount of time required 
to grow 1 ha of beets from 290 to 13 hours; hybrid corn created in the United States 
of America between 1908 and 1930; development of erucic acid free canola rape in 
Canada; and development of transgenic wheat resistant to leaf rust by E. Sears in 
the USA. He transferred a leaf rust resistance gene from the weed Aegilops 
umbellulata into a wheat chromosome, a plant extensively used in breeding success
ful wheat varieties. Most recently, anther specific expression of barnase, an RNAase 
normally secreted from Bacillus amyloliquefaciens, has provided breeders with male
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sterile rape lines. Male sterility can be restored by anther specific expression of the 
gene for barstar, a protein inhibitor invented by B. amyloliquefaciens to protect its 
own cells against the damaging RNA degrading enzyme. Hybrid seeds resulting from 
this novel self-incompatibility system have yielded 30% more oil in field trials.

In this paper, a review is given of the basic research that has been carried out 
to identify the mutant genes which block the synthesis of proanthocyanidins, also 
known as condensed tannins, and application of the results in breeding malt barley, 
which renders superfluous the stabilization of beer against haze formation by chemi
cal and physical methods. Also presented is cloning of the barley gene of the first 
enzyme secreted from the aleurone into the endosperm during germination and 
malting. This enzyme degrades the (1-3, l-4)-/3-glucan of the endosperm cells to pro
vide access for a-amylases and proteases that mobilize the starch and protein stored 
in the endosperm. By studying bacterial enzymes with the same substrate specificity 
it was discovered that hybrid genes can specify hybrid enzymes which are superior 
in heat stability to both parental enzymes. This heterosis (hybrid vigour) at the 
individual protein level has led to breeding an optimal enzyme that provides a 
desirable quality characteristic for barley.

2. PROANTHOC YANIDIN FREE MALTING BARLEY

Proanthocyanidins of barley consist of dimers and trimers of (+)-catechin and 
(+)-gallocatechin and are located in the testa layer of the seed coat in the mature 
grain [1,2]. Major portions of these proanthocyanidins are carried from the malt into 
the wort prepared in the mashtun and are also found after fermentation of the wort 
in the beer. This calls for special technical measures by the brewing industry to 
prevent haze formation. Colloidal haze in beer results from precipitation of the malt 
proteins by barley and hops proanthocyanidins. If stabilizing treatments are omitted, 
a visible haze will develop within a short time in brilliantly filtered beer [3]. In 1974, 
the first proanthocyanidin free and anthocyanin free mutant (anil 3-13) was identi
fied; it was propagated, malted and beer brewed from the malt. Excellent haze 
stability was found in all the beers produced and in all the subsequently isolated and 
tested proanthocyanidin free barley mutants and varieties [4, 5]. АппЪЛЪ had a 25% 
lower yield than standard malt barley varieties at the time. From breeding experience 
with spontaneous mutations as well as radiation and chemically induced mutations 
it is known that overcoming yield depressions by genome fitting of mutants through 
recombination breeding is a long term proposition and that it often pays to look for 
new mutations with or without small yield depressions. Both approaches have been 
followed.

Procyanidin B-3 (a dimer of (+)-catechin) and prodelphinidin B-3 (a dimer of 
(+)-gallocatechin) in barley are synthesized by the flavonoid pathway, which com
prises the steps, enzymes and genetic complementation groups shown in Table I [2].
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TABLE I. F LA V O N O ID  P A T H W A Y  [2]

Enzyme Product Loci
Mutant
alleles

cDNA
Genomic

clone

Chalcone synthase Naringenine chalcone Several — + +

Chalcone isomerase Naringenine Several — — —

Flavonoid 3 ' hydroxylase Eriodictyol Several — — —

Flavonoid 3 ',  5 ' hydroxylase Penta hydroxy flavanone Several — — —

Flavanone 3-hydroxylase ( + )-dihydroquercitin anil 7 177 + —
ant22 6 — —

Dihydroflavonol reductase ( + )-cis-leucocyanidin anil 8 142 + +

Leucocyanidin reductase Catechin, gallocatechin anfl9 1 — —
ant25 10 — —
ant28 9 — —
ant29 3 — —

Flavonol condensing enzyme Procyanidin B-3 ( - ) ant26 8 — —
Prodelphinidin B-3 ( —) ant21 5 — —

At intermediate ( + )-3,4-cis-leucocyanidin, the flavonoid pathway branches 
into one route that produces anthocyanins and another that synthesizes 
proanthocyanidins [6]. Mutants that are blocked prior to this branch point (i.e. in the 
loci ant\3, antll, antl%, antll, ant22) are free of red anthocyanin pigmentation in 
the leaf, stem, lemma and awn tissues of the plant, as well as colourless 
proanthocyanidins in the testa. Some 560 such mutants in more than 80 spring and 
winter barley varieties and breeding lines have been selected by screening some 
18.5 million M2 plants (frequency —0.003%) for the absence of anthocyanin in the 
plant and by subsequent chemical identification of the absence of proanthocyanidins 
using the vanillin test and high performance liquid chromatography. On realizing that 
in this way it is difficult to obtain in the short term proanthocyanidin free barley 
varieties with a yield and malt quality that match those currently on the market, 
a procedure was developed which permitted direct non-destructive chemical screen
ing for lack of proanthocyanidin [7]. The M3 kernels are embedded in plastic blocks 
that are abraded to open a window into the testa and the endosperm layers upon 
which the vanillin test is performed. The proanthocyanidin free kernels are 
germinated and 107 mutants blocked in the reduction of ( + )-3,4-cis-leucocyanidin 
and (+)-3,4-cis-leucodelphinidin to (+)-catechin and (+)-gallocatechin, respec
tively, or are isolated in the condensation reactions of the latter two compounds.
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These mutants develop anthocyanins in the vegetative parts of the plant in amounts 
that correspond to the genotype used for the mutagen treatment. Several of these 
mutants were high yielding and have given rise to two varieties on the European 
recommended list of barley. They are Caminant (an/28-48 (Grit) X Blenheim) and 
NFC 8808 ((an?27-488 (Zenit) X Sewa) x Fergie), while ant29-2\ 10 is currently 
being tested in National list trials. The yield of Caminant surpassed the Danish 
standard by 4% in the years 1991-1994, while ant29-2110 is our highest yielding 
proanthocyanidin free mutant; it outyielded the standard mixture, which includes 
Alexis and Canut, on average by 8 % between the years 1991 and 1994. The yield 
of the standards over the 4 years ranged between 4.5 and 6.2 t/ha. Since farmers 
and consumers are interested in growing barley without having to provide protection 
against fungal pathogens, we also tested the yield over 3 years without fungicides. 
This reduced the harvest of the standard to 2.1 t/ha in 1992, 3.6 t/ha in 1993 
and 5.8 t/ha in 1994. The mutant also showed a superiority of 6 , 17 and 6%, 
respectively, under these conditions. Malts meeting the specifications of several 
large breweries have been produced on an industrial scale from Caminant and 
NFC 8808, and beers are presently being brewed at several breweries and tested for 
flavour and flavour stability.

On a pilot scale, a good grain quality Caminant matches the preferred 
European variety Alexis in malting and mashing with respect to the germination 
index, extract yield, wort colour, nitrogen content, diastatic power and /3-glucan 
content. The haze stability of the beer is excellent. It should be mentioned that the 
haze stability in beer made from proanthocyanidin free malt is much better than that 
achieved by technological processes. This allows use of appropriately stored hops, 
which is rich in bitter compounds relative to proanthocyanidins [5].

The flavour and flavour stability of beer has to be tested organoleptically 
by trained taste panels. This was done in two ways [8-10]. Beer made from 
proanthocyanidin free malt was supplemented with highly purified proantho
cyanidins individually, and in combination. The taste panel could not distinguish 
between beer with or without proanthocyanidins. This was the first proof that 
proanthocyanidins do not belong to flavour compounds. Also assessed were beers 
made from malt with and without proanthocyanidins and no difference in flavour and 
flavour stability was recorded.

Biochemical analysis and cloning of structural genes for enzymes in the 
pathway permitted the assignment of functions to some of the Ant genes and the 
determination of the molecular nature of the mutations in those genes that are 
induced with sodium azide (NaN3), the most efficient mutagen in barley. cDNA 
clones have been obtained for dihydroflavonol-4-reductase, flavanone-3-hydroxylase 
and chalcone synthase [11-13]. These have been used as probes to study transcrip
tion of the corresponding genes in testa pericarp tissue from the ant\3 mutants of 
barley. No, or very low levels of, transcripts are found for the structural genes 
(Ant 18, Ant 17 and Chs) of these three enzymes in the flavonoid pathway in mutants
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anil3-152, anil3-351 and anil3-353. Clearly Antl3 is a regulatory gene. Its product 
is necessary for the synthesis of several, if not all, enzymes in the flavonoid pathway. 
It is a transacting factor, possibly a DNA binding protein, necessary for the 
transcription of the genes encoding the flavonoid enzymes.

As mentioned, NaN3 is the most efficient mutagen in barley and has become 
the agent of choice for the induction of mutants in this organism because of the ease 
with which the mutagen can be applied to dry and presoaked grains. It induces few, 
if any, chromosome aberrations. The molecular basis for four independent NaN3 
induced anil 8 mutants was examined by sequencing the genes encoding 
dihydroflavonol 4-reductase in these mutants [14]. Three of the mutants lacking 
dihydroflavonol 4-reductase activity were due to missense mutations in the respec
tive genes. The fourth mutant (anil8-161) did not produce a mature message; this 
was the result of transitions of the dinucleotide GT to AC at the 5 ' splice site of 
intron 3 of the gene. Monocot genes invariably require the sequence GT in these 
positions and anthocyanin synthesis could be restored by transfection of the leaves 
of the mutant with plasmids containing the wild type dinucleotide sequence at the 
splice site. Complementation of anil8 mutants with the wild type gene delivered by 
microprojectile bombardment provides the basis for an anthocyanin reporter system 
for selecting barley transformants [15]. Of importance to the plant breeder is the 
observation that NaN3 preferentially generates A T —G C transitions and that 86% 
of the nucleotide substitutions are transitions and 14% transversions. Among the 
12.704 nucleotides sequenced in the four mutants of the anil 8 gene, 21 base substitu
tions were found. While a majority of the substitutions in the coding region were 
silent, this still illustrates that, because of the high concentrations of the mutagen 
used to obtain a maximum yield of mutants, these contained between four and seven 
base changes in the gene of interest. This causes a dilemma for the barley breeder 
using mutations, since it can be expected that base changes in closely linked genes 
may cause undesired pleiotropic effects, which cannot be eliminated easily by back- 
crosses. This can be avoided by lower doses of mutagen treatment, a remedy, 
though, which increases the workload of screening for the desired mutant.

3. INTRAGENIC HETEROSIS IN ENGINEERING AN
IMPROVED MALT ENZYME

Use of barley with the current malting technology for producing beer and other 
food commodities is possible because the endogenous barley a-amylases, which are 
responsible for starch degradation in the mashtun, survive the last stage in malting, 
the so called kilning process. This implies drying the germinated grain at tempera
tures of up to 80°C. During germination, ( 1 -3)( 1 -4)-/3-glucanase is secreted from the 
aleurone tissue into the endosperm to degrade the endosperm cell walls, up to 80% 
of which comprise ( 1 -3)( 1 -4)-/3-glucans. Likewise secreted a-amylases cannot reach
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the starch grains unless the |6-glucan walls have been degraded [16, 17]. In contrast 
to a-amylases, /З-glucanase does not survive the kilning process. Incomplete 
degradation of the /З-glucan walls during germination causes their solubilization at 
increasing temperatures in the preparation of wort for fermentations. The wort has 
then an unacceptably high viscosity for full scale filtration or centrifugation tech
niques. For this reason, most barley varieties cannot be used for malting. The 
problem is remedied if a heat stable (l-3)(l-4)-/3-glucanase is used in the mashtun 
[18, 19]. We have started to produce transgenic barley plants with grains which, 
during germination and malting, are expected to express a heat stable /3-glucanase. 
This enzyme is to be synthesized in the aleurone cells and secreted into the 
endosperm. It is expected that this will be a value added barley, since it will avoid 
the viscosity problem and permit partially modified malt to be used in the mashtun. 
This in turn results in higher carbohydrate extract yields. Alternatively, heat stable 
/З-glucanase might be localized to compartments of the developing endosperm and 
be available in the mature grain.

Chicken and young piglets fed barley grain are unable to digest /З-glucans in 
their intestines. This has serious consequences and in chickens leads to unhealthy 
sticky droppings. Incorporation of a heat stable ( 1 -3)( 1 -4)-/3-glucanase into the 
mature endosperm (such as (3-amylase) will give added value to barley, since it 
widens its use as a raw material in the form of feed pellets. Heat stability of the 
enzyme in the endosperm is required, since it has to survive both the high tempera
tures occurring during pressing of the pellets and their subsequent pasteurization to 
kill Salmonella bacteria, which are a serious health hazard in chicken farming.

Attempts to obtain thermotolerant barley (1-3, l-4)-/3-glucanase by site directed 
mutagenesis of a cloned cDNA gene [20] have been unsuccessful. Bacillus species 
produce (1 -3)( 1 -4)-(3-glucanases with the same substrate specificity as that of the 
barley enzyme. Among hybrids between the genes for B. amyloliquefaciens 
/З-glucanase (which is active at low pH and thus suitable for mashing processes) and 
for B. maceraos (З-glucanase (which displays slightly better heat stability at high 
pH), genes were selected which code for enzymes with better heat stability and a 
wider pH optimum than both the parental enzymes [18, 19]. This is the first 
demonstration of intragenic hybrid vigour (heterosis). The hybrid enzyme 
H(A16-M), which contains 16 N terminal amino acids from the B. amyloliquefaciens 
enzyme and 198 amino acids from the B. macerans enzyme, displays an increase in 
the enzymic half-life from 6 min to 2 h at 70°C. Mashing experiments have shown 
that this improvement is sufficient to eliminate the viscosity caused by /З-glucans in 
the mashtun [19]. Pilot production of feed pellets has demonstrated that the enzyme 
survives the heat developed during pelleting and pasteurization. The three- 
dimensional structure of the hybrid enzyme was determined [21-23]. Besides charac
terization of the catalytic site (Glu-105), definition of the substrate binding site and 
the importance of the bound Ca + +, the structure revealed that heat stability results 
from hydrogen bonding between the aligned С and N terminal domains of the
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polypeptide chains which form two seven stranded anti-parallel /З-pleated sheets (i.e. 
a jelly-roll /З-barrel structure). It was considered possible that a further increase in 
thermotolerance might be achieved by removing the amino acid residue Tyr-13 from 
the H(A12-M) hybrid, and an enzyme with a half-life of 4 h at 70°C was engineered
[24]. Kinetic analyses showed that the reaction velocity and substrate affinity of the 
hybrid enzyme did not differ significantly from those of the B. macerans parental 
enzyme [24].

A series of hybrid genes was transformed into yeast and with the use of suitable 
signal peptides production strains were made which secrete more than 100 mg of 
enzyme per litre of medium [25, 26]. Closer characterization of these hybrid 
/З-glucanases showed that they were glycosylated which, in certain cases, effected 
increased heat stability. Glycosylation of H(A16-M) at Asn-31 and Asn-185 
increased the enzymic half-life from 250 to 400 min at 70°C. Glycosylation sites are 
localized in the three-dimensional structure at the central part of the molecule 
surface.

To test if the heat stable /З-glucanase can be expressed in aleurone cells from 
barley, aleurone protoplasts were transfected with appropriate plasmids containing 
the gene encoding the engineered heat stable /3-glucanase [27, 28]. It turned out that 
aleurone specific expression required adaptation of the coding region in the Bacillus- 
hybrid gene to the high frequency of G and С bases in the codon wobble position 
characteristic of aleurone expressed a-amylase and ( 1 -3)(1 -4)-/3-glucanase [20]. A 
GC rich version of the H(A12-M)AY 13 gene with a G + С content of 63.4% was 
therefore constructed from synthetic oligonucleotides. This gene was effectively 
expressed in barley protoplasts (200 ng/105 protoplasts) and secreted into the 
medium when the open reading frame was provided with the code for the signal 
peptide of the barley high pi a-amylase and driven by the promoter of the structural 
gene for the barley (l-3,l-4)-/3-glucanase. The latter promoter carries gibberellic 
acid response elements [29]. The aleurone specific barley (l-3,l-4)-/3-glucanase has 
one N-glycosylation sequon (Asn l90-Ala-Ser) and its glycan structure has been 
determined to be highly substituted by an a-fucose [30]. Glycosylation was also 
found to be characteristic of the heat stable Bacillus hybrid /З-glucanase secreted 
from the transfected aleurone protoplasts. Transgenic plants containing the three 
genes have been obtained by the transformation procedures developed recently by 
several groups for wheat and barley [30-34]. Three constructs were used to coat gold 
particles and to bombard immature zygotic embryos for the regeneration of somatic 
embryos from the scutellum tissue and their development into plants. One construct 
carries the bar gene, which confers resistance to bialaphos under the control of the 
maize Ubi-1 (ubiquitin) promoter, further contains the Ubi-1 intron and is inserted 
in front of the nos terminator. The bar gene is used to select for bialaphos 
resistant plants. Another construct carries the uidA reporter gene, which encodes 
/З-glucuronidase. This gene is flanked by the Emu promoter and the nos terminator. 
The third gene construct encodes the thermostable /З-glucanase hybrid gene. It is
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coupled to the aleurone specific high pi a-amylase promoter and signal sequence to 
ensure that secretion of the protein is germination specific. Barley plants containing 
all three genes are being grown in the greenhouse, have set seeds, and we are looking 
forward to analysing expression of the genes in the germinating grains.
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Abstract

TECHNOLOGICAL AND NUTRITIONAL QUALITY OF WHEAT: GENETIC BASIS 
AND BREEDING BY CHROMOSOMAL AND GENE MUTATIONS.

Most of the genes coding for 7 /co and a /fi gliadins are tightly clustered at the Gli-1 and 
Gli-2 loci on the short arm of group 1 and group 6  chromosomes, respectively. Moreover, 
some со type gliadins are encoded by ‘selfish’ genes at 2-20 cM from the Gli-1 loci on chromo
somes IAS and IBS. The high molecular weight (HMW) subunits of glutenin are encoded by 
genes at the G lu-A l, G lu-B l and G lu-D l loci on the long arm of chromosomes 1A, IB and 
ID, whereas the low molecular weight (LWM) subunits are encoded by genes at the Glu-A3, 
Glu-B3 and Glu-D3 loci on the short arm of the same chromosomes. Two additional loci 
coding for LMW subunits occur on chromosome IBS in durum wheat and, probably, in bread 
wheat. The duplication or increased transcription/translation efficiency of genes at the Glu-Bl 
and Glu-B3 loci have been found to result in increased gluten strength. Several chromosome 
or gene mutations are currently being used at the Istituto Sperimentale Cerealicoltura. The 
1AS/1DS translocation, which carries the G li-D l/G lu -D 3  loci, has been introgressed into 
durum wheat in order to assess the impact of IDS encoded prolamins on gluten quality in this 
species. Various mutants, with deletion of each locus coding for gliadins or LMW glutenin 
subunits, have been used in crosses to produce multiple mutants lacking two or more loci 
on different chromosomes. ‘Double mutant’ lines, which lack the G li-B l/G lu-ВЗ and 
G li-D l/G lu -D 3  loci, show a 15-20% increase in lysine and threonine contents, and highly 
extensible doughs compared with their normal counterparts. These lines and the ‘triple 
mutant’ line TP 48, which also lacks chromosome 6 A encoded gliadins, exhibit low levels of 
activity in in vitro tests for toxicity in celiac disease. Finally, the 1BL/1RS translocation, 
which confers race specific resistance to stem rust, leaf rust and yellow rust, causes a dramatic 
decrease in gluten quality in durum wheat, probably because of substitution of the secalin 
Sec 1 locus on chromosome 1RS for the Glu-B3/Gli-B l locus on chromosome IBS. 
Allosyndetic recombinants containing Glu-B3/G li-B l in the absence of Sec 1 have been 
selected amongst the rust resistant progeny from the cross between the 1BL/1RS genotypes 
and the homoeologous pairing mutant line Cappelli p h Ic.
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1. INTROD U CTIO N

Endosperm  proteins play a key role in determ ining the suitability o f wheat 
grain for human nutrition, animal feed and industrial applications such as thickening, 
gelling and film  coating. The nutritional and functional qualities o f  wheat are deter
mined by th e  a m o u n t and th e  s tru c tu ra l c h a ra c te r is tic s  o f the storage proteins, 
gliadins and glutenin subunits. In particular, evidence has been provided for a strong 
association between the presence o f  certain high m olecular weight (HM W ) glutenin 
subunits and breadm aking quality [1]. Sim ilarly, low m olecular weight (LM W ) 
glutenin subunits have been found to have a pronounced effect on the dough 
viscoelastic properties in bread wheat [2-4] and durum  wheat [5, 6 ]. On the other 
hand, the relatively poor nutritive value o f w heat proteins is due to the low propor
tions o f lysine and threonine in the storage proteins, albumins and globulins having 
am ino acid compositions that fit the requirem ents o f  humans and monogastric 
animals. M oreover, gluten proteins are toxic agents in celiac disease, an enteropathy 
occurring in genetically predisposed individuals [7].

An illustration is given o f  our current knowledge o f  genes coding for storage 
proteins in wheat. In addition, specific features are discussed that relate to the use 
o f  gene and chrom osom al mutations in research and breeding program m es aimed at 
producing wheat cultivars with improved technological and nutritional properties.

2. G ENETICS OF GLIADINS AND GLUTEN IN  SUBUNITS

Gliadins and glutenin subunits represent about 80% o f the total protein in the 
wheat grain. In particular, gliadins (about 40%  o f  total endosperm  protein) are a 
heterogeneous m ixture o f single chain polypeptides, alcohol soluble in the native 
state and with a m olecular weight o f  28 -70  kD [8 ] . 1 M ost o f the gliadin molecules 
are stabilized by intrachain disulphide bonds; how ever, w gliadins contain zero to 
one cysteine residue [9]. W hen fractionated by a two-dimensional electrophoretic 
system, about 50 gliadin com ponents in hexaploid bread wheat, 40 components in 
tetraploid durum  w heat and 20 com ponents in diploid wheats are separated. Gliadins 
have been classified into three groups on the basis o f  N  term inal am ino acid sequence 
hom ologies, two corresponding to ш and у  gliadins and the third corresponding to 
a  and (3 gliadins com bined [10].

Genes coding for most o f the ш and у  gliadins are tightly clustered at three 
homoeologous loci, G li-A l,  G l i -B l  and G li - D l ,  on the distal end o f the short arm

1 1 dalton =  1 u (unified atom ic m ass unit)
=  1.66 x  10 ~27 kg.
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FIG. 1. Chromosomal location o f  wheat storage protein  genes [11].

o f chrom osom es 1A, IB  and ID , respectively [11] (Fig. 1). M inor to gliadins in 
bread wheat have been found to be encoded by additional, dispersed genes at the 
G li-А З , G U -B 3, G U -A 4  and G li-5  loci on both sides o f the G li-1  loci at a distance of
1 .4-28  cM  from  them [1 2 -1 5 ].2 Two additional со gliadin genes have been recently 
found on the short arm  o f chrom osom e IB  in the durum  wheat cv. Rodeo, about 
4%  recom bination from  the G li-B l  locus. Each G li-1  locus contains some three to 
five 7  gliadin genes and a sim ilar num ber o f  со gliadin genes, whereas five to ten 
a / & gliadin genes are clustered at each G li-2  locus, as determ ined by quantitative 
Southern b lot hybridization; the additional ‘selfish’ gliadin loci seem to contain only 
one o r two active genes. M ultiple co-dom inant alleles are known for each locus, 
som e o f  which contain different num bers o f  active genes [16]. O rganization o f the 
family o f  gliadin genes in the group 1 chrom osom es is analogous to the situation,

2
cM = centimorgan. Morgan is a unit of relative distance between genes on a chro

mosome. One morgan represents a crossover value of 100%; a crossover value of 1% is a 
centimorgan.
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with hordein and secalin coding genes located on chrom osom es 1H and 1R in barley 
and rye, respectively.

Two m ajor classes o f  glutenin polypeptides have been identified in wheat 
endosperm , the H M W  and the LM W  subunits, both classes occurring in flour as 
cross-linked proteins resulting from  interpolypeptide disulphide linkages. The HM W  
subunits are a m inor com ponent in term s o f  quantity but are m ajor determ inants o f 
the elasticity o f  gluten [1]. Each subunit shows one central domain based on repeat
ing m otifs flanked by non-repetitive С and N term inal domains containing one and 
three to five cysteine residues, respectively [17]. These cysteine residues are thought 
to  be involved in interchain disulphide bonds in glutenin polym ers and, therefore, 
in gluten strength. The genes coding for H M W  subunits (also referred to as 
A subunits) are located on the distal half o f  the long arm  o f chrom osom es 1A, IB  
and ID  [11]. Each o f  the three loci, collectively nam ed G lu -1 , contains only two 
genes which code for a higher m olecular weight x type subunit (83 to 8 8  kD) and 
a low er m olecular weight у type subunit (67-74  kD); the m ap distance between the 
two genes has been estim ated to be 0 .1 -0 .2  cM . The H M W  subunit genes exhibit 
extensive allelic variation; individual cultivars o f  bread wheat have zero to one 
subunit controlled by the G lu -A l  locus (chrom osom e 1A), one or two subunits 
controlled by the G lu -B l  locus (chromosome IB) and two subunits controlled by the 
G lu -D l  locus (chrom osom e ID ). The latter locus is absent in durum  wheat cultivars, 
in w hich the G lu -A l  genes are also rarely active.

в О* ■m* ^  $$*1 '¿r
I *  L M W -G S

c  * • '

FIG. 2. Two-dimensional A -P A G E  X SD S-PAGE fractionation o f  H M W  and LM W  glutenin 
subunits from  cv. Alpe. Arrows indicate that the LM W  subunits were probably  encoded by  
dispersed loci on chromosome IB S [19, 20].
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The LM W  glutenin subunits exist as polym ers stabilized by interchain 
disulphide bonds. A fter reduction, they divide into three main groups: a m ajor group 
o f  basic proteins (B subunits), an interm ediate group (C subunits) with m olecular 
weights o f  30 -40  kD and a m inor group o f  acid proteins (D subunits) about 60 kD 
in size [18]. The В and С subunits have been found to possess 7  o r a  type sequences, 
whereas some D subunits appear to originate from  a mutation o f  w gliadin genes such 
that at least one cysteine codon was produced. HM W  subunits have proved difficult 
to analyse by one-dim ensional electrophoresis because o f overlap with the gliadins. 
H ow ever, a  two-dimensional A -P A G E  x  SD S-PA G E  technique has been recently 
developed to separate HM W  and LM W  subunits [19]. This technique showed two 
to three LM W  subunits to be encoded by the G lu -A 3  locus and eight to ten subunits 
each by the G lu -B 3  and G lu -D 3  loci in bread wheat [19, 20]. The G lu -3  loci occur 
on the short arm  o f group 1 chrom osom es and are tightly linked to the G li-1  loci, 
the estim ated m ap distance between G lu -B 3  and G li-B l  being 2 cM  [6 , 21]. 
M oreover, evidence has been provided that a few LM W  subunits in durum  wheat 
are encoded by the additional G lu -B 4  and G lu -B 5  loci on the short arm  o f chrom o
some IB  [22, 23]. The two-dim ensional separations o f  LM W  subunits from  the near 
isogenic lines o f  the bread wheat cv. A lpe and from  m utant lines lacking the G lu -B 3  

locus suggest that these additional loci also occur on chrom osom e IBS in bread 
wheat [19, 20] (Fig. 2). Strong parallelism  between allelic variation at the G li-1  and 
G lu -3  loci has been dem onstrated in bread w heat cultivars [19-24].

3. G LIA D IN /G LU TEN IN  SUBUNIT COM POSITIO N
A ND G LU TEN  QUALITY

Recognition o f  the heterogeneity o f  gliadins and glutenin subunits has 
perm itted a new approach in the analysis o f  the biochem ical and genetic factors 
involved in the technological quality o f  wheat. G liadins are considered to affect the 
viscosity and extensibility o f  dough, whereas glutenin subunits appear to be the 
m ajor determ inants o f  elasticity. Significant correlations between the presence o f 
certain HM W  or LM W  subunit alleles and breadm aking quality have been found by 
several authors [2 -6 , 25]. In particular, the G lu - D ld  allele coding for HM W  
subunits five and ten has been associated with good quality, and it has been suggested 
that the presence o f  one additional cysteine residue in subunit five as com pared with 
allelic x type subunits accounts for the good quality o f  allele G lu - D ld  [26]. Simi
larly, the two LM W  subunits encoded by the G lu -В З с  allele in durum  wheat have 
been found to explain the well known superior pastam aking quality o f  durum  wheat 
cultivars containing the 7  45 gliadin band encoded by the adjacent G li-B l  с  allele [6 ]. 
One im portant finding has been that the effects o f  individual G lu-1  alleles are largely 
additive to those o f  the G lu -3  alleles, interaction between these loci having signifi
cant effects as well [27].
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4. STORAGE PRO TEIN  COM POSITION, N U TRITIO NA L QUALITY AND
CELIAC DISEASE

Lysine and threonine are the first lim iting am ino acids in wheat and their low 
contents (about 1 and 3 mol% in the gluten proteins, respectively [28]) are a direct 
consequence o f the high relative am ount o f gliadins and LM W  glutenin subunits in 
endosperm  proteins. A lbumins and globulins, present in low proportions in wheat 
(about 2 0 % of the total protein), have amino acid compositions that fit the require
m ents o f m onogastric anim als, whereas HM W  subunits o f glutenin have intermediate 
lysine and threonine contents. Therefore, attem pts to im prove the nutritive value o f 
wheat have been concentrated on altering the relative am ount o f  gliadins. Genes for 
significantly higher than norm al lysine as the percentage o f  protein are well known 
in maize, barley and sorghum. In bread and durum  wheats, mutations affecting 
lysine content have not been recorded, probably because polyploidy makes detection 
o f recessive genes much m ore difficult; these genes could be m ore easily isolated in 
diploid wheats.

Celiac disease is an enteropathy which is activated in genetically predisposed 
individuals by ingestion o f gluten proteins [7]. Clinical studies have shown that 
proteins in the alcohol soluble fraction o f  wheat flour are toxic for celiac patients. 
Some w ork im plicated a  gliadins as the sole toxic fraction [29], whereas later in vitro 
and in vivo studies found that /3, y  and possibly w gliadins dam age celiac jejunal 
m ucosa [30]. In vitro assays showed that the toxic peptides from  digestion o f  the so 
called A type a  gliadins share the common sequences QQQP or PSQQ, which are 
absent in non-toxic A type peptides [31]. It is noteworthy that some durum  wheat 
cultivars and T riticum  m o n o co ccu m  accessions show very low , if  any, activity and 
no dam aging effects on in vitro cultured intestine mucosa [32, 33]. The imm unologi
cal and genetic bases o f these results are currently being investigated.

5. G EN E AND  CHROM OSOM E M UTATIONS
A FFEC TIN G  STORAGE PROTEINS IN W HEAT

Obviously, a  plant is m ore tolerant to the loss o f a storage protein gene (or even 
o f  a group o f  genes) and to the occurrence o f  a m odified form  o f it than to the altera
tion or the absence o f  activity o f  an enzyme. M oreover, the polyploid nature o f 
durum  and bread wheats may exert a buffer effect against the occurrence o f gene and 
chrom osom e m utations. In fact, various chrom osom e deletions and duplications can 
be com pensated for by a norm al genom e in tetraploids and hexaploids, as is clearly 
shown by the fertility and viability o f  most ditelosom ic and addition lines in commom 
and durum  wheats. The frequency of occurrence o f  seeds carrying a mutation at any 
o f  the six G li-1  o r G li-2  loci has been found to be as high as 0 .9 -1 .9 %  in different 
bread wheat cultivars, about 60% o f these mutations consisting o f  deletion o f the
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FIG. 3. Restriction fragm ent length polym orphism  patterns o f  DNAs from  bread wheat 
cultivars digested  with Rsa I  and hybridized to clone pLMWTG2. A rrow  shows two am plified 
sequences encoding fo r  the LM W  subunits in the bread wheat cv. Salmone.

entire locus [34]. In many cultivars and lines, spontaneous zero mutants at the G li, 

G lu-1  and G lu -3  loci have been used to recognize the different alleles and to deter
m ine their physical locations on the chrom osom es [11, 35-40]. In addition, inactive 
genes at the G lu-1  loci have been described in several cultivars and land races o f 
wheat. In m odern bread wheat cultivars, the у type subunit gene is silent and in some 
genotypes the x type subunit gene does not direct the synthesis o f  any subunit because 
o f  the presence o f  a stop codon o r a transposon like insertion in the coding sequence 
[41, 42]. One bread wheat genotype lacking all the HM W  subunits, one cultivar
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containing only HM W  subunit seven, and two isogenic lines, one containing HM W  
subunits seven, two and twelve, the other HM W  subunits seven and twelve only, 
have been described and used to show the role played by HM W  subunits in determ in
ing the elastic properties o f  dough [43-45].

Two cases o f the quantitative variation o f  H M W  subunits have been described 
in bread wheat. A genotype from  Israel, TAA 36, was found to overproduce HM W  
subunit seven because o f  gene duplication at the G lu -B l  locus [46]. A lso, three 
Canadian spring wheats, Roblin, Bluesky and G lenlea, overproduce this subunit, 
probably because o f  the increased transcription/translation efficiency o f  the 
corresponding gene [47, 48]. A novel case o f  gene amplification at the G lu -B 3  locus, 
which results in  overproduction o f  two В type LM W  subunits, has been recently 
found in the bread wheat cv. Salmone (Fig. 3). All these mutations are associated 
with strong gluten characteristics.

Chrom osom e translocations have been used for research purposes not directly 
related to the technological and nutritional quality o f  wheat. F or instance, the 
1BL/1RS chrom osom e translocation has been used extensively in bread wheat 
im provem ent program m es because of the high yield potential and disease resistance 
against leaf rust, stem rust and stripe rust conferred by the genes located on chrom o
some 1RS o f rye [49, 50]. M oreover, this translocation has been found to prom ote 
callus developm ent and green plant regeneration in bread wheat cultivars. M ost o f 
the 1BL/1RS bread wheat cultivars are characterized by a poor breadm aking quality 
and sticky dough because o f  the substitution o f  1RS encoded secalins for 
IBS encoded prolam ins [51, 52]; how ever, allosyndetic recombinants and irradiation 
mutants that contain a reduced am ount o f rye chrom atin are likely to exhibit superior 
gluten characteristics [53, 54].

6 . CURRENT RESEARCH ON CHROM O SO M E M UTATIONS

Three types o f  chrom osom e mutation are currently being investigated at the 
Istituto Sperim entale Cerealicoltura. The short arm  o f chrom osom e 1A in the 
bread wheat cv. Perzivan-1 has been found to contain a  small segment from 
chrom osom e IDS. This segment carries G li-D l/G lu -D 3  loci, which code for several 
LM W  subunits as well as for the so called Cheyenne type ш gliadins. The presence 
o f  these gliadins is associated with good breadm aking quality com pared with Chinese 
Spring or Bezostaya type gliadins [55]. This translocation offers the unique 
opportunity o f introducing IDS encoded prolam ins into durum  wheat cultivars by 
conventional breeding. Therefore, cv. Perzivan-1 has been crossed with the durum  
wheat cv. Rodeo, and the BC, to BC5 progenies have been screened by A -P A G E  
for the presence o f the 1AS/1DS encoded w gliadins. The usefulness o f  this translo
cation for im proving the pastam aking and breadm aking qualities will be assessed by
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FIG. 4. A -P A G E  fractionation o f  gliadins from  (lanes 1 to 5) cv. S. Pastore, lines S. Pastore  
4A, D M  22166  and Alpe Г , and cv. A lpe 1. Gliadin bands encoded by the different loci 
are shown schem atically.

com paring the near isogenic lines obtained from  the self-pollinated progeny o f  the 
BC 5 generation.

In previous studies [38, 56], the m utant lines S. Pastore 4A and Alpe 1" w ere 
isolated by A -P A G E  and SD S-PA G E  fractionations o f  single seeds in the bread 
wheat cvs S. Pastore and Alpe 1. Line S. Pastore 4A  differs from  cv. S. Pastore in 
lacking the G li- B l ,  G U -B 5  and G lu -B 3  loci because o f  deletion o f  the chrom osom e 
IB  satellite, w hereas line A lpe 1‘ differs from  cv. A lpe 1 because o f  deletion o f  a 
small segment o f  chrom osom e ID S  containing the G li-D I /G lu -D 3  loci. F , seeds 
from  the S. Pastore 4A X A lpe Г  cross w ere planted to produce lines homozygous 
for both chrom osom e deletions (double mutants) (Fig. 4). No significant differences 
w ere found for yield, seed w eight, hectolitre w eight and protein content between
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TABLE I. YIELD , H ECTO LITRE W EIG H T, PROTEIN C O N TEN T AND 
A M INO  ACID COM POSITION OF FIV E BREAD W H EA T GENOTYPES

Genotype
Yield
(t/ha)

Hectolitre
weight

(kg)

Protein
content

(%)

Amino acid 
composition 
(g/16 g N)

Lysine Threonine Cysteine

N orm al cultivars

S. Pastore 5.15 70.6 12.3 2.56 2.65 2 . 1 1

Alpe 1 6.33 74.6 1 1 . 0 2.42 2.57 2 . 2 1

Single mutants 

S. Pastore 4A 5.73 72.9 12.5 2.70 2 . 1 0 1.50

Alpe 1 6 . 0 0 71.6 1 1 . 2 2 . 2 0 2.70 1.30

Double mutant

DM 22166 4.19 69.0 13.6 2.90 3.10 1.40

LSD 0.50 1.51 4.9 1 . 0

each ‘single zero’ line and its norm al counterpart (Table I). On the contrary, the 
double m utant DM  22166 showed low yield and a high protein content com pared 
with the parental lines S. Pastore 4A and Alpe 1'. M ore interestingly, the m utant 
lines showed a 15-20%  increase in threonine and lysine contents as well as a signifi
cant reduction in cysteine. M oreover, S. Pastore 4A  and D M  22166 showed very 
extensible dough, as determ ined by the Alveograph G value, whereas A lpe Г  
possessed large glutenin polym ers and high gluten viscoelasticity com pared with its 
norm al conterpart A lpe 1 [57].

Line D M  22166 was also crossed with a G U -A 2  zero line from  the bread wheat 
cv. Reader, kindly provided by D. Lafiandra, University o f  Tuscia, Italy, and the 
‘triple m utant’ TP  48 was developed from  the resulting progeny. TP  48 contains only 
gliadins encoded by chrom osom es 1A, 6 B and 6 D as well as a few LM W  glutenin 
subunits encoded by chrom osom e 1A and, possibly, by dispersed loci on the 
proxim al segm ent o f  chrom osom e IBS. All the zero mutants and their norm al coun
terparts w ere com pared for their toxicity in celiac disease by an in vitro test based 
on the agglutination o f  human myelogenous leukaem ia К  562 (S) cells. Agglutination 
occurs when peptic-tryptic digests o f toxic proteins are added to a К  562 (S) cell
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suspension, whereas non-toxic peptides are inactive (Table II). The minimal 
agglutinating concentrations (M ACs) o f  peptides from  the double and triple mutants 
w ere found to be significantly higher than those o f  the norm al cultivars, suggesting 
that prolam ins other than a  gliadins may exert toxic effects on celiac patients. As 
a  consequence, suppression o f single prolam in loci seems not to be a valid approach 
to breeding non-toxic bread wheat genotypes.

The third type o f  chrom osom e m utation is the 1BL/1RS translocation. This 
translocation has been recently introduced into tetraploid wheat lines by crossing the 
bread wheat cv. V eery and the durum  w heat cv. Cando [58]. As expected, these lines 
showed a race specific resistance against leaf rust, stem rust and stripe rust, but they 
had a sticky dough and very w eak gluten characteristics, probably because o f the 
substitution o f  the secalin encoding S ec  1 locus on rye chrom osom e 1RS for the 
G li-B l/G lu -B 3  on chrom osom e IBS o f  wheat. Induction o f  recom bination between

TABLE П. M IN IM A L A G GLU TIN A TIN G  C O N CEN TRA TIO N  O F PEPTIC- 
TRYPTIC DIGESTS OF A LCO H OL SOLUBLE PROTEINS FROM  EIGHT 
BREAD W H EA T GENOTYPES

Genotype

Minimal
agglutinating
concentration

(mg/L)

N orm al cultivars

S. Pastore 73
Alpe 1 96
Reader 85

Single mutants

S. Pastore 4A 146
Alpe 1' 138
Reader" 160

Double mutant

DM 22166 2 0 0

Triple mutant

TP 48 450
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1RS and IBS could overcom e the dough quality defects o f  the 1BL/1RS lines. 
Therefore, two translocation lines were crossed with the homoeologous pairing 
p h cj  m utant o f  cv. Cappelli, which contains the G lu -В З с  allele coding for the two 
quality related LM W  subunits, and the resulting F 3 lines w ere screened for p h lc  

homozygosity by Southern blot using the PSR 128 probe kindly provided by 
M . Gale, John Innes Centre, N orwich, United Kingdom. Am ongst the 128 progeny 
o f two p h cI homozygous plants, six putative allosyndetic recom binants have been 
isolated. These recombinants showed rust resistance because o f  the L r 2 6 , Sr31  

and Yr 9  genes in the absence o f the tightly linked secalin encoding S ec  1 locus on 
rye chrom osom e 1RS, and contained the G li- B l /G lu -В З  encoded prolam ins.
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Abstract

GENETIC MANIPULATION OF PLANT OIL COMPOSITION.
To date, many approaches of genetically changing the composition of seed oils have 

been successful. This demonstrates the plasticity of the biosynthesis machinery for this carbon 
and energy storage form of plants. In the past, mutagenesis and plant breeding were applied, 
leading, for example, to the elimination of erucic acid (22:1) from rapeseed oil. Also achieved 
were changes in the levels of saturates or polyunsaturates in several temperate crops. More 
recently, directed metabolic engineering of the fatty acid composition, facilitated by the advent 
of plant transformation, has become a reality. It is possible to engineer a desired phenotype 
by suppression of an endogenous gene. For example, the so called antisense suppression of 
an enzyme acting on the intermediate 18:0-ACP, a desaturase, reduced the fraction of unsatu
rated fatty acids in canola (94%) down to 60%. Stearate (18:0), normally a minor component 
of canola oil, became prominent {up to 40%). To produce canola oils with medium chain fatty 
acids (C8-C14, absent from canola oil), genes for medium chain specific acyl-ACP thio- 
esterases from plants which accumulate such fatty acids were transferred to the rapeseed 
genome. Seed specific expression of the respective thioesterases resulted in canola plants with 
more than 50% medium chains of different chain lengths. Thioesterase engineering was also 
used for the production of high palmitate (16:0) canola oil. In summary, the current limited 
number of examples for metabolic engineering of seed oil composition demonstrates that it 
might be possible in the future to vary the fatty acid profile of a given oil, as long as the neces
sary genes are available and the crop plant is amenable to genetic transformation.

1. INTR OD U CTIO N

Vegetable oils are o f  m ajor econom ic im portance, representing the source for 
practically all plant derived fats in our diet and the basis o f  the oleo-chemical indus
try . Plants deposit fatty acids in triglycerides for high density energy storage. The 
triglycerides accum ulate predom inantly in  seeds, w here the oil can m ake up a large 
com ponent o f  the total w eight o f the tissue (from  several to m ore than 50% ). In 
seeds, the oil can be deposited in the resting em bryo itself, predom inantly in the 
cotyledons (soybean, rapeseed, sunflow er), o r in an accessory tissue, called
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endosperm  (coconut, castor bean), or both. D uring germ ination, the oil is m etabo
lized by the growing seedling. In some plants, the oil is deposited outside the seed 
in fruit coats, for exam ple, in the olive. Also, palm  oil is extracted from  the pericarp 
(fruit coat) o f the oil palm  [1 ].

The fatty acid triglyceride com position o f  a given oil determ ines its physical, 
chemical and nutritional value. F or exam ple, acyl chain length and desaturation 
determ ine the m elting characteristics and other functional properties [2, 3]. To date, 
the fatty acid com positions o f com m ercial oil seeds fall into only a handful o f 
categories. Tem perate crops produce highly unsaturated C18 oils, w ith different 
degrees o f unsaturation (70-94% ). Palmitate (16:0) represents most o f the saturated 
fatty acid com ponent in these oils. All are liquid at room  tem perature and have to 
be hydrogenated in order to be useful for solid fat applications.

C urrent m edium  chain fatty acid (C 8-C 14) oil producers are predom inantly 
coconut and palm  kernel. Laurie acid (12:0, 40-50% ) is the m ajor fatty acid in these 
oils [1]. In the United States o f A m erica, these oils are mostly used in non-food appli
cations, but they are found in confectionery and non-dairy cream ers [4]. Oils with 
special com positions are palm  oil (40% palm itate, 40% oleate, 18:1) and cocoa but
ter (high stearate (18:0), palm itate). This rather lim ited set o f fatty acid compositions 
in com m ercially im portant vegetable oils contrasts with the extrem e variability found 
in seed oils o f different plant species, w here fatty acids may vary with respect to 
chain lengths, degree o f saturation and the presence o f fatty acid modifying groups 
[5, 6 ].

In the past, classical breeding and mutagenesis program m es succeeded in 
reducing or eliminating certain unwanted fatty acids, o r elevating preferred ones. 
F or exam ple, erucic acid (22:1) was elim inated from  rapeseed oil [7], leading to the 
highly unsaturated edible oil canola. H igh oleic sunflower [8 ], high palmitate o r high 
stearate soybean varieties have been achieved via this route [9]. In sum m ary, the suc
cesses o f  classical breeding have dem onstrated the plasticity o f  seed oil composition 
in that significantly large alterations in fatty acid com positions can be made with no 
apparent detrim ental effect on the crop agronom ics. A lso, the wide variety o f plant 
seed oil com positions found in nature dem onstrates that plant cells can produce and 
accum ulate a sheer lim itless variation in storage oils [5].

2. BIOSYNTHESIS OF PLA N T OILS

In contrast to  classical breeding, which is restricted to the elimination o f gene 
functions or the introduction o f genes from  close relatives, genetic engineering 
opened up the possibility o f  a  rational redesign o f a given seed oil using genes from  
any organism . Transferring these genes to  the target species allows the introduction 
o f  a novel enzym e, leading (if com patible w ith the new host) to a new trait, for 
exam ple, deposition o f  a  fatty acid previously not present in this plant.
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o f  the respective enzymes in the pathway.

Detailed knowledge o f the biosynthetic pathway o f plant lipids is necessary in 
order to define target genes crucial for the engineering o f the desired traits. Over 
the past two decades, the general fram ew ork o f plant lipid biosynthesis has been elu
cidated, and many genes have been cloned (reviewed in Refs [10, 11]). A brief out
line o f  this pathway is given, as m uch as is necessary for the understanding o f the 
engineering o f  oil com position, with the particulars o f m em brane lipid biosynthesis 
excluded.

The de novo fatty acid biosynthesis is located exclusively in  the plastids. 
There, a set o f  enzym es assem bles the carbon chains (Fig. 1). In a first step, a two 
carbon prim er is attached to a protein, the acyl carrier protein (ACP). The prim er 
is then extended by repeated condensation o f the C2 com ponents to  its chain, i.e. 
the acyl-ACP grows with each step by two carbons. In most plants, some o f  the chain 
elongation continues to 18:0-A C P, and subsequently а Д9 desaturase forms 
18:1-ACP. The fatty acid synthase reactions are term inated by specialized thioester- 
ases, which release the acyl chains from  the ACP, thereby producing free fatty acids.
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For further m odification and assembly into triglycerides, the free fatty acids exit the 
plastid, becom e re-esterified to  CoA, and enter the cytoplasmic glycerolipid 
biosynthesis pathway. There, a set o f m em brane bound enzymes attach three acyl 
chains to the glycerol backbone in sequence (see Fig. 1). Each acyl group can be 
desaturated further, leading to polyunsaturated fatty acids. U sually, double bonds are 
first introduced by specific desaturases at A12 and subsequently at Д15. A ll three 
desaturases mentioned introduce exclusively cis isom ers. In certain plants, e.g. 
rapeseed, specialized elongases can further increase the chain length. Finally, the 
com pleted triglycerides are deposited as oil in storage com partm ents, the oil bodies.

3. EN G IN EERIN G  O F PLANT OIL COM POSITION

To engineer the vegetable oil com position, target enzym e genes must be avail
able (in m ost cases as cD N A s), and transform ation o f  the crop species m ust be pos
sible. In addition, prom oters w ith seed specific expression are needed. Prom oters o f 
seed storage protein genes have been shown to be most useful for this purpose, since 
in many oilseeds lipid and seed storage protein synthesis takes place in the same cells 
and at the same developm ental stage [12, 13].

In principle, there are two approaches for manipulating lipid biosynthesis 
through genetic engineering. One can either genetically repress or overexpress the 
gene for a certain  enzym e already active in the crop plant, or one can introduce a 
new enzym e with a novel specificity. Repression o f 18Ю-АСР desaturation was dem 
onstrated first by Knutzon et al. [14] in rapeseed. N orm ally, the de novo fatty acid 
biosynthesis in rapeseed extends up to 18:0-ACP, and most o f the flux is immediately 
desaturated to  becom e 18:1-ACP (Fig. 1). Very little 18:0-ACP is cleaved by the 
thioesterases, therefore 18:0 exists only in trace amounts in canola oil. A fter efficient 
repression o f  the predom inant enzyme by genetic engineering, the 18:0-ACP pool 
concentration should increase, facilitating increased flux through the 18:0 thioester- 
ase. The flow o f metabolites should be diverted. Such repression was achieved by 
expressing the canola Д9 desaturase transcript in antisense orientation, driven by a 
seed storage protein gene prom oter [14]. The highly unsaturated canola oil became 
transform ed to a high stearate oil (up to 40% ). Further analysis showed that stearate 
is not only m ade in  dram atically increased am ounts, but enters the lipid biosynthesis 
pathway in the cytoplasm , and is deposited in the triglycerides.

W ith the ability to introduce novel enzymes into oilseed plants, plant genetic 
engineering transcends the lim its o f  conventional breeding, as dem onstrated below. 
Oils having 8:0, 10:0, 12:0 or 14:0 fatty acids are com monly referred to as medium 
chain oils. The com m ercially dom inant sources o f these oils are coconut and palm 
kernel (with a sim ilar, laurate dom inated composition). The strategy used for this 
metabolic engineering o f  fatty acid chain length involves thioesterases for prem ature 
chain term ination. As shown in Fig. 1, during acyl chain elongations o f the fatty acid
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synthase, pools o f even chain length acyl-ACP intermediates accumulate. A medium 
chain specific thioesterase can access these pools even in a long chain plant. The first 
successful engineering o f m edium  chain fatty acid production was reported in 
rapeseed [15]. In this project, a cDNA for a thioesterase specific for 12:0-ACP and 
to a lesser degree for 14:0-ACP was isolated from  the developing seeds o f the 
California bay tree (laurate represents 60% of its seed oil). Subsequently, it was 
expressed in canola driven by a seed storage protein prom oter. Plants with a varying 
degree o f m edium  chains in their seed oil were regenerated. F igure 2, top two bars, 
shows the im pact o f this engineering on canola oil [16-18]. M edium  chain fatty 
acids, practically absent from  canola, can accumulate up to 60% o f the total. These 
fatty acids accum ulate in triglycerides, which dem onstrates that all the steps o f lipid 
biosynthesis subsequent to interception are flexible enough to accom modate the 
shorter substrates. H igh laurate represents the first crop variety with a genetically 
engineered oil com position that has been recently approved by the United States 
D epartm ent o f Agriculture and the Food and D rug A dm inistration. The harvest o f 
the first com m ercial crop is expected in summ er 1995.
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The thioesterase technology for prem ature term ination o f  fatty acid synthesis 
is generally applicable. To date, many thioesterases from  different plants have been 
isolated, hydrolysing acyl-ACP substrates ranging from  8:0-ACP to 18:0-ACP 
(reviewed in Ref. [17]). F igure 2, bottom two bars, illustrates the versatility o f this 
approach. Expressing а 16Ю-АСР thioesterase from  a M exican shrub (C uph ea  

h o o k eria n a )  allowed the production o f a high palm itate canola oil [17], and a 
thioesterase specific for 8:0-A CP and 10:0-ACP isolated from  the same species 
generated the canola oil com position displayed in the bottom  bar [18]. In summ ary, 
the design o f  a canola variety with a desired com position o f chain lengths is feasible.

The physical and nutritional properties o f a given oil are not only defined by 
the nature o f its fatty acids, but are also determ ined by the position o f the respective 
fatty acids in the glycerol backbone [2]. Owing to the biochem istry o f plant lipid 
biosynthesis, triglyceride positions are usually not filled random ly. F or exam ple, in 
palm  oil palm itate occupies preferentially positions one and three, in cocoa butter 
palm itate and stearate are excluded from  position two [1]. This exclusion o f  saturated 
fatty acids from  position two o f the glycerol backbone is generally the rule for most 
o f the plant species investigated [19], but there are exceptions. F or exam ple, tropical 
lauric oils consist o f  up to 95% saturated fatty acids; obviously these plants must 
have acyl transferases with modified acyl preferences. It is known that tem perate oil 
crops exclude saturated fatty acids from  the m iddle position in the triglycerides [17]. 
This specificity is conferred by an enzyme labelled lysophosphatidic acid acyl trans
ferase (LPAAT) (see Fig. 1 for its position in  the lipid biosynthesis pathway). 
Indeed, when the high lauric canola oil was analysed, the medium  chains w ere found 
to be excluded from  the middle position o f the triglycerides. Thus, novel structured 
triglycerides w ere created.

C ertain plants accum ulate fatty acids longer than C18; for exam ple, norm al 
rapeseed accum ulates large amounts o f erucic acid (22:1). Elongation beyond C18 
is accom plished by a m em brane bound, endoplasm atic reticulum  localized elongase 
system , and the gene for the enzyme predom inantly responsible for this elongation 
has been cloned [20]. This added a new instrum ent for seed oil modification.

The first products o f single gene manipulations are nearing the m arket place, 
and plant biotechnology is at the threshold o f m aking its im pact on the m arket o f 
vegetable oil feed stocks. In the near future, different oil crops will be further 
custom ized to  better fit the requirem ents o f  the respective use. O f utmost importance 
are not only the generation of desired oil com positions, but also the ability to  produce 
these new feed stocks at a reasonable price.
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Abstract

IMPROVING SOYBEAN SEED QUALITY.
Both the meal and oil fractions of soybeans may be genetically improved, either by 

mutagenesis or by genetic engineering. There are a number of mutant lines of soybeans con
taining a low raffmosaccharide meal, which can be used for animal feed, with an improved 
total metabolizable energy content. Mutant lines with an improved fatty acid profile of the oil 
include high oleic and high stearic soybeans. Cloning of the mutant genes facilitates the 
integration of these traits into high yielding elite lines by providing molecular markers. Cloned 
genes may also be reintroduced into soybeans to create transgenic lines with improved meal 
and oil traits, such as seeds with an increased lysine content and stable soybean oils with a 
very low content of polyunsaturated fatty acids. The design of transgene constructs has been 
assisted by using soybean somatic embryos in suspension culture as a model system for soy
bean seed transformation. This system has allowed selection for those genes and promoters 
that are the most effective way of achieving the desired phenotypes in soybeans. Experiments 
with constructs containing fatty acid biosynthesis genes in somatic embryos have also led to 
the conclusion that, in soybeans, gene-transgene sense suppression is a more effective way 
of silencing endogenous genes than antisense. Sense suppression of genes encoding 
microsomal, fatty acid omega- 6  desaturases has resulted in soybean lines with over 80% oleic 
acid in their seed oil, and this trait is stable over at least three generations.

1. INTR OD U CTIO N

Soybeans ( G lyc in e  m a x  (L .) M errill) provide over half the w orld’s supply o f 
vegetable protein and about one-third o f  the oil [1]. In the United States o f  Am erica, 
m ost o f  the soybeans grow n are processed into defatted m eal flakes and crude oil. 
The m eal is used mainly for anim al feed and the crude oil refined for use as an edible 
vegetable oil in com m ercial frying applications, salad oil, edible coatings, m arga
rines, spreads and other shortenings. There is room , how ever, for im provem ent in 
the quality o f both soybean m eal and oil. Soybean m eal is deficient in m ethionine 
and lysine and is usually supplemented w ith one o r both o f  these essential am ino 
acids when used for livestock feed. In  addition, the carbohydrate fraction o f soybean 
m eal contains alpha linked oligosaccharides (raffinosaccharides) which, because 
animals do not have intestinal a-galactosidases, are indigestable and thus low er the
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total m etabolizable energy content o f the m eal. Furtherm ore, raffm osaccharides are 
ferm ented by gut bacteria and this results in substantial methane and hydrogen 
production by the animal.

Soybean oil contains m ore than 50% polyunsaturated fatty acids and is usually 
chem ically hydrogenated to increase its shelf-life and stability during frying. H ydro
genation results in the form ation o f tra n s  isom ers o f  m onounsaturated fatty acids. 
These isom ers, unlike the naturally occurring c is  isom ers o f  oleic acid that are 
thought to protect against coronary disease, have been associated with coronary heart 
disease in hum ans. There is a desire, therefore, to produce stable soybean oils natur
ally low in polyunsaturated fatty acids. Soybean oil also contains about 15% satu
rated fatty acids, m ost o f  which is palmitic acid. Consum ption o f palm itic acid has 
also been associated with increased risk o f  coronary disease in hum ans. Thus, efforts 
are being m ade to produce salad oils from  soybeans that are low in saturated fatty 
acids, particularly palm itic acid. Production o f  m argarines and shortenings from  soy
bean oil involves extensive chemical hydrogenation; this process again results in the 
form ation o f tra n s  isom ers o f monounsaturated fatty acids. Thus, developm ent o f 
soybean oils rich in stearic and tra n s  oleic acids, making them  suitable for m argarine 
production w ithout prio r hydrogenation, is also desirable.

2. M UTAGENESIS IN  SOYBEANS

A num ber o f different soybean lines with altered m eal and fatty acid contents 
have been m ade at D uPont by ethylmethane sulphonate mutagenesis. F or example, 
a series o f low  stacchyose lines have been developed by S. Sebastian and-his co
w orkers. The original m utation, s t c l ,  has a total raffinosaccharide content o f 
50-100  fiM  com pared with 120-220 /¿M in the parent. The s t c l  locus probably cor
responds to a structural gene for raffinose synthase, since there is a  corresponding 
decrease in  the raffinose content o f the m utant and an increased galactinol content:

Galactose +  myo-inositol — galactinol
Galactinol +  sucrose — raffm ose
Raffinose +  galactinol — stachyose

T here are also th ree m odifier genes w hich, when com bined with s t c l , lower 
the raffinosaccharide content o f  the meal even further, in an additive fashion. Thùs, 
it is possible to  produce beans w ith a total raffinosaccharide content o f  20 -80  /xM 
( s t c l  w ith one o r two m odifiers) and, with s t c l  and all three m odifiers, even as low 
as 0 - 2 0  ptM.

Some o f  the fatty acid m utant lines are also the result o f  mutations in several 
different genes. F or exam ple, there are four to five genes that contribute to the high 
oleic acid content o f  the D uPont soybean line H 0 2 -H 0 4  (developed by G. Fader and
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S. Sebastian), which has an oleate content o f  around 50% com pared with 20% in 
com modity soybeans. All these genes have to  be com bined and put into high yielding 
elite soybean lines to be com m ercially viable. It m ay also be desirable to com bine 
im proved meal traits w ith im proved fatty acid traits in the same elite line. F or traits 
such as low stachyose m eal w ith high oleic acid content oil, this may involve making 
a desired elite line hom ozygous for up to ten m utant, recessive genes. It is obvious 
therefore that m uch tim e and effort could be saved if  good m olecular m arkers were 
available to assist the breeding process. The best m arker for a m utant gene in a 
segregating population is one that is very closely linked to the gene, ideally the 
m utant gene itself. In some cases, such as the D uPont soybean line HST1, which has 
an elevated stearic acid content (20-30%  stearic acid com pared w ith 3-5%  in the 
parent), the m utant phenotype appears to correspond to a defect in a gene encoding 
a fatty acid biosynthetic enzyme. In the case o f HST1, this gene is the plastidal 
stearoyl-A CP delta-9 desaturase (DS):

1 6 :0 -A C P ----- - 1 8 :0 -A C P ------ 18:1-ACP
DS

N. Yadav has cloned three distinct plastidal stearoyl-A CP delta-9 desaturase 
genes (p D S l, pD S2, pDS3) from  a seed cD N A  library made from  developing wild 
type soybean seeds (cultivar W ye). These genes have been m apped, by A. Rafalski 
and W . K respan, to three different linkage groups (corresponding to three separate 
chrom osom es) in a segregating population from  a G lyc in e  m a x  X  G lyc in e  so ja  cross. 
Yadav was also able to clone the corresponding genes from  HST1 and observed that 
one o f  them , pD S2, had a single base difference from  wild type pDS2 in the coding 
region o f  the desaturase sequence. The change results in the H ST-pD S2 having a 
glutamate at am ino acid 109 instead o f  a lysine. Since this lysine is conserved among 
all three wild type desaturases — indeed it is at the centre o f  a  very highly conserved 
region among known soluble desaturases — it seemed reasonable to postulate that 
this change m ay be the cause o f  the apparently reduced desaturase activity in HST1. 
W e have designed polym erase chain reaction prim ers specific for the m utant and 
wild type pDS2 genes and have used them  to am plify desaturase sequences directly 
from  soybean leaf tissue. N on-H ST l soybean lines showed an amplification product 
only with the wild type prim ers, and hom ozygous HST1 lines generated a product 
with only the HST prim ers. H eterozygous HST1 lines had an amplification product 
with both sets o f prim ers. Thus, we are able to distinguish plants that are hom o
zygous for the HST1 m utation by taking leaf discs from  em erging, segregating plants 
o f  crosses between HST1 and other lines.

3. TRANSGENIC SOYBEANS

Cloned genes from  soybean and other organism s quite clearly have a m ore 
direct use than identifying m arkers for mutants. A transgenic plant has a num ber of
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potential advantages over traditional mutants. A  transgene can be m ade to  express 
in a seed specific m anner by using the appropriate prom oter, thus avoiding any 
changes in other plant organs which may disrupt the physiology or environm ental 
stability o f the plant. Transgenes also tend to  be dom inant and the desired phenotype 
may be obtained by a single gene at a single locus. Transgenes can be easily followed 
in a segregating population, since they are their own m olecular m arker; lines made 
from  crosses o f plants with two different transgenes can quickly be m ade hom ozy
gous for both genes. F inally, high yielding elite lines o f soybeans may be trans
form ed directly with the desired gene, thus eliminating a num ber o f generations o f 
backcrossing. A n exam ple which illustrates all these advantages in soybean are the 
transgenic high lysine lines made by C . Falco and his co-w orkers at DuPont. In 
plants and m icroorganism s, lysine is synthesized from  aspartate via a num ber of 
interm ediate compounds:

AK
aspartate -----« aspartyl phosphate — - aspartic semialdehyde

DHDPS
--------------- 2,3-dihydrodipicolinate — - — - — - — . — . lysine

In plants, two o f the enzymes in this pathway, aspartate kinase (AK) and 
dihydrodipicolinate synthase (DHDPS), are strongly down regulated by free lysine. 
Thus, the flux through this pathway in developing soybean em bryos is very low, 
resulting in a final lysine content o f  less than 6 % o f the total am ino acids o f the 
m ature em bryo. Falco and co-workers have isolated a gene (cor-d a p A )  from  C o ryn e-  

b a c te r iu m  g lu ta m icu m  which encodes a DHDPS that is insensitve to free lysine. 
W hen expressed in E . c o li ,  the enzym e was still fully active in the presence o f 
70 m M  lysine, w hereas p lant DHDPS is com pletely inhibited by 0.1 mM  lysine 
(native E . c o li DHDPS is com pletely inhibited by 5 mM  lysine). A chloroplast transit 
peptide sequence was attached to the c o r-d a p A  gene and the chim eric gene expressed 
in soybean under the control o f  the seed specific Kunitz trypsin inhibitor prom oter 
(KTi3). In the resulting transgenic soybean lines, feedback inhibition o f 
2 ,3-dihydrodipicolinate synthesis was overcom e, resulting in free lysine increasing 
to the point w here lysine represented from  7.5%  to over 40% o f the total amino 
acids, depending on the level o f  expression o f c o r-d a p A . Similar approaches are 
being pursued to increase the m ethionine content o f the meal.

4. M O D EL SYSTEM  FOR TRANSGENE EXPRESSION IN SOYBEAN

The effect o f  rem oving feedback regulation from  lysine biosynthesis is d ra
m atic, indicating that DH DPS has a very high control strength in the regulation of 
flux through this pathway. Thus, an increase in flux through the DHDPS reaction
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FIG. 1. Outline o f  fa tty  ac id  and triacylglycerol biosynthesis in the developing soybean seed. 
The reactions specifically discussed in the text are  labelled with the name o f  the enzyme 
catalysing the reaction o r with the name o f  the gene encoding the enzyme.
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resulted in a proportional increase in flux through the entire pathway. Identifying 
control reactions in a metabolic pathway is often an im portant first step in the genetic 
m odification o f that pathway. F or exam ple, the biosynthesis o f fatty acids in the 
developing oilseed is shown in Fig. 1. The pathway is not linear, since there are a 
num ber o f  branch points and the reactions are divided between the soluble fraction 
o f the plastid and cytoplasm ic m em branes. One o f  the desired traits in the soybean 
seeds described above is to reduce the palm itic acid content o f  soybean oil. It is not 
im m ediately clear w hat would be the best way o f achieving this. Possibilities could 
include: decreasing the am ount o f  16:0 leaving the plastid via the 16Ю-АСР thio
esterase; increasing the conversion o f  16:0-ACP to 18:0-ACP by increasing the 
18:0-ACP synthase activity; o r increasing the 18:1 leaving the plastid by increasing 
the 18:1-ACP thioesterase activity. It is also possible that the 16:0 content o f  oil is 
controlled at some later stage o f  oil biosynthesis such as triacylglycerol assembly.

W e have cloned from  soybeans and a num ber o f other plants many o f the genes 
which encode fatty acid biosynthetic enzymes [2]. The m ost direct way o f  observing 
the effect o f  enzym e concentration on the fatty acid com position o f the oil is to trans
form  soybeans with the genes and to  analyse the resulting fatty acid com position o f 
the seed oil. H ow ever, it can take from  12 to 24 months o f  a soybean transform ation 
event until there are transgenic seeds for analysis, depending on the transform ation 
procedure used. W e have developed a somatic em bryo model system in which we 
can observe the effect o f  expressing an em bryo specific transgene on triacylglycerol 
com position in 2 -3  m onths. The system is based on the soybean transform ation 
procedure developed by J. F inér at the U niversity o f  O hio, Columbus [3], and fur
ther refined by S. Knowlton and her co-w orkers at DuPont, who have been able to 
regenerate transgenic soybean plants from  transform ed em bryo lines. Soybean 
somatic em bryos are derived from  developing cotyledon tissue and are m aintained 
in liquid suspension culture. W hile in the globular em bryo state in liquid culture, 
som atic soybean em bryos contain very low am ounts o f  triacylglycerol or storage 
proteins typical o f m aturing zygotic soybean em bryos. A t this developm ental stage, 
the ratio o f  total triacylglyceride to  total polar lipid (phospholipids and glycolipid) 
is about 1:4, as is typical o f  zygotic soybean em bryos at the developmental stage 
from  which the somatic em bryo culture was initiated. A t the globular stage as well, 
the m RNAs for the prom inent seed proteins, the alpha-prim e subunit o f beta- 
conglycinin, KTi3 and seed lectin are essentially absent. The em bryos from  suspen
sion cultures are transform ed by a particle bom bardm ent (biolistic) procedure [3] and 
then transferred  to  a solid m aturation medium. U pon transfer to a horm one free solid 
m edium  — to allow differentiation to  the m aturing somatic em bryo state — triacyl
glycerol becom es the m ost abundant lipid class. A lso, m RNAs for the alpha subunit 
o f  beta-conglycinin, KTi3 and seed lectin becom e very abundant m essages in the 
total m RNA population. The fatty acid profile o f a m ature somatic em bryo is similar 
to that o f  a a  dry seed and, in addition, a fully m ature somatic em bryo is m orphologi
cally very sim ilar to a m ature zygotic em bryo.
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W e have observed that, in soybeans transform ed with fatty acid genes, the fatty 
acid com position o f the 30 days after flowering developing seed is predictive o f  the 
final fatty acid com position. In the same way, m ature somatic em bryos are predictive 
o f  the final oil com position o f seeds from  plants regenerated from  these em bryos. 
To test this, we m ade antisense constructs with cD N A s o f  two different fatty acid 
desaturases: a seed specific, m icrosom al om ega- 6  oleic acid desaturase and a 
m icrosom al omega-3 linoleic acid desaturase. In soybean, there are at least two 
genes which encode m icrosom al om ega - 6  oleic acid desaturases. In collaboration 
with my colleague G .-H . M iao, we have cloned and mapped both o f these genes and, 
following the Arabidopsis nom enclature [4], have designated them  F a d  2-1  and 
F a d  2 -2 . The F a d  2 -2  gene is expressed in all soybean tissues, whereas the F a d  2-1  

gene is expressed only in the seed. W e have also cloned and mapped a single gene 
w hich encodes a m icrosom al omega-3 linoleic acid desaturase (F a d  3 ) . Suppression 
o f F a d  3  should lead to  a decrease in the linolenic acid content o f the oil, with a cor
responding increase in linoleic acid, and suppression o f F a d  2-1  to a decrease in total 
polyunsaturate and an increase in oleic acid (see Fig. 1). Liquid culture globular 
em bryos w ere transform ed w ith a chim eric gene consisting o f  the com plete open 
reading fram e (ORF) o f  F a d  3  (experim ent 1) o r F a d  2 -1  (experim ent 2) in antisense 
orientation under the control o f a seed specific prom oter (beta-conglycinin).

The fatty acid content o f m ature somatic em bryos was determ ined from  lines 
transform ed w ith the vector only (control) and the vector containing the antisense 
chim eric genes, as well as that o f  seeds o f  the plants regenerated from  them . In 
experim ent 1 , one set o f em bryos from  each line was analysed for fatty acid content, 
and another set from  that same line was regenerated into plants. In experim ent 2, 
different lines containing the same antisense construct w ere used for fatty acid analy
sis in somatic em bryos and for regeneration into plants. In experim ent 1, in all six 
lines w here a reduced linolenic acid content was seen in a transgenic em bryo 
(4 -10% ), com pared with the control (12-15% ), a reduced linolenic acid content was 
also observed in the segregating seeds o f  plants derived from  that line (1 .9 -5 .2% ), 
when com pared w ith the control seed (8 . 1 - 1 0 %).

In experim ent 2 , about 55% o f the transform ed em bryo lines showed an 
increased oleic acid content when com pared w ith the control lines. Soybean seeds 
o f  plants regenerated from  different somatic em bryo lines containing the same 
antisense construct had a sim ilar frequency (53% ) o f  high oleate transform ants as the 
somatic em bryos. The oleic acid content o f  the transgenic seeds ranged from  35 to 
78% com pared with about 20% in the controls.

5. ID EN TIFY IN G  CO N TRO L REACTIONS IN  M ETABOLIC PATHW AYS

By manipulating the concentration o f  fatty acid biosynthetic enzymes in trans
genic soybean somatic em bryos we have been able to determ ine some o f  the impor-
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tant control steps in soybean fatty acid biosynthesis. One o f  these im portant control 
steps appears to be the 16:0-ACP thioesterase reaction. In developing soybean seeds, 
alm ost all the fatty acid carbon leaving the plastid is either palmitic acid or oleic acid. 
There are at least two thioesterases in soybean, and in other oilseeds, which control 
the hydrolysis o f  16 and 18 carbon acyl-ACPs. Acyl-ACP thioesterase I catalyses 
the release o f oleic acid at ten tim es the rate o f release o f  palm itic acid or stearic 
acid [5, 6 ]. A cyl-A CP thioesterase П has equal catalytic activity towards 16:0-ACP 
and 18:1-ACP and little o r no activity towards 18:0-ACP [7, 8 ]. In collaboration 
with W . Hitz and his co-w orkers, we have observed that in somatic em bryos soybean 
thioesterase II has a very high control strength, and that any increase in thio
esterase П activity leads to an increased palm itic acid content o f  the triacylglycerol. 
C onversely, if  the thioesterase П is blocked, either by an antisense construct o r by 
sense suppression, m ost o f the fatty acid carbon leaves the plastid as oleic acid, 
resulting in a decreased saturated fat content o f  the oil (< 4 % )  and an increased ole- 
ate content. In contrast, the fatty acid synthase II reaction (K A S  II  gene), which cata
lyses the elongation o f palm itic acid to  stearic acid, has a very low control strength 
in soybeans. Thus, increasing its activity, by overexpression o f a canola K A S  II  

cD N A , had no effect on the final ratio o f palmitic acid to stearic acid and oleic acid 
in the soybean oil. So, to answer the question posed above, the m ost effective way 
o f  reducing the palm itic acid content o f  soybean oil is to reduce the am ount o f  this 
acid leaving the plastid via the 16:0-ACP thioesterase.

6 . E FFEC TIV E SILENCING OF ENDOGENOUS GENES

There are other issues which may be addressed in the somatic em bryo system 
in addition to selecting the most effective genes to suppress o r overexpress, such as 
selecting the m ost effective em bryo specific prom oter o r testing which part o f a full 
length cD N A  is m ost effective for antisensing the equivalent endogenous gene. W e 
have also conducted experim ents to determ ine the most effective technique for 
silencing endogenous soybean genes with transgenes. F or exam ple, one o f our 
im portant goals is to produce soybean oil with a high oleic acid content by silencing 
the expression o f the F a d  2-1  gene in developing soybean seeds. In addition to the 
established phenom enon o f  antisense transgenes, there have been a num ber o f reports 
recently o f  co-ordinate gene silencing o f a sense transgene and a homologous 
endogenous gene [9, 10]. This phenom enon has been patented, with the name 
‘TransSw itch’, as a m ethod for deliberately turning-off endogenous genes [11].

W e have com pared antisense and TransSwitch in somatic em bryos using the 
O RF o f  the F a d  2 -1  gene, in both the sense and antisense orientation to the beta- 
conglycinin prom oter. The results o f  this com parison can be seen in Fig. 2. These 
are the results o f a num ber o f separate transform ations over a period o f several 
months and the results are plotted as relative oleic acid content versus the total
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Range (%)

FIG. 2. Expression o f  the fu ll length open reading fram e (ORF) o f  the Fad 2-1 cDNA, in the 
sense and antisense orientation to a  beta-conglycinin prom oter, in soybean som atic embryos. 
The number o f  mature, transgenic, som atic em bryos that fa ll  into each range o f  o leic  acid  con
tents (1 -5% , 6 -1 0 % , 11 -1 5 % , etc.) relative to the total fa tty  acid  content o f  the embryo is 
shown.
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num ber o f transgenic em bryos with that oleic content. One obvious difference 
between the antisense population and the sense population is that the sense sup
pressed em bryos appear to have an oleic acid content tightly clustered around 70% , 
whereas the antisense em bryos have oleic acid contents ranging from  wild type 
(15-20% ) to about 65% . W e have also observed this ‘o n -o f f  effect o f TransSwitch 
with other transgenes, such as the thioesterase П, w hereas with antisense we have 
always observed many interm ediate values between the wild type em bryos and the 
m axim um  antisense effect. This leads us to suggest that while antisense may be 
dependent on the rate o f transcription, this rate being controlled in part by the site 
o f  integration into the soy genom e, TransSwitch is probably not rate o f  transcription 
dependent; it either w orks or it does not. A nother feature o f TransSwitch, again 
which we have observed with other genes, is that the best phenotypes seen have 
always been better than the best antisense phenotypes with the same gene and 
prom oter. This may also be related to the rate o f transcription. Finally, since the full 
length ORF o f the F a d  2 -1  cDNA  was used in the sense experim ents, there are about 
as many em bryos with an overexpression phenotype (in this case less than 1 0 % oleic 
acid) as there are co-suppressors. On the basis o f this type o f  experim ent, we have 
made a num ber o f TransSwitch constructs for expression in soybean seeds, including 
the F a d  2 -1 .

1 . G EN E-TR A N SG EN E CO-SUPPRESSION IN  SOYBEANS

A construct containing the same beta-conglycinin/sense F a d  2 -1  transcriptional 
unit described above was transform ed by particle bom bardm ent into soybean 
m eristem s for D uPont by Agracetus Inc ., M adison [12]. In  this construct, the 
F a d  2 -1  ORF was also fused to a bean phaseolin 1.1 kb 3 ' term inator region. The 
vector contained a unique BamHI site 3 ' to the conglycinin-/vlD-2-7-phaseolin trans
criptional unit and H ind lll sites on either side o f  this transcriptional unit. W e identi
fied a soybean plant (260-05) from  this transform ation which had seeds with an 
elevated oleic acid content (70-80%  com pared with an average o f 13% in the con
trols). W hen the R! seeds from  this plant w ere analysed, the oleic content was in 
one o f three classes: low (4 .7 -6 .5 % ), norm al (10 .0-16 .1% ) or high (69 .5-82 .1% ). 
Thirty o f these seeds (five from  the norm al oleic class, 10 from  the low oleic class 
and the rem ainder from  the high oleic class) w ere germ inated and Southern blots 
w ere done with BamHI digested genomic D NA from  the leaf tissue o f the resultant 
plants. BamHI cuts once in the construct and also random ly in the soybean genom e, 
thus individual transgene intergration events at different loci w ere seen as different 
sized bands on a Southern blot.

Southern blots w ere probed with F a d  2 -1  and, to distinguish transgenes from  
the native FA D  genes, w ith phaseolin. On the basis o f  this analysis it was clear that 
there w ere three integration events at two separate loci in the Rq plant. A t one
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locus, term ed lo cu s  A ,  there w ere two integration events, seen as two bands on a 
Southern b lot probed with phaseolin or F a d  2 -1 . One o f these bands had a high 
m olecular w eight, representing a BamHI fragm ent flanked by the BamHI site in the 
construct and a second BamHI site in the genom e. The second band was about the 
same size as the construct (7 kb) and represented a BamHI fragm ent flanked by the 
BamHI sites o f the two plasmids integrated at this locus. The other locus, term ed 
lo cu s  В  , was represented by a high m olecular weight BamHI fragm ent flanked by 
the BamHI site in the construct and a BamHI site in the genom e. A Southern blot 
o f  D N A  from  these plants cut w ith H in d in  and probed w ith F a d  2-1  showed that all 
three copies on the transcriptional unit w ere intact. O f the seeds examined by both 
Southern and fatty acid analyses, an interesting correlation was noted. Plants con
taining only lo cu s  A  (three plants) w ere all derived from  seeds with an oleic acid con
tent o f 80 .1 -80 .5  %. Plants containing only lo cu s В  (10 plants) w ere all derived from  
seeds with an oleic acid content o f 3 .7 -9 .0 % . Plants containing lo cu s  A  and lo cu s  В  

(12 plants) w ere all derived from  seeds with an oleic acid content o f 71 .1 -79 .2% . 
Plants containing neither lo cu s  A  nor lo cu s  В  (five plants) w ere all derived from  
seeds with a norm al oleic acid content (9 .8 -13 .1% ). Thus, it appeared that plants 
with lo cu s  A  had a suppressed endogenous seed F a d  2 -1  and plants with lo cu s  В  had 
an increased seed om ega - 6  desaturase activity, i.e. they w ere overexpressing F a d  2 -1  

in their seeds. C uriously, plants containing lo cu s A  and lo cu s  В  still had an elevated 
seed oleic acid content, although not as high as those with lo cu s  A  alone. It appeared 
that the overexpressing locus was attentuating the effect o f the sense suppression to 
some extent and that the segregation o f R 2  seeds from  a num ber o f these R, plants 
also supported this conclusion. These results are not easily explained by any o f the 
current models o f gene-transgene co-suppression [9, 1 0 ] and further investigation o f 
this phenom enon is in progress.

The oleic acid content o f R 2 seeds homozygous for lo cu s  A  was 81.3%  (S =
0.9 ); these seeds had an average of 7 .6%  palmitic acid, 5.9%  stearic acid, 1.3% 
linoleic acid and 3.1%  linolenic acid. There was also a novel fatty acid (0.9% ) which 
was m ost likely the cis-cis-9,15-isom er o f linoleic acid. The isom er was only seen 
in seed oil with a high oleic acid content (80% or greater) and we speculated that 
it was the result o f omega-3 desaturase activity towards oleic acid, since its normal 
substrate (9,12-linoleic acid) was alm ost com pletely depleted in these seeds. To con
firm  that this isom er was the result o f omega-3 desaturase activity, we have made 
crosses o f the F a d  2 -1  TransSwitch with F a d  3  antisense plants. In high oleic acid 
segregants o f this cross (80-86%  oleic acid) we did not observe the 9,15-isom er. W e 
are currently m aking plants containing both the F a d  2 -1  and the F a d  3  sense ORFs 
on the same plasm id and we predict that the 9,15-isom er will also not be present in 
high oleic lines derived from  this transform ation.

N orthern analysis was also done w ith mRNA isolated from  the developing R 2 

seeds o f  plants containing lo cu s  A , lo cu s  A  and lo cu s  B , and lo cu s  B . Seeds contain
ing lo cu s  В  had increased F a d  2 -1  m RNA , consistent with its overexpression pheno
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type, and unchanged F a d  2 -2  mRNA. Seeds from  the plants containing both loci had 
a reduced am ount o f F a d  2 -1  mRNA and unchanged F a d  2 -2  m RNA. Seeds from  
the plants containing only lo cu s  A  had no detectable F a d  2 -1  mRNA and a reduced 
am ount o f  F a d  2 -2  m RNA. Thus, the endogenous F a d  2-1  gene appears to have been 
com pletely suppressed by the F a d  2-1  transgene locus. Curiously, the constitutively 
expressed F a d  2 -2  m RNA was also reduced, although not com pletely elim inated, by 
the F a d  2 -1  transgene. The expression o f  F a d  2 -2  in the leaves o f these plants was 
not affected and their fatty acid com position was norm al. This means that the seed 
specific TransSwitch construct (conglycinin-Fad 2 -1 )  had an effect on the expression 
o f  a constitutive homologue (F a d  2 -2 ) o f  the seed specific gene used but in a tissue 
specific m anner.

W e are currently testing the field stability o f the high oleic phenotype and of 
the co-suppression effect and have planted R 1; R 2  and R 3 seeds o f the same trans
genotypes side by side in test plots at different US locations.

8 . CONCLUSIONS

The next im portant step will be to com bine some o f  the im proved m eal traits 
w ith each o f  the different oil traits we have described above. A lthough there appears 
to be no theoretical reason why meal traits, such as high lysine, and im proved oil 
traits, such as high oleic acid, cannot be com bined, we have yet to  dem onstrate that 
these two traits can exist together in the same bean. I f  we are successful, however, 
these quality im proved soybeans will be unlike any soybean that currently exists.
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Abstract

A MUTAGENESIS PROGRAMME FOR APOMIXIS GENES IN Arabidopsis.
A genetic screen was used to isolate mutants in Arabidopsis thaliana that produce seed 

without pollination; these should include mutants that are apomictic. The screen is based on 
the visual difference in length between a seed pod that is seedless (short silique) and one in 
which seed is formed normally by self-pollination and fertilization (long silique). The rationale 
of the screen is to mutagenize a stamenless (and therefore pollenless) mutant of Arabidopsis 
with short siliques into plants that form seed without pollination and therefore have long 
siliques. Using the shortness of siliques of the A rabidopsis mutant pistilla ta  (pi) compared with 
wild type as the basis of our genetic screen for apomixis, a number of mutants have been iso
lated which have fertilization independent partial seed development ( f is l ,f is 2  and fis3) and 
some mutants which may have a low frequency of fertilization independent complete seed 
development (fis4). Homozygous pistilla ta  (pi/pi) or heterozygous p i/P I  seeds were 
mutagenized with ethylmethanesulphonate and screened for dominant and recessive mutants, 
respectively. In 40 000 M2 p i/p i plants, eight mutants have been identified in which partial 
development of seeds occurs without fertilization (Fis phenotype). Three mutants, f is J , fis2  
and fis3 , have been characterized. In each of the three mutants, endosperm develops normally 
to the point of cellularization. At a lower frequency, embryos are also seen that degenerate 
without development beyond the globular stage. Following pollination, the maternal embryos 
formed are arrested at the torpedo stage and the endosperm develops to the cellular breakdown 
stage. Each of these three mutants has been mapped to a different chromosomal location in 
the Arabidopsis genome. After screening 15 000 M, plants, 22 sectored inflorescences with 
Fis phenotype were also identified. In particular, the mutant fis4 , in which autonomous func
tional seeds are apparently formed without pollination, is being investigated. All these mutants 
define genes which promote seed development without fertilization and may be associated with 
the cases of apomixis seen in many angiosperms.
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Apomixis is the process by which seeds are produced by an asexual reproduc
tion m ethod rather than by sexual reproduction. W hile sexually reproducing plants 
contain recom bined and assorted genes from  both parents, in apom ictic plants the 
progeny in m ost cases are genetically exact copies o f the female parent.

Apomictic processes have been divided into three fundamentally different 
m echanism s, term ed adventitious em bryony, apospory and diplospory (reviewed in 
Ref. [1]). In adventitious em bryony, the em byro arises directly from  a cell o f  the 
nucellus o r from  ovule integument. In apospory, the em bryo is form ed in an em bryo 
sac which is sim ilar to that form ed in sexual reproduction, except that the unreduced 
em bryo sacs originate from  nucellar cells through mitotic divisions. In diplospory, 
the em byro sacs originate from  premeiotic o r meiotic female archesporial cells, 
either by mitosis (A n ten n aria  type) or by modified m eiosis (T araxacum  and Ix eris  

types) [2]. In some form s o f  apom ixis, seed form ation occurs without any active pol
lination and is term ed automomous apomixis. In pseudogamous apom ixis, seed for
m ation is dependent on pollination and in some cases the pollination event results in 
fertilization o f  the polar nuclei in the em bryo sac to produce endosperm.

These various types o f apom ixis have been observed in at least 300 plant spe
cies spanning 35 different families (for a recent review , see Ref. [3]). Adventitious 
em bryony has been found to be common among citrus species and in orchids [3 ,4 ] .  
A pospory has been described in grasses such as P o a  and P en n ise tu m  [5-7]. 
D iplospory occurs in many plants, including T araxacum  and Ix e r is , and has been 
described in A ra b is  h o lb o e lli i , a crucifer closely related to A ra b id o p s is  [8 ].

Apomixis has attracted a great deal o f attention from  plant researchers and 
plant breeders. In forage grass breeding program m es, apomixis has been sought so 
that generations o f  a cultivar will be genetically and phenotypically uniform  
(reviewed in Ref. [5]). It has also been realized that if  apomixis could be harnessed 
and used in a controlled way in breeding program m es it could provide a way o f per
petuating the hybrid vigour found in the Fj generation in crosses o f many plants. If  
the heterosis o f  F , hybrids could be perpetuated by apom ixis, farm ers would be 
able to utilize hybrid seed in successive years and not be required to purchase fresh 
hybrid seed every year. This could have particular benefit in the production 
agriculture o f  many developing countries.

A num ber o f  cases o f  apom ixis have been shown to be under genetic control. 
Adventitious em bryony in citrus appears to be controlled by a single dominant 
locus [3]. Recent reports on apospory in P en n ise tu m  species, P a n icu m  and R an u n cu 

lu s  suggest that in all three species apospory is also likely to be controlled by a single 
dom inant locus (reviewed in Refs [1, 3]). The trait o f apospory observed in P en n ise 

tum  sq u a m u la tu m  has been shown to be associated to a single chrom osom e segment 
and has been introduced to a sexual species pearl m illet [6 ]. M olecular m arkers 
linked to this trait have also been described [9]. Sim ilarly, studies describing

1. INTRODUCTION
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Type 1

G e n o typ e : pi/pi 
P he n o typ e :
• Flowers with 

no stamens
• Siliques short

Type 2 w

T

G e n o ty p e : pi/pi + Pi/pi 
P h e n o typ e :
• Flowers with petals 

and stamens
• Siliques long

Genotype: pi/p i fis/fis 
P h e n o typ e :
• Flowers with no 

petals or stamens 
•Siliques long

FIG. 1. Genetic screen to detect apom ictic mutants in Arabidopsis. The figure shows three 
different types o f  readily distinguishable flo w er morphologies. Type 1 is the pistillata hom ozy
gous type in which the siliques are short and there are no stamens o r pollen. Type 2 indicates 
self-fertile plants with stam ens and siliques that a re  longer than Type 1. Type 3 is the putative  
fis mutant. In this type, although the siliques are long, there are no peta ls or stamens, indicat
ing that pistillata mutation has not reverted.

diplospory in T araxacu m  suggest that control m ight reside in a single locus [10]. 
These reports o f  genetic control o f  apom ixis either restricted to one chrom osom e or 
to a segment o f  one chrom osom e linked to a D NA m arker all suggest that one gene 
locus may be involved. These data, together with the observation that apomixis 
appears to have arisen frequently throughout the higher plants, suggested to us that 
heterochronic activation o f  hypothetical em bryo sac induction (ESI gene) might 
trigger a developmental gene cascade in archesporial cells, leading to apomictic 
developm ent o f  the em bryo sac [11, 12]. This scenario suggests that it might be 
possible to m utate a sexual plant into an apom ictic one by the mutation o f single 
genes. The m utation could either rem ove a putative repressor o f sexual development 
o r it could lead to heterochronic induction o f  a  protein capable o f initiating the cas
cade o f  gene action leading to seed development.
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FIG. 2. Cryo SEM  pictures o f  ovule and seed  developm ent in pistillata and the fis3 mutant. 
Unfertilized  pistillata ovules are shown in (b). In (c), a  pistillata silique was pollinated  with 
w ild  type pollen  and the picture taken 6  days after pollination. A fertilized  ovule giving rise 
to  seed  (arrow) as w ell as an unfertilized ovule (arrowhead) are shown. The fis seeds shown 
in (a) (arrow) are  from  the fis3 mutant. They are from  a  p lan t that is homozygous fo r  pistillata 
and heterozygous f o r  fis3 mutation. The fis3 mutant a lso  contains undeveloped ovules (arrow
head) resembling those o f  the pistillata mutant shown in (b). By comparing (a) and (c), it can 
be seen that the developm ent o f  seed coat and size are sim ilar in fertilized  pistillata ((c), arrow) 
and  fis3 ((a), arrow). B ar =  0.1 mm.
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2. M UTAGENESIS SCREEN IN  A ra b id o p s is

A ra b id o p s is  th a lia n a  has em erged as a significant experim ental flowering 
plant. Its life-cycle and breeding system characteristics are now being exploited in 
many laboratories around the world. A series o f genom ic tools has been developed 
which perm its the ready mapping and isolation o f genes involved in plant processes 
and in plant developm ent. A ra b id o p s is  is self-pollinating, o f  small size and has a 
rapid life-cycle so that a large num ber o f plants can be screened following m utagene
sis. Knowledge o f  the genes controlling reproductive floral organs in A ra b id o p s is  

provides an opportunity for devising visual screens to detect apomictic mutants read
ily. W e have developed a simple and rapid screen to detect putative apomictic plants 
following a mutagenesis program m e [12]. The occurrence o f  apom ixis in A ra b is  

h o lb o e lli i , a crucifer related to A ra b id o p s is , encouraged us to conduct the screen.
A ra b id o p s is  is a self-fertilizing herm aphrodite plant. The fused carpel, or 

silique, is surrounded by male sexual organs consisting o f  six stamens, topped by 
anthers that release pollen during anthesis. In a self-fertile plant, anthesis and polli
nation are com plete before the flowers are open fully and cleistogamous pollination 
takes place. Following fertilization, seeds are form ed and the siliques elongate about 
fivefold to form  full length seed pods. In the absence o f seed form ation, for example, 
in a m ale sterile plant, the siliques rem ain short (see Fig. 1).

M utants are available in A ra b id o p s is  that im pair the developm ent o f  m ale 
organs (stam enless o r antherless mutants) [13, 14]. W e have used a m utant, p is t i l la ta  

(p i/p i) , which in the homozygous condition develops a plant devoid o f  petals and sta
m ens; w hen not pollinated, it has short siliques and is com pletely sterile, but with 
deliberate pollination it dem onstrates undim inished fem ale fertility and long siliques 
(Figs 2(a) and (b)). W hen exogenous pollen is used to pollinate the stigma o f the p i /p i  

flower, the silique elongates to the length seen in w ild type plants.
W e have developed a protocol to screen for apom ictic mutations, both 

dom inant and recessive, with either autonomous o r pseudogam ous apomictic seed 
development.

3. EX PERIM EN TA L DESIGN AND RESULTS

To screen for recessive m utants, we produced a large num ber o f  heterozygous 
P i/p i  seeds by pollinating a fem ale p i /p i  hom ozygote with pollen from  a P I /P I  plant. 
The heterozygous P I /p i  seeds w ere m utagenized with ethylmethanesulphonate. The 
m utagenized seeds w ere grown, the resultant plants allowed to self-fertilize and the 
seeds harvested, planted and screened for p is t i l la ta  plants with long siliques. Among 
these progeny plants, the fertile plants w ere discarded from  the population as soon 
as they w ere detected by the presence o f petals and stamens. The plants detected with 
long siliques that w ere w ithout stamens or pollen w ere regarded as putative apomicts 
and identified as fertilization independent seed (FIS) form ing plants (Fig. 1).
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In a parallel experim ent, the homozygous p is t i l la ta  plants in the progeny o f  the 
mutagenized seed w ere pollinated with pollen from  wild type P I/P I . This resulted 
in plants with long siliques. The seed was harvested and screened in the next genera
tion. This experim ent was designed to detect pseudogamous recessive mutations to 
apom ictic development. I f  pollination triggered apom ictic developm ent o f  the seed, 
the progeny plant would be expected to have the m aternal p is t i l la ta  phenotype rather 
than the self-fertile phenotype o f  sexually produced P i/p i  plants.

In the screen for dom inant mutations, seeds o f  a selfed P I /p i  plant w ere 
m utagenized. The resulting plants w ere m onitored and the self-fertile P I /P I  and P i/p i  

plants w ere discarded as soon as they w ere identified. The rem aining p is t i l la ta  

hom ozygotes w ere m onitored and their inflorescences screened for sectors with long 
siliques. These w ere putative dom inan tes mutants. In  a parallel experim ent, a screen 
for pseudogam ous dom inant mutants is being carried out.

4 . CH A RA CTER IZA TIO N  O F PUTATIVE f i s  M UTANTS FROM
TH E RECESSIVE AUTONOM OUS SCREEN

A fter screening 40 000 p i /p i  plants, eight putative mutants w ere obtained in 
which elongation o f  siliques occurred without any pollination. They include mutants 
in which ovule developm ent rem ains the same as in the unm utagenized p i /p i  control 
plants and yet siliques w ere elongated to the length o f  wild type siliques (these are 
parthenocarpic mutants). The screen also produced mutants in which seed develop
m ent did not go to com pletion (partial) but w here the seeds had developed an 
endosperm , seed coat and size sim ilar to those o f  fertilized seeds, as well as sporadic 
early em bryo developm ent (fis  m utants). W hile the parthenocarpic mutants have not 
been studied further, three o f the f i s  mutants isolated have been characterized.

Analyses o f  the ovule development o f f i s  mutants and congenie wild type plants 
by scanning electron m icroscopy (SEM) showed that external m orphological 
developm ent o f f i s  ovules does not differ from  ovule developm ent in self-fertilizing 
plants. In p i /p i  m utant plants, the ovules are small and shrivelled (Fig. 2(b)). In con
trast, in^zs mutants ovules develop into structures that resem ble developing seeds 
(Fig. 2(a)) in size and seed coat (Fig. 2(c)). Endosperm  developm ent in f i s  mutants 
is sim ilar to that in fertilized wild type seeds. The most extensive analyses have been 
perform ed on the f i s l  mutant. In this mutant, about one in fifty o f  the ‘developed’ 
seeds has em bryo like structures that degenerate at a globular em bryo stage. 
Endosperm  developm ent seems to be norm al and proceeds to the cellular stage. W e 
have no inform ation as yet on the ploidy o f  the em bryo like structure or the 
endosperm  cells.

W hen the flowers o f heterozygous f i s  mutants w ere pollinated with wild type 
pollen, some developed to m ature seeds; others w ere arrested at the torpedo em bryo
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stage. To investigate if  the em bryos arrested at the torpedo stage after pollination 
w ere m aternal, we pollinated w ith pollen from  a transgenic plant in which the GUS 
reporter gene was under the control o f  the 35S prom oter. W hile all the fully m ature 
seeds were GUS positive, indicating paternal contribution, there w ere GUS negative 
arrested em bryos, indicating that at least some o f the em bryos resulting from  the 
cross m ight be m aternal.

5. G ENETIC M O D E OF TRANSM ISSION OF f i s  M UTANTS

W hen first identified in the p i /p i  background, f i s l , f i s 2  and f i s 3  mutants w ere 
found to be heterozygous for the f i s  allele. W hen pollinated with wild type pollen, 
roughly half o f  the seeds w ere arrested, and the f i s  alleles w ere rarely transm itted 
via the fem ale gam etophyte; they have norm al transm ission via pollen. H owever, 
rare  homozygous f i s  1 /f is  1 and f is 2 /f is 2  progeny have been obtained recently and are 
currently under investigation.

6 . M UTANTS ISOLATED FRO M  TH E DOM IN A N T SCREEN

Twenty-two f i s  mutants have been isolated from  the dom inant screen. In this 
screen, the putative f i s  mutants w ere identified as an M, p i /p i  plant in which part 
o f the inflorescence has long siliques while the rest o f the plant has short siliques. 
In tw o o f these m utants, apparently norm al seeds have been found. The M 2 plants 
grown from  these seeds w ere o f  p is t i l la ta  phenotype, indicating autonomous seed 
form ation. One o f  these m utants, f i s 4 ,  has been investigated further. The M 2  plants 
o f  f i s 4  have sporadic long siliques, suggesting either that autonom ous apom ixis is 
incompletely penetrant in this m utant o r that rare reversion o f  the p is t i l la ta  pheno
type is occurring sporadically in this mutant. W e are currently conducting experi
m ents to distinguish between these possibilities. Further characterization o f  the 
r e m a in in g ^  mutants obtained from  the dom inant screen is currently under way.

7. CONCLUSIONS

W e have screened about 50 000 p i /p i  plants in the com bined dom inant and 
recessive screen and have identified a num ber o f  prom ising mutants. The three f i s  

mutants characterized so far indicate that part o f the seed developm ent process can 
be decoupled from  fertilization and that there are genes which act to trigger this 
autonomous seed developm ent pathway. It is possible that these genes are recruited 
in apom ictic plants to achieve seed developm ent without fertilization. The game- 
tophytic behaviour o f  f i s l  and f i s 2  alleles indicates that norm al m eiosis can occur in
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these m utants; how ever, the fact that they can be m ade homozygous is consistent 
with incom plete penetrance o f the gametophytic effect. W e are currently investigat
ing recently obtained homozygous f i s l / f i s l  and f is 2 /f is 2  plants to determ ine if 
endosperm /em bryo developm ent is further advanced than in heterozygous mutants. 
W e are also asking if  different environm ental conditions such as light, photoperiod 
o r tem perature m ight enhance their phenotypes, and the plants are being treated with 
growth horm ones to see if  the phenotype can be altered.

W hile a  large num ber o f  putative mutants isolated from  both the recessive and 
the dom inant screen rem ain uncharacterized, we are currently focusing on isolating 
mutants in which seed developm ent is com plete and in which the f i s  character has 
high penetrance. The f i s 4  mutant is potentially o f  great im portance, since it has 
retained the p is t i l la ta  phenotype for three generations. H ow ever, the low frequency 
o f  seed developm ent indicates that apomictic development, if  present, is incom 
pletely penetrant in this mutant. The alternative explanation o f  a very low reversion 
o f p is t i l la ta  cannot be excluded at this stage.
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Abstract

APOMIXIS AND F, HYBRIDS.
Apomixis, or asexual reproduction through seeds, has the potential to revolutionize 

crop production worldwide. It can maximize production through fixation of hybrid vigour and 
greatly simplify the hybrid seed production process. Genes controlling apomixis are being 
transferred by traditional backcrossing methods from wild to cultivated species in maize, 
wheat and pearl millet. Progress is being made in developing molecular markers and maps 
so that the gene(s) controlling apomixis can be cloned and transferred to any sexual species. 
Increased emphasis on apomixis by a number of research programmes around the world is 
helping to develop this reproductive mechanism as an important plant breeding tool.

Apomixis could have a m ajor im pact w orldwide on food, feed and fibre 
production through the fixation o f  hybrid vigour. It allows vegetative reproduction 
or cloning through the seed and would have the greatest impact on m ajor annual grain 
crops, such as rice (O ryza  sa tiv a  L .), wheat ( T riticum  a e stiv u m  L .) and soybean 
(<G lyc in e  m ax  M err.), w here hybrid vigour is observed but no systems for producing 
com m ercial hybrids are available and/or economical. Apomixis would simplify 
hybrid production and, as an alternative to current com m ercial hybrid production 
system s, m ake hybrids readily available and affordable in developing countries for 
crops such as m aize (Z e a  m a ys  L .), sorghum  (S o rg h u m  b ic o lo r  L. M oench) and pearl 
m illet (P en n ise tu m  g la u cu m  (L .) R. B r.). H ybrid vigour could readily be captured 
in vegetables, m inor grains and forage and tu rf  species if  the genes controlling 
apom ixis could be introduced into the target species.

Apomixis was described as early as 1841 — see Ref. [1] for a historical 
review. Although this reproductive m echanism  has been researched for over 
150 years, little effort has been dedicated to using apom ixis in plant breeding pro
gram m es to develop true breeding hybrids. O ne o f  the main reasons for the lim ited 
use in plant breeding program m es is that apom ixis is usually found in distantly 
related wild polyploid relatives (species) o f  the m ajor cultivated species. T ransfer o f
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genes by traditional methods between distantly related species can be difficult and 
tim e consuming. In addition, apomixis controlled by a dominant gene(s) usually has 
to be transferred through the pollen. Therefore, at least partial m ale (or pollen) fertil
ity is needed to transfer the gene(s). W ith the recent progress made with m olecular
techniques, researchers should be able to clone the gene(s) controlling apom ixis, to

t
transfer it to any sexual genotype and, thus, to bypass>some o f  the genus, species 
and fertility barriers encountered in traditional w idecross gene transfer.

Apomixis has been reported in over 300 species in at least 35 different plant 
families [2]. Reproductive mechanisms vary but most can be classified as adventi
tious em bryony, apospory or diplospory, based on the origin o f the nucleus that gives 
rise to the em bryo [3]. These m echanisms, in general, have been shown to be 
controlled by single qualitative inheritance and both recessive and dominant gene 
action [1]. Apom ictic mechanisms have been reported in the wild relatives o f  some 
im portant cultivated crops such as maize, wheat and pearl m illet [4]. Facultative 
apom ixis (both sexual and apomictic reproduction in the same plant) has been 
induced with m utagens in cultivated pearl m illet (reviewed in Ref. [5]), but apomixis 
in m utants has not been used because o f  the low frequencies o f apom icticly derived 
progeny, m orphological abnorm alities and/or female sterility.

A m ajor advantage o f  apom ixis is that any single, highly apom ictic superior 
plant from  a sexual x  apomictic cross is a potential cultivar and is ready for perfor
mance testing because it will breed true. This eliminates the need to stabilize the 
genetic and/or m orphological variability o f a genotype prior to testing; thus, every 
superior hybrid has imm ediate potential to becom e a cultivar. Second, apomixis 
would greatly simplify hybrid seed production. It would eliminate the need for 
isolation fields to maintain inbreds, to increase and maintain cytoplasmic-nuclear 
m ale steriles and to produce the F j hybrid. Apomixis would reduce the complexity 
involved in increasing, m aintaining, storing, planting, harvesting and processing all 
the com ponents o f  a sexual F , hybrid. Third, apom ixis would allow m ore rapid dis
tribution o f F , hybrids in lesser developed countries: “ where the largest portion o f 
the w orld ’s population is located, hybrids may not be widely grown and farm ers are 
accustomed to saving their seed from  year to year”  [5]. Farm ers in such countries 
could start with a few seeds o f an apomictic hybrid, increase the hybrid, since it will 
breed true from  seed, and take advantage o f  im proved perform ance and/or produc
tion because o f  hybrid vigour. Heterosis o f  73 and 81% for grain yield has been 
reported for rice [6 ] and pearl m illet [7], respectively. G rain yield increases o f this 
magnitude (and even smaller) have the potential to revolutionize food production 
around the world. Fourth, in tuber crops such as potato, S olan u m  tu b ero su m  L ., 
apom ixis would reduce the spread of diseases and viruses and low er shipping and 
storage costs [8 ]. In C itru s , apomixis already makes available virus free uniform  
rootstock on to which superior cultivars are grafted [9].

Some m ay have a concern that w idespread use o f superior apomictic hybrids 
would reduce genetic diversity. In reality, “ use o f  apom ixis in cultivar development
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could actually enhance genetic diversity. Each apomictic plant from  a sexual X 

apom ictic cross is a potentially unique cultivar regardless o f  the heterozygosity or 
hom ozygosity o f its parents. Apomixis would allow breeders to build and fix unique 
genotypes that would not be possible o r at least very difficult to produce and maintain 
with sexual reproduction. Vulnerability due to cytoplasm virtually would be elim i
nated because a specific cytoplasm ic-nuclear m ale sterility-inducing cytoplasm 
would not be needed to com m ercially increase a hybrid. There could be as many 
different cytoplasms as there are com m ercial hybrids if  apom ixis is used in cultivar 
developm ent”  [5].

The contribution o f  apom ixis to cultivar developm ent is only beginning to be 
realized [1, 5]. Progress is being m ade in transferring the m echanism(s) from  wild 
to cultivated species in maize [10], pearl m illet [11] and wheat [12]. Apomixis is 
being used to produce cultivars in some apom ictic species where sexual and 
apom ictic plants are available [13-16]. It appears that m olecular approaches will be 
useful and probably required for introducing apom ixis into certain species, especially 
those without wild relatives that reproduce by apomixis. Before m olecular 
approaches can be used, m olecular m arkers linked to apom ixis need to be isolated 
and m apped and the gene(s) controlling apom ixis needs to be cloned. Progress is 
being made in developing m olecular maps that will be needed for m ap based cloning 
o f  the gene(s) controlling apom ixis [10, 17, 18]. Once cloned, the gene(s) controlling 
apom ixis could then be inserted into the genom es o f various sexual species. 
H ow ever, apomixis transferred by genetic engineering cannot be routinely used in 
the breeding o f  most o f  our m ajor crops unless certain questions are answered. W ill 
apom ixis function at the diploid level o r do we have to w ork with germ plasm  at a 
higher ploidy level? W ill this reproductive mechanism  be expressed in an alien 
genom e if  transferred by m olecular m ethods?

There is no genetic characteristic that could have a greater im pact on crop 
im provem ent around the w orld than apom ixis. The impact o f  apomixis will be 
realized when plant breeders, m olecular biologists and cytogeneticists combine 
efforts to transfer and use this reproductive mechanism in our agriculturally 
im portant crops.
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Abstract

GENETIC STRUCTURE AND VIRULENCE DIVERSITY OF Pyricularia grísea  IN 
BREEDING FOR RICE BLAST RESISTANCE.

Rice blast caused by Pyricularia grísea  Sacc. is the main production constraint in rice 
worldwide. Development of resistant cultivars has been the preferred means of controlling this 
disease; however, resistance is defeated by the pathogen shortly after cultivar release. The 
blast pathogen population in Colombia’s rice growing areas has been grouped into six geneti
cally different families named SRL-1 to SRL- 6  using DNA fingerprinting. The spectrum of 
virulence of isolates within each family is highly similar, differing mainly in single virulences. 
Although the six genetic families of the fungus share a high number of virulence factors, high 
specific interaction between some avirulence/virulence factors in the pathogen and resistance 
genes in the host has been observed. This specific interaction is the basis for selecting the pro
genitors to be included in a breeding programme aimed at obtaining more durable blast 
resistance. Combinations of genes showing complementary resistance to different genetic 
families of the fungus should exclude any compatible interaction with a blast isolate. Identifi
cation of complementary resistance genes is based on detecting those virulence factors whose 
combinations in individual isolates within the pathogen population have a frequency near zero. 
It is assumed that certain virulence combinations in the blast pathogen may confer a low fitness 
or have a deletereous effect on the fungus, reducing its frequency in nature. The frequency 
of the virulence factors to the resistance genes Pi-1 and Pi-2 present independently in two 
different near isogenic lines is high in the blast fungus population of genetic families SRL-5 
and SRL-1, respectively. The two genes show complementary resistance that excludes all the 
genetic families of the fungus, and no isolate with a combination of the two virulence genes 
infecting both isogenic lines has been detected. Induced mutations can be a useful technique 
for producing rice lines with specific resistance genes to different genetic lineages. These lines 
can be incorporated into breeding programmes to combine such genes for developing durable 
resistance to blast.
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1. INTROD U CTIO N

Rice blast disease caused by P y r ic u la r ia  g r ís e a  Sacc., the anam orph o f 
M a g n a p o rth e  g r íse a  (Hebert) Barr, is a m ajor factor lim iting yields o f  rice (O ryza  

sa tiv a  L .) worldwide, particularly under the rain fed and upland conditions prevalent 
in Latin Am erica. The pathogen produces necrotic lesions on the leaves o f  seedlings, 
and on the leaves, nodes, necks and panicles o f  m ature plants, the latter causing the 
m ost severe yield losses. Developm ent o f  cultivars resistant to the pathogen has been 
the preferred means o f controlling the disease, as fungicide applications are expen
sive and not environm entally friendly. H ow ever, breakdown o f this resistance is 
com mon in many rice growing areas, often shortly after cultivar release. Developing 
durably resistant cultivars is thus a high priority for the rice program m e at the Centro 
Internacional de A gricultura Tropical (CIAT), and in m ost rice breeding pro
gram m es w here rice blast occurs.

The rice blast pathogen reproduces asexually and is noted for expressing a 
large num ber o f  pathogenic races, this variability being cited as the m ain cause o f 
a breakdown in resistance. N evertheless, it has been proposed that continuous 
challenge to resistant breeding rice lines by a diverse pathogen population and 
detailed genetic inform ation on the population structure to understand the virulence 
dynam ics o f  the blast pathogen would reduce the risk o f  resistance breakdown and 
allow identification o f  m ore stable blast resistance.

This paper sum m arizes data on characterization o f the virulence diversity and 
genetic structure o f  a blast pathogen population in Colombia in order to develop 
m ore effective breeding strategies for the production o f durable blast resistance.

2. RESISTANCE BREAKDOW N IN  CO M M ERCIAL RICE CULTIVARS

Breeding efforts aimed at combining high yield, good grain quality, earliness, 
resistance to several insects and diseases, including stable blast resistance, have been 
m ade at CIAT over the past 25 years. D ifferent approaches w ere taken to develop 
cultivars resistant to blast, including evaluation and selection o f  lines introduced 
from  the International Rice Research Institute (IRRI), M anila, Philippines, incorpo
ration o f  several blast resistance sources such as Tadukan, Colom bia 1, Tetep, Dissi 
H atif, M am oriaka and С 46-15, and developm ent o f multilines [1]. Later, breeding 
for resistance was aim ed at com bining or pyram iding m ultiple sources o f resistance 
into new cultivars, including (besides the above mentioned lines) the resistance 
source C arreon. The success o f  this approach was lim ited by the absence o f  inform a
tion on the genetics o f  resistance in the donors’ lines and ineffective screening tech
niques for selecting lines with com binations o f  the appropiate resistance genes [2 ]. 
M utation breeding, cultivar m ixtures and a com bination o f m ajor and m inor genes 
w ere also used.
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TABLE I. RICE CULTIVARS RELEASED IN  COLOM BIA W ITH  BLAST 
RESISTANCE

Cultivar Source of resistance
Year of 
release

Breakdown in 
blast resistance

Resistance
years

CICA 4 Peta 1974 1972 1

CICA 6 IR 822-432 1974 1975 1

CICA 7 Colombia 1 1976 1978 2

CICA 9 С 46-15 1976 1977 1

CICA 8 Tetep 1978 1980 2

Metica 1 Colombia 1 1981 1982 1

Oryzica 1 С 46-15, Colombia 1, Tetep 1982 1985 3

Oryzica 3 Colombia 1, Tetep 1984 1985 1

Linea 2 Oryzica 1 1988 1989 1

Oryzica Llanos 5 IR 36, 5685, Colombia 1, CICA 9 1989 > 5

Several high yielding blast resistant lines w ere selected and released as com 
m ercial cultivars as a result o f  these breeding approaches, including CICA 4, 
CICA 6 , CICA 7, CICA  8 , CICA 9, M etica 1, O ryzica 1, O ryzica 2 and O ryzica 3. 
H ow ever, these strategies w ere only partially successful, since all these cultivars 
proved to be susceptible to blast w ithin 1-3 years o f  com m ercial planting (Table I).

The CIAT rice program m e changed its strategy in 1985 and moved breeding 
for blast resistance to a  site with high pathogen diversity and a reliable disease pres
sure ( ‘hot spot’). This site is located in an im portant rice growing area, w here rice 
blast is a m ajor constraint. U niform  and high blast incidence is m aintained in breed
ing plots (F2 - F 6) during the entire season using spreader row s com posed o f  a 
m ixture o f com m ercial cultivars and resistance sources with com plem entary suscep
tibility to different phenotypes o f  the blast fungus. Escape from  the pathogen is 
avoided by continuous exposure to the pathogen during the season, at all growth 
stages and in several generations [3, 4].

Prelim inary data indicated that resistance in some o f  the lines selected at this 
site is stable over tim e and space [3, 5]. A  com m ercial rice cultivar, Oryzica 
Llanos 5, which exhibits com plete resistance to blast, was developed at this hot spot 
and has been grown on m ore than 300 000 ha for m ore than 6  years in this blast prone 
ecosystem . It has rem ained resistant since its release (Table I). Studies on the stabil
ity o f  blast resistance in the rice lines selected at this breeding site indicate that those
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lines which have exhibited high levels o f resistance since early generations, such as 
the cultivar O ryzica Llanos 5, tended to be m ore stable than those lines with m oder
ate levels o f  resistance [3 ,6 ] . The high and relatively durable level o f blast resistance 
in these cultivars is apparently the result o f com bining different and complementary 
resistance genes [6 ].

3. DIVERSITY OF V IR U LEN CE IN  TH E RICE BLAST PATHOGEN

Continuous characterization o f  the blast pathogen in term s o f  race com position, 
com patibility with known resistance genes and frequency o f  virulent phenotypes was 
established as routine w ork in the CIAT rice program m e in order to evaluate the 
effectiveness o f  this hot spot (Santa Rosa, Villavicencio) for developing blast resis
tant rice lines. Controlled inoculations o f  blast isolates collected from  different

TABLE П. V IR U LEN CE FREQUENCIES IN  A RICE BLAST PATHOGEN 
POPU LA TION  IN  COLOM BIA

Cultivar
Resistance

gene
Virulence
frequency

No. of 
isolates tested

Oryzica Llanos 5 — 0 . 0 0 250

Fujisaka 5 Pi-i, Pi-ks 0.14 152

Fukunishiki Pi-z 0 . 2 2 135

Tsuyuake Pi-km, Pi-m 0.25 118

Tetep Pi-kh 0.26 149

BL-1 Pi-b 0.43 155

K-l Pi-ta 0.47 138

Shin 2 Pi-ks 0.54 136

Pi — No. 4 Pi-ta2 0.64 159

Dular Pi-ka 0.64 154

Kusabue Pi-k 0.67 141

Aichi Asahi Pi-a 0.75 145

K-59 Pi-t 0.78 1 1 1

Fanny 0 . 8 6 167

Source: Ref. [4].
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TABLE III. A CC UM U LA TIO N  OF V IR U LEN CE IN P . g r ís e a  ISOLATES 
C O LLECTED  AT A BLAST SCREENING SITE IN  COLOM BIA

Cultivar
Resistance

Isolates a

gene
1 2 3 4 5 6

Aichi Asahi Pi-a + + + + + +

BL-1 Pi-b + + + +

Shin 2 Pi-ks + + + +

Dular Pi-ka + + + +

Fukunishiki Pi-z + +

Kanto 51 Pi-k + + + +

K-l Pi-ta + + + +

K-59 Pi-t + + + +

CICA 9 + +

+ =  compatible reaction.

sources in Santa Rosa yielded m ore than 45 international races. H owever, this 
system did not fully describe the virulence spectrum  o f the isolates, since one race 
could be differentiated in different races when m ore cultivars w ere added to the 
differential set [4].

V irulence factors com patible with at least 13 known resistance genes were 
detected in this blast population, w ith no cultivar susceptible to all the isolates; the 
virulence frequencies on 42 rice cultivars ranged between 0 .0  and 0 .86, and no 
isolate was found to be com patible with the cultivar O ryzica Llanos 5 (Table II) [4]. 
The compatibility o f  the blast isolates recovered from  com m ercial rice cultivars 
revealed some specialization; a num ber o f  isolates reinfected only the cultivar o f 
origin. The m ost extrem e case was observed in the cultivar CICA 9, where most o f 
the isolates that reinfected the cultivar originated from  the same cultivar. Accumula
tion o f  virulence factors to m ost resistance genes o r to the Colombian com mercial 
rice cultivars was observed in the isolates o f  the blast pathogen, but none was viru
lent to all o f  them. Com patibility with the com m ercial cultivar CICA 9 was detected 
in the pathogen population, yet it was not present in the isolates, which accum ulated 
a large num ber o f  virulence factors (Table Ш ).

V irulence diversity studies on the blast pathogen population clearly suggest 
that new resistance genes, o r com binations o f  resistance genes that w ere defeated 
only by part o f  this population, are  needed to control rice blast. Even cultivars that
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are considered universally susceptible, such as Fanny, carry resistance genes 
(Table II).

The high specific com patible interaction observed between some o f  the com 
m ercial cultivars released in Colombia and those blast isolates recovered from  the 
same cultivars suggests that useful combinations o f  resistance genes could be gener
ated from  crosses between com plem entary groups from  which the pathogen does not 
accum ulate the corresponding virulence genes. This is most clear with cultivar 
CICA 9, which shows com plem entary resistance to most o f  the other rice cultivars 
(Table 1П).

Long term  observation o f  virulence/avirulence frequencies and accumulation 
o f  virulence factors would be needed to m onitor this strategy. Correa-V ictoria and 
Zeigler [4] suggested that the accumulation o f  virulence factors observed in the blast 
isolates recovered from  recently developed cultivars could be the result o f  mutation 
or that some mechanism may exist for recom bination, and that the absence o f certain 
virulence com binations could be due to the deletereous effect o f  such combinations 
on the pathogen. No evidence o f  sexual reproduction in the field has been observed, 
despite the fact that it has been developed under laboratory conditions.

4. G ENETIC STRUCTU RE OF THE RICE BLAST PATHOGEN

C ritical and continuous evaluation o f  the blast pathogen population at the Santa 
Rosa screening and selection site indicates that this site exhibits great pathogen diver
sity. Selection o f  virulent phenotypes that represent all the diversities o f the blast 
pathogen would be very im portant in order to identify under controlled inoculations 
diverse germ plasm  with com plem entary resistance. This germ plasm  can then be 
incorporated into a breeding program m e for rice blast resistance.

A repeated DNA probe (M GR 586) obtained from  a rice blast fungus 
genom e [7] was found to be useful for grouping blast populations in genetic lineages, 
each with a particular spectrum  o f virulence characteristics [8 ]. The complexity o f 
the virulence structure in the blast fungus found at the CIAT screening site prom pted 
the attem pt to describe the population in term s o f  its lineage structure and to deter
mine if there was a correspondence between the lineage and virulence patterns. This 
virulence com plexity was organized into six distinct genetic lineages using the DNA- 
M G R 586 probe [9]. The average similarity among all the lineages was 49% , while 
isolates within each lineage expressed very sim ilar fingerprints, w ith sim ilarities 
ranging from  92 to 98% [9]. In general, each genetic lineage was com posed o f 
several pathogenic races; one race could be present in different genetic lineages, and 
one lineage could be recovered from  different cultivars. H ow ever, if  P . g r íse a  popu
lations are generally com posed o f  a limited num ber o f lineages and if  there is a close 
relationship between the lineage and virulence characteristics o f  the constituent 
individuals, population analysis at the lineage level could aid in directing resistance 
breeding projects that target the pathogen population in question.
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5. VIRULENCE SPECTRUM OF THE GENETIC LINEAGES
OF BLAST PATHOGEN: IMPLICATIONS FOR BREEDING FOR
BLAST RESISTANCE

Characterization of the genetic lineage structure, together with the virulence 
spectrum and the virulence frequencies within the whole blast pathogen population, 
should provide a more reliable estimate of the durability of cultivar resistance than 
only consideration of virulences or lineages alone.

Analysis of the combination of virulence assays and genetic lineages in the 
blast pathogen population studied is shown in Tables IV and V. This analysis was 
conducted in order to identify individual isolates within lineages that can be 
used as representatives of the lineage virulence diversity in screening for blast 
resistance [10].

Compatibility for all the resistance genes studied is present in the blast patho
gen population at this screening site. One resistance gene may be defeated by isolates 
from different genetic lineages, suggesting that a common virulence factor can be 
shared between genetic lineages. This is the case for resistance gene Pi-a, which was 
defeated by five of the six lineages (Table IV). On the other hand, several virulence 
factors are shared among isolates within the same genetic lineage and may be 
accumulated in a single blast isolate, or are present in individual pathotypes that are 
a subset o f virulence, corresponding to the full virulence spectrum of that lineage
[10]. The genetic lineages of SRL-4, SRL-5 and SRL-6 showed a wide spectrum of 
virulences. However, certain specific virulence-lineage-resistance gene interactions 
were observed where a resistance gene seems to be effective against all the 
individuals of entire lineages yet is susceptible to most individuals of other lineages. 
This is the case for the cultivars Fukunishiki and Tetep, with resistance genes Pi-z 
and Pi-kh, respectively (Table IV). These two cultivars seem to have complemen
tary resistance which, in combination, could confer resistance to all the blast patho
gen populations described.

Virulence changes in the blast pathogen population seem to have been driven 
by changes in the cultivated commercial rice cultivars that took place in the past. 
Although genetic lineage SRL-6 exhibits a wide spectrum and accumulation of viru
lence genes to most of the commercial cultivars released in the past, a high specific 
interaction between certain rice cultivars and genetic lineages has been observed 
(Table V). As shown in Table IV, some commercial cultivars are incompatible with 
all the isolates tested from some lineages. No lineage is compatible with the cultivar 
Oryzica Llanos 5, which explains the stable resistance exhibited by this cultivar in 
farmers’ fields (Table V).

Several specific single or multiple crosses to combine resistance to all the 
genetic lineages o f the blast pathogen can be deduced from Table V. The logical 
sources of resistance for such crosses would be those showing the same complemen
tarity of blast resistance to different genetic lineages of the pathogen as that exhibited
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TABLE IV. VIRULENCE SPECTRUM OF SIX COLOMBIAN P. grísea 
LINEAGES ON RICE CULTIVARS WITH KNOWN RESISTANCE GENES

Cultivar
Resistance

gene

Pathogen lineage3

SRL-1 SRL-2 SRL-3 SRL-4 SRL-5 SRL-6

Aichi Asahi Pi-a + + + + +

BL-1 Pi-b + + +

Caloro Pi-ks + + +

Fukunishiki Pi-z + +

Fujisaka 5 Pi-i, Pi-ks + +

K-l Pi-ta + + +

K-59 Pi-t + + + +

Tetep Pi-kh +

a +  =  compatible reaction.

TABLE V. VIRULENCE SPECTRUM OF SIX COLOMBIAN P. grísea  
LINEAGES ON COLOMBIAN COMMERCIAL RICE CULTIVARS

Cultivar
Pathogen lineage3

SRL-1 SRL-2 SRL-3 SRL-4 SRL-5 SRL-6

Oryzica Llanos 5

Linea 2 +

Oryzica 2 +

Oryzica 1 + +

Metica 1 + + +

CICA 8 +

CICA 9 + +

CICA 6 + +

CICA 4 + + + +

IR 8 + + + + +

a + = compatible reaction.
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TABLE VI. COMPLEMENTARY RESISTANCE TO P. grísea IN THE 
PARENTAL LINES OF THE COMMERCIAL RICE ORYZICA LLANOS 5 IN 
COLOMBIA

Parent
Pathogen lineage3

SRL-1 SRL-2 SRL-3 SRL-4 SRL-5 SRL-6

IR 36 R R R R S S

CICA 7 R R S S R S

CICA 9 S S R R R R

5685 R R R R S S

Colombia 1 R R R S R R

a R =  all the isolates tested showed an incompatible reaction; S =  some of the isolates 
tested showed incompatible reactions and others were compatible.

by the cultivars Linea 2 or CICA 9, CICA 8 and Oryzica 2. A single or triple cross 
between these groups of rice cultivar should theoretically confer resistance to the 
blast pathogen population present in Colombia. The genetic resistance of a cultivar 
to completely exclude all the virulence in a lineage of the blast pathogen suggests 
that the most important feature of the lineage virulence spectrum is its limits rather 
than variation within. Effective exploitation of the virulence spectrum of lineages for 
breeding purposes would be then to combine those resistance genes in combinations 
which are effective against all lineages within a target population [10, 11].

6. STABLE RESISTANCE TO RICE BLAST IN COMMERCIALLY
GROWN CULTIVARS

As a result of screening and selecting for blast resistance under high pathogen 
diversity and reliable disease pressure, the CIAT rice programme identified a rice 
line that was released in 1989 as the cultivar Oryzica Llanos 5 for an environment 
where previously the most durable cultivar had retained resistance for only three sea
sons. Since then, Oryzica Llanos 5 has been grown on more than 300 000 ha, 
remaining blast resistant for ten consecutive seasons. Three other sister lines of 
Oryzica Llanos 5 (namely, FONAIAP 2, MANA 3 and PORVENIR 95-INIA) have 
been released for commercial production in countries such as Venezuela, Guyana 
and Peru (Selva), respectively, where rice blast is known to be a serious production 
constraint.

Selecting high levels of blast resistance from populations with diverse combi
nations of resistance genes in the presence of a diverse and abundant pathogen
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TABLE V n. VIRULENCE FREQUENCIES (%) ON FIVE NILs INOCULATED 
WITH P. grísea LINEAGES FOUND IN COLOMBIA

Pathogen
lineage

Isogenic line (resistance gene)

С 101 LAC 

(Pi-1)
С 101 A51 

(Pi-2)
С 104 PKT

(Pi-3)
С 101 PKT

(Pi-4a)
С 105 TTP 

(Pi-4b)

SRL-1 100

SRL-2 1 0 0 25

SRL-3

SRL-4 100 100

SRL-5 8 6 100 100 100

SRL-6 21 42 91 97

population has been a key element in developing stable blast resistance such as that 
found in Oryzica Llanos 5 [6, 10]. The resistance of Oryzica Llanos 5 did not 
emanate from only one of its ancestors, since all were susceptible to at least some 
of the isolates to which the cultivar is resistant and the parental lines also showed 
a susceptible reaction in the CIAT breeding fields where Oryzica Llanos 5 remains 
resistant [6]. None of the genetic lineages of blast pathogen in Colombia exhibit com
patibility with all the parental lines. Instead, complementary resistance to all the 
lineages is observed among the different parents (Table VI). It is unlikely that mono
genic, vertical resistance could have remained undefeated for very long under this 
blast prone environment.

Development of stable blast resistance is possible by combining different 
sources that exhibit susceptibility to some segment of a blast population. Useful 
resistance genes would be those for which combinations of the matching virulence 
factors are absent in the pathogen population. Therefore, identification of these 
potentially useful gene combinations requires continuous characterization of the 
genetic structure (lineages) and monitoring of the virulence frequencies of the blast 
pathogen.

Using several donors of blast resistance, several near isogenic lines (NILs) 
were developed at IRRI for extracting single resistance genes from the donors [12]. 
Inoculations of this group of NILs with blast isolates from different genetic lineages 
support the results observed in the inoculation o f Colombian commercial rice 
cultivars with the same pathogen population. The single genes Pi-1 and Pi-2 were 
defeated by isolates of different genetic lineages of the pathogen. These two genes
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exhibit complementary resistance to all the virulence diversities reported on here. No 
single isolate in any lineage was compatible with both the resistance genes 
(Table VII). The high virulence frequencies o f each individual resistance gene 
present in NILs suggests that, under the circumstances of any mechanism of 
reproduction in the pathogen favouring sexual or parasexual recombination, combi
nations of compatible virulence genes to Pi-1 and Pi-2 should already have been 
detected. It is possible that the combination of these two virulence genes may have 
a deletereous effect on the pathogen affecting the survival o f this type of recom
binant, or it may simply confer a genetic barrier that avoids the same recombination. 
In fact, these mechanisms could explain the combination of virulence factors 
observed for other resistance genes in NILs, or the presence of the same virulence 
factor in different genetic lineages.

Similar results with these NILs have been reported in inoculations with a 
different blast pathogen population [11, 13]. A combination of resistance genes to 
exclude all the genetic lineages of target pathogen populations as a method for devel
oping durable blast resistance has already been described as the ‘lineage exclusion 
hypothesis’ [11].

7. POTENTIAL APPLICATION OF INDUCED MUTATIONS FOR
DEVELOPING DURABLE BLAST RESISTANCE

Use of induced mutations is very well known in the development of resistance 
to pathogens in several crops. Rutger [14] has described many useful induced muta
tion applications in rice; such mutants are classified as ‘breeding tool’ mutants. 
Although this technique has been successful in many cases, rapid breakdown of 
mutation induced resistance has also been reported very often. One of the reasons 
for the failure of resistance obtained through mutation is that, in most cases, single 
gene changes are responsible for the induced resistance against all the pathogen 
populations. We propose a different alternative, which consists of developing 
mutants with a gene resistant to only one or a few genetic lineages of the pathogen. 
The idea is to identify as many mutants as are needed so that by targeted crosses these 
mutants can combine different resistance genes to exclude all the genetic lineages of 
blast pathogen. We believe that the possibility offered by induced mutation for 
generating resistance to the different genetic lineages of blast pathogen is a worthy 
alternative for developing a more stable blast resistance in rice.

8. CONCLUSIONS

(1) Development of rice cultivars with durable blast resistance has been a very 
difficult task, especially in areas where rice is grown continuously and where the 
climatic conditions are conducive to blast.
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(2) The international set of rice blast differentials cannot be used effectively to 
characterize the high variability found in the blast pathogen population present at 
Santa Rosa, which is the CIAT rice programme breeding site.

(3) The MGR-586 probe was very useful for grouping the blast pathogen popula
tion in Santa Rosa into six distinct genetic lineages, each with a particular spectrum 
of virulence.

(4) The spectrum of virulence for each genetic lineage has been studied and 
specific virulence-lineage-resistance gene interactions have been found.

(5) Accumulation of complementary resistance genes in combinations that are 
effective against all lineages within the target blast population could lead to the 
development of more durable blast resistance.

(6) Useful resistance genes would be those for which combinations of the matching 
virulence factors are absent in the pathogen population. Therefore, continuous 
monitoring of the virulence frequencies of the blast pathogen is needed.

(7) Evaluation and selection for blast resistance under high pathogen diversity, 
reliable disease pressure and rain fed upland conditions led to the development and 
release of Oryzica Llanos 5 in 1989. This cultivar has remained resistant to blast 
since then; it is resistant to all the genetic lineages of rice blast found in Santa Rosa, 
even though each of its parental lines is susceptible to a given lineage of the 
pathogen.

(8) The key elements for developing stable blast resistance by combining different 
sources that exhibit susceptibility to some segment(s) of the blast population are:

(a) Characterization of the blast pathogen into distinct lineages;
(b) Characterization of the virulence spectrum of each genetic lineage, 

especially its limits;
(c) Characterization of each potential parent in terms of its resistance/ 

susceptibility to each genetic lineage;
(d) Specific crosses aimed at accumulating complementary resistance genes 

in combinations that are effective against all lineages within the target 
blast population;

(e) Continuous monitoring of virulence frequencies in the pathogen to 
confirm the absence of targeted virulence gene combinations;

(f) Use of appropiate field techniques to ensure a high, uniform and constant 
blast pressure under upland field conditions, repeating this process in 
each segregating generation;

(g) Multilocation testing of advanced lines.
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[9] Induced mutation offers the possibility of generating resistance to the different
genetic lineages o f blast pathogen, which can be combined by targeted crosses for
developing more stable blast resistance in rice.
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A bstract

IMPROVEMENT IN PLANT DISEASE RESISTANCE USING AN ANTI-FUNGAL 
PROTEIN GENE.

Genetic transformations of rice and hot pepper with ribosome inactivating proteins 
(RIPs), which are known to have cytotoxic activity on eucaryotic cells by cleaving a specific 
adenine residue o f 28S rRNA, were carried out to improve fungal disease resistance. Two 
chimeric genes containing the maize RIP gene, Zmcrip3a, under the control of the rice Actl 
(pARP7) and rbcS (pBY605RRJ promoters were introduced into Oryza sativa cv. Nipponbare 
using particle bombardment. After the selection of phosphinothricin resistant calli, regenera
tion into plants and genomic DNA gel-blot analysis o f the primary transformants, 13 and 
17 independent fertile transgenic plants for the pARP7 and pBY605RR constructs, respec
tively, were obtained. The reconstructed vector (pGA-RIP) was transformed into hot pepper 
using the Agrobacterium tumefaciens system. Fourteen régénérants were confirmed as trans
genic plants, and all are fertile.

1. INTRODUCTION

We are interested in the possibility that ribosome inactivating proteins (RIPs) 
protect plants against parasite invaders, especially fungi. RIPs are a widely dis
tributed family of plant enzymes that are remarkably potent catalytic inactivators of 
the eucaryotic protein synthesis system (for a review, see Ref. [1]). RIPs inactivate 
eucaryotic ribosomes by enzymatically cleaving the N glycosidic bond of a specific 
adenine residue in ribosomal 28S RNA. This irreversible modification renders the 
ribosome unable to bind elongation factor 2, thereby blocking translation. RIPs are 
beginning to be tested for use as plant defence molecules, particularly against fungal 
diseases [1, 2]. We chose a maize RIP gene, Zmcrip3a [3], to be expressed as an
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anti-fungal agent in transgenic rice and hot pepper. We transformed the gene into 
the plants. The transgenic plants are fertile, and we are investigating further expres
sion and inheritance of the gene.

2. MATERIALS AND METHODS

2.1. Vector construction

2.1.1. Rice

Plasmid pBY505, which consists of the rice ACT15' region (1.4 kb), including 
the promoter, first exon and first intron, and the 3 ' region (1.0 kb) of the potato 
proteinase inhibitor П gene plus the bar gene expression cassette, was constructed. 
The bar expression cassette is composed of the 35S promoter (0.9 kb), the bar 
coding region (0.6 kb), and the nos 3 ' region (1.27 kb). The plasmid pZmcrip3a (+ ) , 
which contains the maize RIP coding region (1 kb) in the pBluescript5K (+ )  vector 
(Strategene), was kindly provided by R. Boston, North Carolina State University, 
Chapel Hill, United States of America. For construction of plasmid pARP7, plasmid 
pBY505 was linearized by digestion with Smal, dephosphatased with calf intestinal 
alkaline phosphatase, and ligated with a 1.0 kb £coRI restriction fragment from 
pZmcrip3a (+ )  after the latter was filled in with the Klenow fragment of DNA poly
merase I. For construction of plasmid pBY605RR, plasmid pBY605 was digested 
with Xhol and hindlll, and a 6.7 kb restriction fragment was eluted and filled in with 
the Klenow fragment of DNA polymerase I, creating plasmid pBY605. Plasmid 
pZmcrip3a (+ )  was cut with EcoRI and ligated back to produce plasmid pZmcrip3a 
(+ ) , which contains the maize RIP coding region in reverse orientation. A 1.3 kb 
BamHI-PstI restriction fragment from pRRI, which contains the rice rbcS promoter 
[4], was ligated with a 1.0 kb BamWl Pstl restriction fragment of pZmcrip3a ( —), 
generating the rbcS promoter-maize RIP containing plasmid pBRRlOl. A 2.3 kb 
BamEl-SalL restriction fragment from pBRRl was filled in with the Klenow frag
ment and ligated to Smal digested, dephosphatased pBY605, producing plasmid 
pBY605RR.

2.1.2. Hot pepper

The maize RIP coding region (1 kb) was isolated from plasmid pZmcrip3a (+ )  
and inserted into the pGA643 plasmid vector driven by the CaMV 35S promoter. 
The NPTII gene was employed as a selection marker. The reconstructed vector 
pGA-RIP was transformed into Agrobacterium tumefaciens LBA 4404 for hot pepper 
genetic transformation.
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2.2.1. Rice

Preparation of embryogenic calli from mature Oryza sativa L. (cv. Nippon- 
bare) embryos, establishment of suspension cultures from embryonic calli, transfor
mation by particle bombardment, selection of transformed calli and regeneration of 
transgenic plants have all been described previously [5].

2.2.2. Hot pepper

Cotyledons were excised from 10 d old seedlings grown in vitro, and co
cultured with Agrobacterium tumefaciens LBA 4404 for 48 h on hormone free MS 
medium. The co-cultured cotyledon segments were transferred to selection medium 
(MS basal medium) supplemented with 0.1 mg/L of IAA, 5.0 mg/L of Zeatin, 
10 mg/L of A gN 03 and 50 figl/xL of kanamycin for shoot regeneration and trans
formant selection. The regenerated shoots were transferred to shoot elongation 
medium (MS basal) supplemented with 0.05 mg/L of IAA, 2.0 mg/L of Zeatin and 
250 /xg//xL of carbenicillin. The elongated shoots were cultured on rooting medium 
supplemented with 0.5 mg/L of NAA.

2.2. Transformation experiments

2.3. Genomic DNA gel-blot hybridizations

For rice genomic DNA hybridization analysis, total cellular DNA was isolated 
from the leaves and digested with the appropriate restriction enzymes, fractioned 
through 1 % agarose gels, and transferred to Nytran filters. The rice genomic DNA 
on the filters was prehybridized for 3 h and then hybridized with a 32P labelled 
probe DNA for 15 h at 42°C in 50% (vol./vol.) formamide, 6 x  SSC (0.45 sodium 
chloride and 0.045 sodium citrate), 0.5% (wt/vol.) SDS (sodium dodecyl sulphate), 
5 X Denhardt’s solution and 100 цg/mL of salmon sperm DNA. The filters were 
washed successively at 60°С for 20 min in each of the following solutions: 
2 X SSC; 0.1 x  SSC, 0.1% (wt/vol.) SDS; 0.01 X SSC and 0.1% (wt/vol.) SDS. 
After washing, all the filters were exposed to Kodak XAR5 film with an intensifying 
screen at -2 0 °C .

For hot pepper genomic DNA hybridization analysis, total genomic DNA was 
digested with the H indlll restriction enzyme. The probe was prepared from the RIP 
coding region by digesting the pGA643-RIP plasmid with Hindin. The DNA 
segments (0.7 kb) were eluted from the 0.8% agarose gel. All the hybridization 
procedures were the same as those used in rice experiments.
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3.1 . Rice transform ation

3.1.1. Construction o f  expression vectors expressing maize RIP  
driven by the rice rbcS and Ac tin 1 promoters

To evaluate the maize RIP as an anti-fungal agent in transgenic rice, we wanted 
to use two different promoter systems so that RIP gene expression could be regulated 
at different tissues and/or stages of development. In transgenic rice plants, the 
promoter of the ribulose-bisphosphate carboxylase small subunit gene (rbcS) is 
known to direct a high level of expression in a linked reporter gene in leaf blade and

3. RESULTS AND DISCUSSION

pARP7
АШ1ВУИР BSpXbNE R IR V D K B s

p B lu e scrip t SK(+)

pBY605RR

HM1RVRIP R IR V H K  С  B S p X B N E R IR V D K B s

SmRVPW RVHII RV S
pBluescript SK(+)
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rbcS promoter Ц Ц я /P codmg region [yK^pinf/ Tend .

35S promoter coding region fjg g j nos 3 -end

FIG. 1. Schematic representation o f the Act 1-RIP plasmid pARP7, and the rbc S-RIP plasmid 
pBY605RR. pARP7 consists o f the rice Actl 5 ' region (1.4 kb), including the promoter, first 
exon and first intron, the maize coding region (1 kb) and the 3 ' region (1.0 kb) o f the potato 
proteinase inhibitor II gene plus the bar gene expression cassette. pBY605RR consists o f the 
rice rbcS promoter (1.3 kb), the maize coding region (1 kb) and the 3 ' region (1.0 kb) o f the 
potato proteinase inhibitor II gene plus the bar expression cassette. The bar expression cassette 
is composed o f the 35S promoter (0.9 kb), the bar coding region (0.6 kb) and the nos 3 ' region 
(0.27 kb). The restriction sites are abbreviated as follows: A: Acc /; B: BamHI; Bs: Bss HII; 
D: DraII; E: Eag/; HIIT. Hind///; K: Kpn/; N: Not/; P: Pst/; RI: EcoRI; RV: EcoRV; S: SalI; 
Sm: SmaI; Sp: Sp el; Xh: Xh ol; Xb: XbaI; C: ClaI; G: Bgl//. The restriction enzymes with dots 
indicate unique sites.
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sheath mesophyll cells [6]. It has also been previously reported that the 5' region of 
the rice actin 1 gene (Act\) promoted a high level of expression of a reporter gene 
in virtually all the tissues of transgenic rice plants [4]. The coding region of 
Zmcrip3a was therefore transcriptionally fused to either the rbcS or the Act 1 
promoters, generating two expression vectors, pARP7 and pBY605RR, respectively 
(Fig. 1). The two vectors contain the bar gene expression cassette to be used as a 
selectable marker (Fig. 1).

3.1.2. Transformation o f  suspension culture cells and plant regeneration

Rice suspension culture cells were bombarded with tungsten particles coated 
with the two RIP containing plasmids, pBY605RR and pARP7 (Fig. 1), and the cells 
were allowed to grow for 6 d on KPR solid medium prior to transfer to KPR solid 
medium containing 4 mg/L of glufosinate ammonium. The results of the transforma
tion of rice suspension culture cells are summarized in Table I. Emergence of resis
tant cell colonies was observed after 6-8 weeks of continuous culture on selection 
medium, with subculturing every 2 weeks. The two plasmids are both effective in 
conferring herbicide resistante to calli. No resistant calli were observed in the cells 
bombarded with naked microprojectiles after being subjected to these selection 
conditions.

The resistant calli were transferred to a regeneration medium containing 
4 mg/L of glufosinate ammonium. The shoots and roots emerged from the resistant 
calli on the medium within 2-3 weeks, and the plantlets were subsequently reneger- 
ated. The resistant plants continued to grow on the selective MS medium, with 
development of multiple roots and tillers. When the plantlets reached a height of

TABLE I. RICE TRANSFORMATION EXPERIMENTS WITH PLASMIDS 
pARP7 and pBY605RR

Plasmid
No. of 
filters 

bombarded

Primary 
PPT resistant 

calli3

PPT resistant 
calli for 

regeneration

Regenerated 
independent lines 

(or plants)

No. of 
fertile 
plants

pARP7 5 123 54 14 (18) 6

5 173 47 15 (19) 9

pBY605RR 1 100 56 24 (24) 9
6 351 186 63 (91) 27

Total 17 747 343 116 (152) 51

a PPT: phosphinothricin (=  glufosinate ammonium).
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Plasmid
No. o f 

filters analysed
No. o f Southern 
positive plants

No. o f Southern positive 
and fertile plants

pARP7 25 19 13

pBY605RR 31 27 17

Total 56 46 30

about 15 cm, they were transferred to soil. The resistant plants, as well as the 
untransformed plants, were sprayed with 1 % solution of the PPT based herbicide 
BASTA™. Subsequent growth and development of the resistant plants after spray
ing appeared to be normal, whereas the untransformed plants turned yellow and died.

A total of 116 independent lines of transformants for the two RIP containing 
constructs were regenerated and transferred to soil from 343 independent callus 
lines, and 51 of the 116 regenerated plants were setting seeds, as summarized in 
Table I.

3.1.3. Analyses o f  primary (Tg) transgenic plants

As shown in Table П, integration of the transferred RIP gene into the rice 
genome of 56 transformed T0 plants (31 for the pBY605RR and 25 for the pARP7 
constructs) was determined by genomic DNA-blot analysis. The total genomic DNA
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FIG. 2. DNA gel-blot analysis o f pBY605RR transgenic rice plants. The genomic DNA iso
lated from the leaf tissues o fT r TI5 transgenic rice plants and from an untransformed control 
plant (C) was digested with EcoRI (E) and ХЬа/ (X), and hybridized with a 32P labelled 
EcoRI-Hindlll digested RIP containing the restriction fragment (0.7  kb) from pBY605RR.
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was isolated from leaf tissues of the primary transformants. The DNA from transfor
mants with pBY605RR was digested either with £coRI, which excised the 1.0 kb RIP 
fragment, or with Xbal, which cut only the site of plasmid pBY605RR. Southern blot 
analyses with EcoRI digested DNA from 27 transformants showed hybridized bands 
when probed with the 32P labelled 0.7 kb EcoRI-Hindin fragment o f the RIP gene. 
Fifteen of the 27 Southern positive transgenic lines are shown in Fig. 2; 12 of the
15 lines appeared to contain at least one intact copy of the RIP gene, while three lines 
contained rearranged copies of it. The DNA from transformants with pARP7 was 
similarly analysed (data not shown). Many of the plants analysed had additional 
rearranged copies integrated into the genome, as shown in Fig. 2. The number of 
integration sites or copies per genome, as determined by digesting DNA with Xbal, 
ranged between one and nine events or copies. The transgenic lines T2, T4, T5, T7 
and T 10 contained a single copy; lines Tj and Tg contained two to three copies; the 
rest of the lines contained multiple copies of the RIP gene.

Our results demonstrated an efficient way of transforming rice with the two 
vectors that contain a maize RIP gene along with the bar gene expression cassettes, 
obtaining 13 and 17 Southern blot positive and fertile transgenic plants for each 
construct, respectively.

3.2. T ransform ation o f hot pepper

The RIP gene (1 kb) originating from maize was transformed into hot pepper 
using th & Agrobacterium tumefaciens LAB 4404 strain. Co-cultured cotyledons with 
Agrobacterium tumefaciens were cultured on the selective semi-solid medium sup
plemented with 50 /¿g/ftL of kanamycin and growth regulators for one month. Direct 
shoot regeneration was achieved after 3 weeks of cultivation. The near petiole part 
o f the cotyledon was the major part for shoot regeneration.

Kanamycin resistant shoots were subcultured on to shoot elongation medium 
supplemented with 250 /xg//xL of carbenicillin and growth regulators. Shoot elonga
tion was very slow, taking longer than 3 months, with subculturing every month. 
Most of the regenerated shoots were discarded, since they were not elongated enough 
for root formation.

TABLE Ш. TRANSGENIC HOT PEPPER (T0) ANALYSIS EXPERIMENT

No. of No. of 
rooted shoots

No. of 
Southern positive plantsregenerated shoots

422 46 14



FIG. 3. Southern blot analysis o f transgenic hot pepper harbouring the RIP gene, (a) Polymerase chain reaction product 
(0.6 kb); (b) genomic DNA digested with Hindlll (0. 7  kb); and (с) transgenic hot pepper in the greenhouse. M: molecular 
marker; NT: non-transformed plant; T: transgenic plant.
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The kanamycin resistant and elongated shoots were transferred to antibiotic 
free rooting medium supplemented with 0.5 mg/mL of NAA. Among the
régénérants, 14 of the 46 régénérants were identified as transgenic after DNA gel- 
blot analysis probed with a 0.7 kb RIP-DNA fragment. These are summarized in 
Table Ш and Fig. 3.

The transgenic hot peppers (T0) were fertile and the seeds were harvested to 
test if they showed anti-fungal activity in the next generations. Northern and 
immunoblot analyses are under experiment.
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A bstract

COMPARATIVE ANALYSIS OF PLANT GENOME ARCHITECTURE.
It is clear that there are close, family wide similarities between different crop species 

in both the genes (often with only allelic differences) and the gene order along chromosomes. 
However, there are extensive differences in both the type and organization of repetitive DNA, 
even between related species, which may be of importance for genome changes and the 
exchange of genes in both long (evolutionary) and short (plant breeding) time-scales. There 
is additional non-genic information in a genome, related to the méthylation and coiling of 
sequences, and to the three-dimensional organization of these sequences in the nucleus. Highly 
repetitive DNA makes up the majority of most plant genomes. Some sequences, such as 
microsatellites, are similar in every organism, while other repeat units are specific to one spe
cies or a small group of species. Different sequences have characteristic genomic distribution, 
and most can be identified by their chromosomal distribution. Knowledge of the genome 
architecture — the organization and the nature of repetitive sequences, and the three- 
dimensional organization in the interphase nucleus — is likely to be helpful for applied 
research and plant breeding. There is little knowledge of why repetitive sequences have partic
ular characteristics. Is the three-dimensional architecture of the nucleus important for func
tion? Do repetitive sequences put coding or regulatory sequences in particular nuclear 
positions? Why are different sequences located at particular sites in the genome? A compre
hensive and quantitative model is being constructed of the variable and constant parts of the 
plant genome. Such integrated models of large scàle genome organization may be useful in 
learning the function of different components of the genome, and in evolutionary studies. 
Since repetitive DNA changes are frequent, perhaps one can learn more about which manipu
lations are possible in plant genomes by examining the changes already made between related 
species during evolution or during plant breeding programmes.

1. INTRODUCTION

Genetic maps are now available for almost all the important crop species in the 
world [1]. We can use these maps for marker assisted selection in plant breeding pro
grammes, for targeted gene cloning and for assisting fundamental investigations of 
plant genome structure. However, an important requirement is to understand the 
large scale organization of the plant genome, including not only single copy but also
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repetitive sequences. Such knowledge is essential for studies ranging from evolution
ary biology, through gene expression, and understanding chromosome behaviour 
and meiosis, to facilitating gene transfer and plant breeding. Examination of the 
changes that have occurred during long periods of plant evolution indicates the types 
of change that plant breeders will be able to make in plant genomes during selection.

Organization of different types of DNA sequence along chromosomes is one 
aspect o f plant genome architecture. A second aspect is the three-dimensional 
arrangement of the sequences within the nucleus, particularly at interphase when the 
genes are actively expressed and DNA is being replicated. The cell nucleus is highly 
organized, with large amounts o f DNA, and the complex machinery associated with 
the regulation and copying of DNA is packed into a small volume. However, rela
tively little is known about the organization, even at the descriptive level, although 
there is little doubt that the arrangement is of significance for many aspects of plant 
genetics, including gene regulation, recombination and some abnormalities of 
development.

Our understanding of plant genes is increasing rapidly as knowledge of their 
DNA sequence and the function of proteins and signal molecules is brought together 
with information on the developmental timing and organ specificity of gene expres
sion. However, in most plants repetitive DNA sequences consisting of sequence 
motifs from 2 to 10 000 bp long, repeated many hundreds or even thousands of 
times, make up the majority of the nuclear genome, typically representing more than 
75% of most crop species. Repetitive DNA plays a role in plant genome organiza
tion, and is undoubtedly important in nuclear behaviour and evolution. Its role in 
gene expression, meiosis and other aspects of plant genetics is largely unexplored.

A comparative approach to the analysis of large scale genome structure, 
involving examination of widely different species, is important in understanding the 
nature of repetitive DNA sequences and their modes of evolution. Detailed 
knowledge of single species is useful, but will not easily be able to highlight the 
universal features o f genome structure. Comparative analyses may give indications 
of the importance of different types of repetitive sequence and their importance in 
evolution and development.

This paper is not designed to give a complete overview of research in the area, 
but rather to highlight aspects of my own collaborative research programmes that 
have implications for our understanding of plant genome architecture.

2. REPETITIVE DNA SEQUENCES

2.1. Classification

Various classifications of repetitive sequences can be made, one being the 
length of the repeated sequence motif. The length varies from simple sequence
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repeats o f dinucleotides, such as (GA)100 , to tri, tetra and hexanucleotides, to 
nucleosome repeats of about 180 bp (the length of DNA coiling around a single 
nucleosome) up to 10 000 bp or more, for example, in the rDNA, a repeated unit 
including three genes for 18S, 5.8S and 25S rRNA, and the transcribed and 
non-transcribed spacers.

Repetitive sequences can also be classified by their genomic locations; many 
are tandemly repeated in blocks of many copies, but some are dispersed throughout 
the genome. Tandem repeats may be localized at one or more sites in the genome, 
in the terminal, centromeric or intercalary chromosome regions. Sequences from 
each of these groups often have characteristic chromosomal locations, although as 
yet there are no features of the primary sequence that would enable one to predict 
the location. Examples of different locations are described below.

2.2. rRNA genes

The 5S and 18S-5.8S-25S rRNA gene loci provide useful chromosome mar
kers to examine genome evolution, and their numbers and locations have been exam
ined extensively in the Crucifereae and Triticeae. DNA:DNA in situ hybridization 
has become the method of choice for localizing these sequences where multiple loci, 
often with greatly different copy numbers at each locus and intralocus poly
morphisms, cannot be differentiated by restriction fragment length polymorphisms. 
Within the Triticeae, the 18S-25S and 5S rDNA sequences show different rearrange
ments and deletions in barley, rye, wheat and their wild relatives, enabling detection 
of different types of genome rearrangement [2]. Importantly, analysis of the presence 
and order of the two gene clusters shows that similar events have occurred more than 
once during the evolution of the Aegilops and Triticum genera. In Vigna, we have 
found polymorphisms in 18S-25S rDNA site numbers between different cultivars of 
cowpea [3], again showing the rapid evolution of these sequences, but also emphasiz
ing their usefulness as chromosome markers in breeding programmes involving both 
inter and intraspecific hybridization.

2.3. Telomeric sequences

A few other repetitive sequences have a well known function — apart from the 
rDNA genes, the telomeric repeat, in plants similar to the septamer CCCTAAA, is 
synthesized by a telomerase, an enzyme that includes a nucleic acid template and 
adds the sequence to the ends o f chromosomes. Endpoints, representing telomere 
locations, are needed on any complete map of a species, and can be mapped by 
pulse field gel electrophoresis (PFGE) [4, 5].

Sequences homologous to the telomeric repeat may be localized largely at the 
telomeres (in rye), near some centromeres and telomeres (e.g. in Arabidopsis
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thaliana [6]), or with major intercalary sites in the middle of chromosome arms and 
minor sites at telomeres (e.g. in pines [7]).

In rye, we have examined the organization of the true telomeric sequence, 
(CCCTAAA)n, and other proximal repetitive DNA sequences by a combination of 
in situ hybridization [8] and Southern hybridization to PFGE separated DNA. Many 
blocks show a complex organization that can only’ be elucidated by a battery of 
methods, including polymerase chain reactions, sequence, PFGE and in situ hybridi
zation analysis [9].

2.4. Retroelem ents

Retrotransposons include the genes encoding for the reverse transcriptase 
within their repeat unit, another type of coding sequence which is related to their 
mode of amplification and dispersion within the genome. Many tandem repeats are 
presumably amplified, and perhaps homogenized, by unequal crossing over. 
However, the transposition mechanisms by which most repetitive sequences move 
from one chromosome to another without major genomic reorganizations are largely 
unknown. In sugar beet, we have isolated members of both the major classes of 
retrotransposons (the LTR, Ту-copia type and the non-LTR, LINElement type), and 
can show that they are significant components of the genome, with strikingly differ
ent genomic organizations [10].

2.5. Nucleosome repeats

Two different repetitive sequences of the nucleosome length have been found 
in tetraploid B. napus, and the diploid species B. campestris and B. oleracea have 
been extensively characterized. In situ hybridization shows that the two sequences 
are located near the centromeres of many, but not all, chromosome pairs in both 
diploid species, and that the two sequences are not present on the same chromo
somes. Reduction in the stringency of hybridization gave centromeric hybridization 
sites on more chromosomes, indicating that there are divergent sequences present on 
other chromosomes. In the tetraploid species derived from the diploids, the number 
of hybridization sites was different from the sum of the diploid ancestors, and some 
chromosomes had both sequences, indicating relatively rapid homogenization and 
copy number evolution since the origin of the tetraploid species [11].

In situ hybridization of different, tandemly repeated DNA sequences of about 
180 bp length, and which comprise between 1 and 10% of a genome, shows that 
some sequences are centromeric and some subtelomeric, while others have different 
but characteristic locations at intercalary sites on all or most of the chromosome arms 
in beet [12]. The reasons why the sequences are highly amplified at characteristic 
genomic positions are unknown, but of great interest.
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Microsatellite repeat sequences are highly polymorphic (see, for example, 
Ref. [13]) as a consequence of length variation, and are somatically stable and 
inherited in co-dominant Mendelian manner in many species. Some simple sequence 
repeats have been located by in situ hybridization and show specific banding patterns 
and chromosomal distributions.

3. SPECIES SPECIFIC REPETITIVE DNA

Another important classification of repetitive DNA is its species specificity. 
Some sequences are found in only a single species or even ecotype, or in a small 
group of species within a tribe, while other sequences have very wide distribution 
in many members of a family. Sequences may show variation at the sequence or copy 
number levels between and sometimes within different species.

Such distinctions may be of considerable significance in taxonomy: the 
paracentromeric DNA sequences comprising 2-3%  of the genome of the species 
widely known as Cardaminopsis arenosa (L.) Hayck (in the tribe Arabideae) are 
extremely similar to those from Arabidopsis thaliana L. (in the tribe Sysimbrideae). 
Thus, the uncommon alternative classification of C. arenosa as A. arenosa (L.) 
Lawalrée is much more likely to be correct [14]. In other species in the Crucifers, 
changes that have occurred during the polypolidization and formation of new species 
can be examined by looking at the distribution of centromeric DNA sequences.

Similar phylogenetic conclusions have been made using both total genomic 
DNA and cloned DNA as probes to Southern blots and chromosomes in situ within 
the Triticeae and Iridaceae [15-18].

4. GENOMIC IN SITU HYBRIDIZATION

Use of total genomic DNA as a probe for in situ hybridization is proving very 
valuable in following alien chromosomes and chromosome segments in plant breed
ing programmes and for understanding nuclear architecture. Initially, we developed 
the method of genomic in situ hybridization to enable identification of chromosomes 
in hybrids between different Triticeae species. The first plant we used was an inter
generic hybrid between Hordeum chilense and Secale africanum [19, 20]. Simultane
ously, similar methods were developed with genomic rye DNA as a probe to identify 
chromosomes of rye origin in the Triticale [21]. Our method involved labelling total 
genomic DNA from S. africanum  with biotin for use as a probe. Chromosome 
spreads were made from the root tips of the plants, and they were denatured to make 
the DNA single stranded. The probe was also denatured, added to the chromosome

2.6. Microsatellites
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preparations and the DNA allowed to re-anneal to form double stranded helices over
night. We then detected sites of stable hybridization using fluorescent labels. 
Hybridization of the probe occurred to sequences on the chromosomes mostly related 
to the S. africanum sequence, and therefore the chromosomes of S. africanum origin 
were preferentially labelled. Recent protocols for in situ hybridization have been 
published [22, 23] or are available from the author, and hence the technical aspects 
o f the work are not discussed here.

It rapidly became clear that the methods were useful for tracking alien chromo
somes in a plant breeding programme, because genomic DNA gave an unexpectedly 
strong differentiation between even closely related species [19, 20, 24, 25].

Genomic hybridization, both in situ to chromosome spreads and to Southern 
transfers, often enabled identification of the parents in hybrids, which is the first step 
in any hybridization or plant breeding programme aimed at chromosome transfer. 
In intergeneric hybrids, discrimination was unequivocal, but preliminary experi
ments showed that it was often difficult to identify the parental origin of chromo
somes in interspecific hybrids using total genomic DNA alone as a probe. However, 
addition of a large excess of unlabelled genomic DNA from the other parent to the 
hybridization solution enabled us to differentiate species within the same genus and 
even section of a genus. For example, the genomes of H. bulbosum and H. vulgare 
were clearly distinguished both in situ and on Southern transfers only after addition 
of an excess of genomic DNA from the species not used as a probe [26].

Genomic in situ hybridization is not only able to identify the parental origin 
of chromosomes in hybrids but can also be used to identify alien chromosomes or 
chromosome segments in wheat breeding lines derived from the backcrossing of 
amphidiploids. This is an important application, since detection of small trans
locations by phenotypic analysis and meiotic pairing are both difficult and time 
consuming. Over the past years, a range of different lines has been used which 
incorporates chromatin from Leymus multicaulis, Thinopyrum bessarabicum,
H. chilense, H. vulgare and S. cereale [27-29].

In these addition, recombinant and substitution lines, genomic DNA from the 
introgressed alien species was labelled and used as a probe, together with excess 
amounts of unlabelled blocking DNA from wheat for DNA:DNA in situ hybridiza
tion. The genomic probing method identifies alien chromosomes and chromosome 
arms, and allowed counting of nuclei at all stages of the cell cycle, so complete 
metaphases were not needed. At metaphase, direct visualization of the morphology 
o f the alien chromosome or chromosome segment was possible and allowed identifi
cation of the relationship of the alien chromatin to the wheat chromosomes. At 
prophase or interphase, two labelled domains were visible in most nuclei from the 
disomic lines, while only one labelled domain was visible in the monosomie lines. 
The genomic in situ hybridization method is quick, sensitive, accurate and informa
tive. Hence, it is of value for both cytogenetic analysis and plant breeding pro
grammes [30].
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Current work is improving the sensitivity and specificity of genomic probing 
methods, and at the same time characterizing the types of sequence present in the 
probe, and their diversity, so that some of these may be used as probes alone.

5. STRUCTURE OF REPETITIVE DNA MOTIFS

5.1. Sequence variants

How uniform are the sequences of repeat units, and how variable is their 
genomic organization? In plants, there are only limited data enabling comparison at 
the sequence level. Preliminary analysis o f new data, involving comparison of
16 copies of the nucleosomal sized sequences localized near the centromeres of 
Arabidopsis chromosomes, indicates that the sequences are relatively variable from 
repeat unit to repeat unit. However, use of sequences as primers for in situ hybridiza
tion indicates that there are variants between different chromosomes and some vari
ants are apparently excluded from particular chromosomes [31].

5.2. Sequence m éthylation

The extent of méthylation of the repetitive sequences is variable. While many 
repetitive DNA sequences from plants show méthylation of most cytosine residues, 
some repetitive DNA may be undermethylated, for example, in Pennisetum glaucum
[32]. In the case of ribosomal genes, reduction of méthylation may be associated with 
expression of the genes, and may be modulated during development, e.g. Ref. [33]. 
Méthylation may also be important for centromere activity and the stability of chro
mosomes during division.

6. RECOMBINATION, GENETIC AND PHYSICAL MAPS

Analysis o f the location of recombination along chromosomes is showing how 
it relates to blocks of repetitive sequences. Maps of chromosomes made using genetic 
markers, including phenotypic traits or molecular polymorphisms, show the order 
of the markers and the frequency of the recombination between them. Physical maps 
show the locations of markers along the chromosomes. The two types of map show 
similarities in the order of markers, but there are major discrepancies between the 
physical and genetic distances. Markers that are distantly spaced on the genetic map 
may be in ‘hot spots’ of recombination (and perhaps hot spots of genes), but are 
physically quite close. In contrast, blocks of repetitive DNA may separate geneti
cally closely linked markers. Knowledge of both the genetic and physical maps is 
essential for discovering the feasibility of ‘gene walking’ and other gene isolation
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strategies [34]. There are also clear correlations between nuclear architecture and 
gene location within the nucleus.

7. CONCLUSIONS

The data discussed above indicate that knowledge of more than the DNA 
sequence, or chromosome behaviour, is necessary to build up a complete picture of 
the genome. Repetitive DNA sequences are an important component of the plant 
genome and play a role in both its structure and activity. Knowledge of genome 
architecture is already useful for providing markers in plant breeding, through 
genomic in situ hybridization, and is starting to be useful for seeing the types of 
change breeders might make to a genome. In future, the data are likely to be helpful 
in targeting approaches to genetic manipulation. The genomic context of a sequence 
is unlikely to be entirely random — if so, evolutionary changes in chromosome num
ber and structure would probably be much more frequent. However, we have little 
knowledge of why repetitive sequences do things. Is the three-dimensional architec
ture of the nucleus important for function? Do repetitive sequences put coding or 
regulatory sequences in particular nuclear positions? Why are different sequences 
located at particular sites in the genome?

The fundamental biological source of the distances mapped by genetic methods 
is recombination at meiosis. Key questions about many of the fundamental processes 
and timing of meiosis are still unanswered. When and where do chromosomes come 
together for recombination and meiosis and which DNA sequences are concentrated 
at the sites of recombination and pairing and their molecular interaction with the 
synaptonemal complex — DNA binding or otherwise? Molecular cytogenetic 
methods are beginning to enable us to examine when and where chromosome recog
nition, pairing and recombination occur [35].

W ork on synteny and the unification of plant genomes is showing that not only 
technical information but also markers, genes and the controlling sequences can all 
be transferred directly between species. In how far this applies to repetitive DNA 
is unknown. The rapidly accumulating results from projects on the model Crucifer
A. thaliana are providing insights into gene action and expression that could only be 
dreamt of 3 years ago. Clearly, some knowledge from A. thaliana can be applied 
to B. napus, although the actual limits of cross-application of knowledge are far from 
being known. It is probable that knowledge of chromosome structure and behaviour 
will assist in finding the limitations.

As well as a gap between cytogenetic and genetic information, there is often 
a significant gap between detailed knowledge of the genome and application of this 
knowledge to plant breeding [30, 36]. How useful is fundamental knowledge to 
applied problems? Will lines with, say, translocations be so poor that they should 
be discarded with the minimum of effort? Or are valuable recombinants lost in this
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process? Will particular, useful combinations of features be much more difficult to 
combine unless the physical structures of the genomes are known in some detail?

We are now constructing a comprehensive and quantitative model o f the varia
ble and constant parts o f the plant genome. Such models of large scale genome 
organization may be useful in learning the function of different components of the 
genome and in evolutionary studies. Since repetitive DNA changes are frequent, 
perhaps we can learn more about which manipulations are possible in plant genomes 
by examining the changes already made between related species during evolution or 
during plant breeding programmes.
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A bstract

CHROMOSOMAL ENGINEERING AND CROP IMPROVEMENT IN BREAD WHEAT.
Bread wheat is not only the world’s most important food crop but is also an excellent 

model system for genetic analysis o f allopolyploid plants. Diploid nuclear and cytoplasm 
donors are now known for polyploid wheats. The origin o f disomic allopolyploid species can 
be traced back to a single plant. Establishment of nucleocytoplasmic compatibility is critical 
in allopolyploid spéciation. Polyploid wheats show disomic inheritance that is genetically con
trolled. Genetic expression arises from interactive and dosage dependent effects. Apart from 
polyploidy, the basic wheat genome (In =  lx  =  7) is also huge (5.3 x  109 bp). Because of 
the availability of a large number o f cytogenic stocks, target mapping is possible. It shows 
that the gene rich, recombinogenic regions are restricted to the distal ends of the chromosome 
arms and gene cloning by chromosome landing is feasible. Because o f polyploidy, the wheat 
genome is highly buffered and transfer of chromosome segments o f large linkage blocks 
is more important than single genes. There are spectacular examples of alien chromosome 
segments transferred to wheat, either by physical means (irradiation) or by genetic manipula
tion, which have immensely improved productivity. Therefore, enhancing the efficiency of  
chromosome engineering protocols is a worthwhile goal in wheat improvement.

1. INTRODUCTION

Bread wheat (Triticum aestivum L. em Thell, 2n =  6x — 42, genomes 
AABBDD) is not only the world’s most important food crop but is also an excellent 
model system for genetic analysis of allopolyploid plants that show disomic 
inheritance. The approaches of phylogenetic, genetic and cytogenetic analyses and
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genome manipulation are quite unique for disomic allopolyploids and they are worth 
pointing out. Following this, a very brief review is given of some of the recent work 
that has been done on chromosome engineering and genome manipulation in wheat.

2. GENETIC SYSTEM

Diploid nuclear and cytoplasm donors are now known for polyploid wheats 
(Fig. 1). Aegilops speltoides contributed cytoplasm as well as nucleus genomes 
(B and G), and T. urartu contributed the A genome to two lineages of polyploid 
wheats: T. turgidum (AABB) and T. timopheevii (AAGG) [1, 2 ] .Both polyploid 
species arose from separate hybridization events, since they contain distinct 
cytoplasms and different species specific translocations [3]. However, there must

Ae. speltoides j  urartu Ae. speltoides
SS 

Plasmon I
AA SS

Plasmon I I

T 4A -5A -7B

o

T 6A -1G -4G

T. turgidum T. timopheevii
AABB AAG G

Ae. squarrosa 
DD

X

©
T. monococcum 

д тдш

T. aestivum T. zhukovskyii
AABBDD A A A mAm GG

FIG. 1. Phylogeny o f polyploid wheats. On the basis o f cytoplasmic, nuclear and Nor loci, 
both T. turgidum and T. timopheevii arose from two plasmon types o f Ae. speltoides and 
T. urartu. There is initial evidence o f introgression between the two polyploid forms, after 
which they evolved into two distinct species. More recent hybridization with two additional 
diploid parents gave rise to hexaploid wheats. See text fo r more details [1, 2].
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have been gene exchange in the initial amphiploids, since they share some common 
genomic features [4]. Later, bread wheat (T. aestivum) arose from the hybridization 
of T. turgidum with Ae. squarrosa. T. zhukovskyii, an obscure hexaploid wheat, 
arose from the hybridization of T. timopheevii and T. monococcum.

In newly arisen allopolyploid and in allopolyploid spéciation, the nucleus from 
one of the parents must function in the cytoplasmic background of the second parent. 
This nucleocytoplasmic interaction is often incompatible and leads to sterility. We 
speculate that the species specific translocations found in T. turgidum and 
T. timopheevii played a role in the restoration of compatibility and fertility [3]. The 
existence of species specific translocations provides experimental evidence that the 
origin of polyploid wheat species can be traced back to a single plant. This is unlike 
diploid species, which evolve at the level of populations.

Although polyploid wheats have multiples of chromosomes (four or six) that 
can potentially pair, they show strict diploid like chromosome pairing and disomic 
inheritance. This behaviour is genetically controlled and the genes have been pheno- 
typically identified. We can now speculate that these genes must pre-exist in the 
diploid donor species to form complete univalents in diploid species hybrids, which 
then have the opportunity to form new amphiploids from the union of restitution 
gametes.

Genetic expression in polyploids arises from interactive and dosage dependent 
effects. Because more than two alleles exist, often with opposite effects, for each 
gene, the overall phenotypic expression of a trait results from an interaction and 
dosage balance of competing alleles. These aspects of genetic expression are little 
understood in polyploids. Recent advances in transgenic wheat open new experimen
tal approaches for analysing the mechanism of gene expression in polyploids.

Apart from polyploidy, the basic wheat genome is also huge ( lx  =  7), consist
ing of about 5.3 X 109 bp. On average, a wheat chromosome contains eight and 
two genome equivalents of Arabidopsis and rice DNA, respectively. Three wheat 
chromosomes are equivalent to the haploid genome of maize. However, because of 
novel aneuploid stocks targeted mapping is possible, which overcomes some of the 
disadvantages of large genome size [5].

3. GENOME MAPPING

Polyploid genome buffering means that vast arrays of aneuploid stocks can be 
isolated and stably maintained in wheat. Previously, chromosome and arm mapping 
were feasible. Now, with the isolation of a large number of deletion stocks, subarm 
mapping has become routine, opening exciting new possibilities for molecular 
genetic manipulation in the wheat genome [6]. Deletion mapping has vividly demon
strated the existence of large, genetically inert chromosome segments surrounding 
the centromeres (Fig. 2). The gene rich, recombinogenic regions are restricted to the
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FIG. 2. Comparison o f wheat 5В Л chromosome physical and linkage maps showing 
non-random distribution o f markers and recombination. Note that the centromeric region is 
devoid o f markers and has greatly reduced recombination. The chromosome map depicts the 
С banding patterns. The deletion lines used to map the molecular markers are indicated on 
the left, with arrows indicating their breakpoints.

distal ends of the chromosome arms [7]. In addition, there exist ‘hot spot’ regions 
o f very high recombination, gene density and breakage. Thus, a functionally active 
genome is rather small in size.

Genes that are unique to wheat and for which large genetic resources are avail
able will, by necessity, have to be cloned in wheat. A chromosome landing strategy 
should be feasible that involves a combination of targeted mapping using deletion
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stocks, high resolution diploid wheat linkage mapping, and comparative mapping 
and exploitation of genetic resources in other cereal crops, especially rice [8]. This 
outlook is further brightened by the more ready availability of user friendly bacterial 
artificial chromosome libraries [9], new developments in the fast mapping of large 
DNA clones [10] and genetic transformation of wheat [11].

4. CHROMOSOME ENGINEERING

Because of polyploidy, the wheat genome is highly buffered and transfer of 
chromosome segments or large linkage blocks is more important than single genes. 
There are spectacular examples of alien chromosome segments transferred to wheat, 
either by physical means (irradiation) or by genetic manipulation, which have 
immensely improved productivity (Table I). Sears [12] has suggested some refine
ments in both induced homoeologous pairing and irradiation treatments to enhance 
the recovery of desirable transfers. Jiang et al. [5] and Jiang and Gill [13] have dis
cussed the use of sensitive assays for the identification of alien transfer segments.

A typical example of cytogenetic analysis for an alien transfer is shown in 
Fig. 3 [14, 15]. С banding is used to identify the alien chromosome with the target 
gene, the recipient wheat chromosome and the translocated chromosome. Genomic 
in situ hybridization using labelled alien DNA in excess of unlabelled wheat DNA 
is used to determine the size of the transferred alien segment and the size of the

TABLE I. CHROMOSOME ENGINEERING AND WHEAT IMPROVEMENT: 
ALIEN TRANSFERS IN PRODUCTION AGRICULTURE

Donor species Target gene Translocation Method of transfer

Aegilops umbellulata Lr9 T6BS • 6BL-6UL Irradiation

Secale cereale Pm8, Sr31, Lr26, Yr9 T1BL 1RS Spontaneous
IrradiationPml7, Gb2 T1AL-1RS

Agropyron elongatum Lr24, Sr24 
Lr24, Sr24

Sr26

T3DS-3DL-A4e#7L Spontaneous 
T3DS-6DL-5y4e#iL Induced recombination

T6AS • 6AL-6Ae#lL Irradiation

Lrl9, Sr25 T7DS • 7DL-7Ae#lL Irradiation
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FIG. 3. Example o f cytogenetic analysis o f an alien transfer in wheat. The С banding pattern 
o f the donor Agropyron intermedium chromosome (a) containing a gene resistant to wheat 
streak mosaic virus, wheat chromosome 4D (b) and the translocated chromosome 
(c). Genomic in situ hybridization can be used to paint and estimate the size o f the Agropyron 
segment transferred to wheat (d). The size o f the transferred segment is perhaps several 
hundred megabases. However, because gene synteny is conserved, most added genes compen
sate for the missing wheat genes, in addition to the novel virus resistance gene which the wheat 
plant lacks [14, 15].

wheat segment that it replaced. In the example shown, a whole arm containing a 
resistance gene to wheat streak mosaic from Agropyron intermedium has replaced the 
4DS arm of wheat. The wheat plant lacks resistance to this virus. Experience has 
shown that short arm substitutions can still be agronomically desirable, and currendy 
this material is being used by breeders to develop virus resistant wheat varieties.
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A bstract

REVERSIBLE METHYLATION AND SILENCING OF HOMOLOGOUS TRANSGENES 
IN TOBACCO PLANTS.

Homology dependent gene silencing in transgenic plants occurs frequently when multi
ple copies o f a transgene or a transgene with homology to an endogenous plant gene are 
present in a plant nucleus. The multiple copies can be arranged in cis on the same DNA  
molecule, or they can be present on different DNA molecules, either in allelic or non-allelic 
locations (trans inactivation). Although the phenomenon of silencing is well established, the 
mechanisms by which it occurs are not completely understood. At present, different silencing 
systems can be distinguished by three major features: (1) the region of homology involved in 
the interaction (promoter or protein coding region); (2 ) the level at which silencing occurs 
(transcriptional or post-transcriptional); and (3) the degree of meiotic heritability o f the 
silenced/methylated state after segregation of two interacting homologous loci in progeny. 
Interactions that lead to the silencing and méthylation o f partially homologous transgenes in 
tobacco have been studied. The transgenes share homology only in promoter regions; both the 
nopaline synthase promoter and the 35S promoter o f the cauliflower mosaic virus have been 
used to drive the expression of various selectable and biochemical marker genes. The proper
ties o f these silencing systems are discussed, with particular reference to the features men
tioned above.

1. INTRODUCTION

Homology dependent gene silencing has been observed frequently in trans
genic plants. It can occur when multiple copies of a transgene or a transgene with 
homology to an endogenous plant gene are present in a plant nucleus. When the first 
published reports o f this phenomenon appeared ca. 5 -6  years ago, it came as a sur
prise to plant molecular biologists because extra copies of genes were expected to
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lead to higher levels of gene expression, not silencing. However, the fact that trans
gene loci can often become silenced, either alone or in combination with a homolo
gous plant endogene, has important implications for both agricultural applications of 
gene technology and basic research on the mechanisms regulating gene expression 
in plants. An understanding of the basis o f homology dependent gene silencing will 
allow it either to be avoided in transgenic lines when stable transgene expression is 
required, or to be used as effectively as possible if inactivation of specific genes is 
desired.

2. MECHANISMS OF SILENCING

Research over the past 5 years has established that different mechanisms are 
involved in various cases of homology dependent gene silencing, with the major dis
tinctions involving the region of homology between the interacting genes, the level 
at which silencing occurs, and the meiotic heritability of the inactive state (reviewed 
in Ref. [1]).

2.1. Region o f homology determ ines the level a t which silencing occurs

Silencing can occur at either the transcriptional or the post-transcriptional 
level, the former often being associated with homology in promoter regions and the 
latter with homology in protein coding regions. Post-transcriptional silencing 
appears to be due to increased turnover o f transgene and endogene RNA. The trigger 
for activating turnover is not known. In some cases, a threshold mechanism may be 
operating; in others, an aberrant RNA synthesized from a complex transgene insert 
might initiate turnover. These possibilities will be discussed by other speakers at this 
Symposium (see Ref. [2]).

Epigenetic modifications, such as cytosine méthylation, have been described 
for both transcriptional and post-transcriptional modes of silencing. It is possible, 
however, that the original signal for de novo DNA méthylation differs in each case 
(reviewed in Ref. [1]). For example, de novo méthylation of duplicated promoters, 
leading to transcriptional inactivation, might be due to pairing of the homologous 
DNA regions (i.e. DNA-DNA interaction). De novo méthylation of transcribed 
sequences (i.e. 5 ' and 3 ' untranslated regions and protein coding regions) might be 
the result o f an RNA-DNA interaction. In particular, méthylation at 3 ' ends, which 
has been observed with at least one case of post-transcriptional silencing [3], might 
mark a transcript as ‘aberrant’ and render it susceptible to turnover. (Other cases of 
de novo méthylation of transgenes are possibly due to a third potential trigger for 
de novo méthylation, namely, a response to foreign DNA, which can affect single 
copy transgene loci as well as transgene loci comprising multiple copies. It is not 
yet known how transgenes are recognized as alien in a plant genome.)
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The degree of meiotic heritability is the third major distinction between trans
criptional and post-transcriptional silencing. In general, silencing that is caused by 
post-transcriptional RNA turnover is readily reversed after segregating the two 
interacting loci in sexual progeny, whereas transcriptional silencing involving 
promoter homology can take one or more sexual generations to be fully reversed. 
Furthermore, the extent of reversal is non-uniform in progeny, introducing con
siderable epigenetic variability into a population of sibling plants. As discussed in 
Section 3, meiotic heritability may be due to the fact that promoter méthylation is 
not completely erased during sexual reproduction.

3. RESULTS AND DISCUSSION

In terms of the distinctions discussed in Section 2, the silencing systems that 
we have studied can be described as ones that involve homology in promoter regions, 
the transcriptional inactivation associated with promoter méthylation, and meioti- 
cally heritable silencing/methylation. W ork has centred on two ‘super silencing’ loci 
in transgenic tobacco plants. One of these (the H2 locus), which has been identified 
and characterized in the Matzke group laboratory, silences and methylates virtually 
any gene under the control of the nopaline synthase promoter (NOSpro) [4]. The 
second (the 271 locus), which has been identified and characterized by the Vaucheret 
group [5, 6], silences any gene under the control of the 35S promoter of the 
cauliflower mosaic virus (35Spro). The 271 locus also silences endogenous nitrite 
reductase (NiR) genes of tobacco because o f the presence in the 271 construct of a 
NiR cDNA copy in the antisense orientation (RiN) under the control of the 35Spro. 
The 271 locus thus affords the opportunity of studying silencing involving either 
promoter homology or protein coding region homology in the same plant.

To understand the basis of silencing by the H2 locus, we have analysed H2 
variants that no longer completely methylate or silence NOSpro driven genes at a 
given target locus. We have found that the H2 locus is already substantially 
methylated in the NOSpro regions (presumably because of the presence of multiple 
copies of the H transgene construct), and that the more weakly silencing variants 
have become less methylated. Thus, a hypermethylated state of the NOSpro at the 
H2 locus seems to be correlated with its ability to silence and methylate other copies 
of the NOSpro in trans. To account for this, we have proposed a model in which 
the hypermethylated state of the NOSpros at the H2 locus can be imposed on the tar
get locus via pairing of homologous NOSpro regions. In other words, pairing of 
NOS promoters at the silencing and target loci leads to the acquisition of méthylation 
at the target locus to a degree that is approximately the same as that present at the 
H2 silencing locus. We have used the term ‘epigene conversion’ (originally coined

2.2. Meiotic heritability of silencing
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by Sabi and Laird [7]) to refer to this process [4]. Following segregation of the H2 
silencing locus, a methylated target locus only progressively loses méthylation and 
regains full activity [8]. Thus, a transgenic plant with a genotype of K-/H2 (K being 
the target locus) can differ in phenotype, depending on whether it was obtained by 
a KK  x  H2H2 cross or a KK/H2H2 x  wt cross. That a heritable change, in the form 
of weakened activity, can be induced in a target locus by a silencing locus recalls 
the long recognized but poorly understood phenomenon of paramutation, described 
for several plant endogenes decades ago [9]. Because transgenes often exhibit 
paramutation like behaviour [1, 10, 11], they can be useful in understanding this 
enigmatic non-Mendelian process.

W ork performed by H. Vaucheret has demonstrated that the second super 
silencing locus, 271, has similar properties to the H2 locus [5, 6]. There is also an 
interesting connection between H2 and 271.H2 that comprises, in addition to copies 
of the NOSpro, a 35Spro hph gene, which encodes resistance to hygromycin. This 
35Spro hph gene at the H2 locus is one of the most sensitive to silencing in the 
presence of 271 so far studied. Therefore, we have used H2-/271 hybrids to study 
35Spro homology dependent silencing of the hph gene [12]. This work has shown 
that such silencing occurs at the transcriptional level. (The NOSpro is too weak to 
detect in the definitive experimental test:transcription run-on experiments with iso
lated nuclei, while the 35Spro is much stronger and produces sufficient run-on trans
cripts for detection.) The meiotic heritability of 35Spro hph silencing is also a clear 
feature of the H2/271 silencing interaction. Even BC2 progeny (i.e. the second 
generation after losing the 271 silencing locus) can still have a silenced 35Spro hph 
gene. This heritability is associated with increased méthylation of the 35Spro of the 
hph gene. Méthylation has been studied using both méthylation sensitive restriction 
enzymes and genomic sequencing. Persistent méthylation at symmetrical CG and 
CNGs has been observed recently in plants of the BC2 generation using genomic 
sequencing. Regardless of the initial signal for de novo méthylation (which is not 
known in this case, but is postulated to involve a DNA-DNA interaction), méthyla
tion of such symmetrical Cs, which will be preserved because they are the preferred 
substrate of maintenance methylase, could explain the meiotic heritability of silen
cing. The ability of a silenced or ‘imprinted’ H2 locus (H 2*) to silence other 35Spro 
driven genes at both allelic and non-allelic locations has also been analysed (such 
acquisition of silencing ability by a former target is termed ‘secondary paramuta- 
tion’). However, only subtle effects, if any, have been observed. Thus, the silencing 
ability of the 271 locus is not transferable.

One unresolved question is how the 271 locus can simultaneously silence 
35Spro driven genes while at the same time silencing NiR endogenes via the presence 
of a 35Spro RiN chimeric gene. In other words, if transcription of RiN is necessary 
to achieve NiR silencing by an antisense mechanism, how can the 35Spro be actively 
transcribing RiN yet silencing other 35S promoters? Recent work on the 271 locus 
suggests that rearrangements of the original construct are present in the 271 plant.
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These might lead, for example, to transcription of RiN by a strong promoter in flank
ing plant DNA, while all copies of the 35Spro are methylated and able to trans 
inactivate other 35S promoters by a process such as epigene conversion [13].

4. CONCLUSIONS

Analysis of the phenomenon of homology dependent gene silencing in trans
genic plants is revealing novel aspects of plant gene expression and providing well 
defined systems for studying unusual genetic phenomena, such as paramutation, that 
have been described previously for plant endogenes. Increased awareness of silenc
ing and the molecular mechanisms that underlie the various effects which have been 
observed should have dual benefits for plant gene technology; optimum conditions 
for stable transgene expression can be predictably achieved or, when desired, selec
tive endogene silencing can be efficiently obtained.
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A bstract

GENETIC AND EPIGENETIC CHANGES INDUCED BY MAIZE TISSUE CULTURE.
The efficiency o f crop improvement can presumably be enhanced via a somatic cell 

genetic system. Effective procedures for transformation also focus on the use of cultured cells. 
Although genetic variation is a critical element of plant breeding, many o f the applications of 
cell and tissue culture depend on genetic stability. Tissue culture induced variation appears 
to be a common feature of most tissue culture systems, the frequency of which depends on 
several factors, including the genomic structure of the species. An understanding of the 
mechanisms leading to this variation is important relative to attempts to manipulate the 
frequency. Previous studies with maize have documented the occurrence of single gene muta
tions, chromosomal aberrations, quantitative trait variation, transposable element activation 
and changes in DNA méthylation. The data on méthylation reported on here show that 
hypomethylation occurs 3.5 times more frequently than hypermethylation among regenerated 
lines, massive genomic méthylation does not occur, changes in méthylation are often detected 
in normally transcribing genes, and base changes are relatively rare. In addition, 24% of the 
756 régénérant family-probe combinations tested revealed homozygous DNA méthylation 
changes in the original regenerated plant. Information on the role o f méthylation with regard 
to DNA binding proteins is discussed relative to these results.

1. INTRODUCTION

‘Somaclonal variation’ is the variation displayed among plants and/or their 
progenies derived from any form of cell culture [1]. The degree of somaclonal varia
tion one can expect is somewhat unpredictable. Differences between genotypes, age 
of culture and nuclear versus organellar chromatin all contribute to the erratic 
response of plants to cell culturing. Such heterogeneity typically seen in cell cultures 
includes the genetic effects on essentially any trait and the karyological abnormalities 
in the nuclear genome. Lengthening the culture period generally increases the varia
bility seen in callus cells and regenerated plants [2-4]. Such increases are probably
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the result of accumulating mutated cells during the culturing process that are not 
naturally selected for in nature [5].

Variants in callus cultures and regenerated plants have been extensively 
documented in many species, including sugar cane, tobacco, rice, oats, wheat and 
maize [3, 6-9]. Both quantitative and qualitative mutations are frequently 
induced [1]. The karyotypic variability of cultured cells was first reported as gross 
changes such as aneuploidy or polyploidy [10, 11], but further studies revealed other 
cytological abnormalities such as interchanges, deletions, inversions, lagging chro
mosomes, multivalent formations and microchromosomes [8, 12, 13]. Some callus 
cells and regenerated plants show phenotypic abnormalities while retaining an appar
ently normal karyotype, suggesting that modification of the genome may result in 
anomalous gene expression without gross chromosomal rearrangements.

Heritable dominant to recessive changes, recessive to dominant changes and 
a surprising number of non-segregating, non-parental mutations have been detected 
in wheat [9]. Regenerated homozygous mutant dwarf plants in rice were heritable 
when selfed, but when outcrossed dwarfness was not recovered [14]. These 
homozygous mutations could be due to various mechanisms, including somatic 
recombination or gene conversion [15-17].

Cells have a number of ways of rendering a gene transcriptionally active or 
inactive. A potential mechanism involves inactivating a gene through the méthylation 
of a cytosine residue, thus generating an inverse correlation between méthylation and 
gene expression. The epigenetic nature of méthylation makes it an ideal mechanism 
for not only providing a ‘blueprint’ for gene expression but also for genomic 
imprinting, developmental regulation, mutagenesis, transposition, DNA repair, 
X inactivation and chromatin organization (reviewed in Ref. [18]). To accomplish 
these functions, a methyltransferase, along with the methyl donor S-adenosyl 
methionine, is required for the addition of a methyl group to the 5 position of 
cytosine.

DNA methyltransferase enzymes perform at least two roles: (1) maintaining 
the faithful inheritance of méthylation patterns from generation to generation; and
(2) genome wide méthylation that is important in development, also called de novo 
méthylation. Maintenance méthylation is mediated by a DNA methyltransferase that 
preferentially methylates the available hemi-methylated CpG and/or CpNpG 
sequences at the replication fork [19, 20]. This methyltransferase in mammals and 
plants is a —160 kD protein composed of two protein domains: the С terminal 
domain that has both de novo and maintenance méthylation activities, and the N ter
minal domain that restricts the enzyme to maintenance activities by limiting méthyla
tion to the recognition site (CpG and/or CpNpG) at the replication fork [21, 2 2 ].1

1 1 dalton = 1 u (unified atomic mass unit)
= 1.66 x IQ'27 kg.
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Cleavage of the N domain from the С domain stimulates the rate of de novo 
méthylation, suggesting that the С domain can still perform de novo activities [23]. 
In addition, a second methyltransferase enzyme is also found in Arabidopsis 
thaliana [24]. This enzyme encodes a bacterial like methyltransferase in both size 
and sequence homology; it is ~ 9 0  kD and lacks the regulatory N domain, therefore 
permitting de novo méthylation activities. Homozygous mutants in a methyltransfer
ase gene of mice and A. thaliana show méthylation levels .reduced to only 30% those 
of the wild type [25, 26], suggesting that at least two individual methyltransferase 
genes could indeed be present in the genome.

Déméthylation can occur by two mechanisms: passive or active déméthylation. 
Passive déméthylation occurs by site specific inhibition of the methylase enzyme by 
a DNA binding protein, such that the first round of replication results in a 
hemi-methylated site and complete hypomethylation in the second [27]. Active 
déméthylation has been implicated to occur through an excision repair pathway by 
introducing nicks around the methylated CpG dinucleotide [28]. Possible de- 
methylase in the excision repair pathway has been reported in the avian vitellogenin 
gene [29]. This ubiquitous non-histone protein may be only one of many proteins that 
make up a complex excision-repair pathway in the regulation of gene expression.

A model to explain the correlation between DNA méthylation and gene expres
sion is that méthylation affects the activity of DNA binding proteins, whether 
directly by site specific méthylation, which interferes with transcription factor bind
ing, or indirectly by altering the binding of proteins involved in chromatin condensa
tion. Adenovirus promoters can be stimulated by the transcription factors MLTF and 
E2F only when a single CpG dinucleotide within the binding site is unmethylated 
[30, 31]. Binding of the CREB transcription factor to the CRE promoter is also 
affected by the méthylation status of a centrally located CpG dinucleotide [32].

Méthylation may also be involved in the DNA binding of histone H I; nearly 
80% of the cytosines that are methylated are associated with nucleosomes that con
tain histone HI [33]. Interestingly, a DNA binding protein, MDBP-2, which has a 
high binding affinity to methylated cytosine residues, belongs to the histone HI 
family and shows a high homology to the chicken histone H I protein [34]. Preferen
tial binding of MDBP-2 to the avian vitellogenin gene promoter is not restricted to 
a specific sequence but instead requires a minimum length of 30 bp and one 
methylated CpG [35]. A related MDBP-2 protein, MDBP-1, acts as a repressor in 
human placenta but binds to specific 14 bp sequences that contain methylated CpG 
dinucleotides [36]. Mammalian protein M eCPl binds when 15 or more CpG moeities 
are together, while another protein, MeCP2, binds specifically to a single methylated 
CpG dinucleotide that is primarily, although not exclusively, localized in the pericen- 
tromeric heterochromatin [35, 37]. In addition, similar DNA binding proteins have 
been described in plants [38]. DBPm, isolated from a variety of plant species and 
tissues, binds to 5-methylcytosine rich regions which do not contain much sequence 
similarity. DNA méthylation and its subsequent binding of the aforementioned
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repressors favour the formation of heterochromatin for the long term silencing of 
genes.

Spontaneous deamination of 5-methylcytosine to thymine results in ‘hot spots’ 
for G:C to A:T transition mutations [39]. Mismatch repair enzymes have evolved 
to protect the genome from deamination events but, even then, 4% of G/T 
mismatches are corrected to А/T and 4% are unrepaired, at least in monkey kidney 
cells [40]. Deamination can be beneficial to the genome by reducing the homology 
between two highly homologous sequences and thereby suppressing ectopic re
combination, which can lead to physical modifications of the genome [41]. For 
identical repeats larger than 0.3 kb, a divergence of 19% will decrease recombina
tion by more than 1000 fold [42]. Deamination has been recently implicated in the 
permanent silencing of duplicated loci in Neurospora crassa, also referred to as 
‘RIPing’ [43, 44]. Each locus becomes riddled with G:C to A:T mutations, render
ing the gene permanently inactive [45 , 46]. In Ascobolus immersus, the duplicated 
region becomes extensively methylated, but deamination does not occur as in RIP
ing, since the gene can be reactivated [47, 48]. This phenomenon has been termed 
‘MIPing’. Suppression among multiple copies of transgenes, or transgenes with 
homology to endogenous genes, occurs as well (reviewed in Ref. [49]). Epistatic 
interactions between unlinked and linked transgenes result in a repression of gene 
expression, presumably due to the premeiotic pairing of repeated sequences, fol
lowed by méthylation of the promoter region [50, 51].

Regenerated plants frequently display alterations in the DNA méthylation 
pattern in structural as well as in housekeeping genes [52]. Déméthylation has been 
shown to occur at a high frequency, often as homozygous alterations, in regenerated 
maize plants [53]. Hormone treatments used for appropriate growth conditions in 
culture have been shown to induce transitory DNA méthylation changes in as little 
as 14 days of culturing; a positive correlation has been reported between auxin and 
méthylation but a negative correlation between kinetin and méthylation [54, 55]. The 
méthylation state has also been correlated with culture age. Normal diploid 
fibroblasts from mice, hamsters and humans all decreased in 5-methylcytosine over 
time, with the greatest loss seen in mouse cells [56]. In human cell culture, many 
of the unexpressed, non-essential housekeeping genes are heavily methylated as the 
age of the culture increases [57]. Antequera et al. [58] found that mouse NIH 3T3 
and L cells contained more than half of their CpG islands heavily methylated, all con
fined to genes non-essential in culture. If méthylation of the last functional copy of 
an essential gene occurs in natural conditions, the cell dies; however, if this gene 
is non-essential for culture conditions, the cell will survive in culture, passing the 
new genetic ‘blueprint’ from one cell generation to another, possibly decreasing 
totipotency and phenotypic uniformity.
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A maize inbred line A188 was selfed and two embryos (I and J) were plated 
out on modified Murashige-Skoog medium to obtain embryogenic calli. A total of
21 Ro plants were regenerated from 7 month old calli and subsequently selfed in a 
glasshouse to produce 21 Rq derived R] families, nine of which belonged to 
embryo I and 12 to embryo J. Twenty-two non-cultured control seeds were taken 
from the same ear as the two embryos and grown in the greenhouse under the same 
conditions as the regenerated plants. Both the control and the régénérant plants were 
cut at the base when 4 weeks old for DNA isolation (the СТАВ extraction proce
dure) [59]. Digestion of DNA with 3 units per microgram DNA of the restriction 
enzymes НраП and MspI distinguished methylated cytosine residues from 
unmethylated cytosine residues in the recognition sequence, 5'-CCGG-3'. Only 
Hpall is sensitive to méthylation of the 3' cytosine residue, resulting in an uncut site. 
The DNA was then blotted on Immobilon-N membrane (Millipore) and subjected to 
hybridization.

Both cDNA and genomic clones were used for hybridizations. The 140 BNL 
and UMC genomic clones used represent low copy number sequences in the genome 
(probably transcribed and non-transcribed), while the 65 CSU cDNA clones sample 
the 3 ' end of the transcribed genes. To determine the overall méthylation content in 
the genome, high pressure liquid chromatography (HPLC) analysis was performed 
[60] using a Vydac column for nucleotide separation.

Méthylation changes to the CpG dinucleotide in the recognition site are 
detected by differences in the cut sites of Hpall and MspI. Because the activity of 
the Hpall enzyme is sensitive to the méthylation status of the 3 ' cytosine residue 
while MspI is unaffected, a methylated residue will result in a higher molecular 
weight fragment when cut with НраП than with MspI. In contrast, if the site is not 
methylated the two bands should be equal in size. Méthylation of the 5 ' cytosine 
residue of the sequence 5'-CCGG-3' prevents the activity o f the MspI restriction

2. DNA METHYLATION IN MAIZE REGENERANTS

TABLE I. PERCENTAGE CLASS I AND II PROBES 
DETECTING DNA METHYLATION CHANGES
AMONG 21 R, FAMILIES

No. of probes
No. of probes 

detecting variation %

Class I 105 37 35

Class II 100 4 4
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enzyme. Changes in the MspI restriction pattern of the regenerated plants are ascer
tained by divergence of the MspI fragment size relative to that in the control plants. 
Since the restriction site will also not be cleaved if point mutation has occurred at 
this base, we cannot be certain that a change in the MspI restriction fragment size 
is due to méthylation or to point mutation, and so will be addressed hereafter as 
MspI changes.

Of the total 205 probes hybridized, 41 showed changes in at least one regener
ated family (Table I). Probes for sequences randomly distributed on all ten chromo
somes detected méthylation variants. Representing these changes were CpG 
méthylation differences as well as either base or méthylation changes at CpNpG. 
Hpall pattern variants (88%), which represent méthylation differences in the CpG 
dinucleotide, far exceeded MspI variants (12%).

According to the control DNAs’ Hpall restriction patterns, the probes were 
split into either class I or class П. Class I probes represent a group that detects CCGG 
sequences which have methylated cytosine and therefore the Hpall band is larger 
than the MspI band. Both hypomethylation and hypermethylation can be detected 
within this class of probes. Representing class II probes were those detecting 
unmethylated 3 ' cytosine residues in CCGG sequences, resulting in both НраП and 
MspI bands being of equal molecular weight. This class represents sequences fully 
unmethylated at the CpG dinucleotide and a change would be due to hyper
methylation only.

Assigning the probes into either class I or class II resulted in an equal distribu
tion of probes: 105 belonging to class I and 100 to class II. The probes that detected 
at least one variant family were severely skewed towards the class I group; nearly 
35% of the probes in class I detected variants and only 4% in class П. This would 
implicate hypomethylation of the genome as the favoured méthylation change. 
Indeed, hypomethylation variants exceeded hypermethylation by more than 
3.5 times.

Where in the genome are these changes located? HPLC analysis of the control 
plants and régénérant families resulted in no significant differences being detected 
in the 5-methylcytosine content. Probably, the méthylation changes from this study 
did not result from massive méthylation changes such as those due to unusual methyl- 
transferase, or S-adenosyltransferase activities. Instead, the changes could have 
occurred from site specific méthylation changes and/or changes in sites involved 
with nucleosomal interactions that are important for transcriptional regulation. The 
cDNA probes that represent transcribed genes did detect a higher frequency of 
méthylation changes than the genomic clones (26% versus 16%, respectively), 
where the genomic clones probably include transcribed genes as well as any other 
low copy sequences in the genome. Unfortunately, the cDNA clones only represent 
the 3' end of transcribed genes and not the promoter region, where most DNA- 
protein interactions involved with site specific méthylation occur. Hypomethylated 
sequences detected by cDNA clones could represent genes in an ‘active’ conforma-
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TABLE П. SEGREGATING AND HOMOZYGOUS DNA METHYLATION 
CHANGES AMOUNG 756 REGENERANT FAMILY-PROBE COMBINATIONS 
USING 36 PROBES DEMONSTRATED TO DETECT VARIATION3

No. o f variant 
family-probe 
combinations

% variation
No. o f homozygous 

family-probe 
combinations

% homozygous

I
Hpall 120 37.0 30 25

MspI 10 3.1 2 2 0

(Total family-probe combinations in I  = 324)

J
Hpall 166 38.4 36 2 2

MspI 28 6.5 11 40

(Total family-probe combinations in J  = 432)

3 The five probes included in Table I were not used because of incomplete analysis.

tion because of a lack of affinity of nucleosomes to the non-methylated cytosines at 
the 3' end of transcribable genes. The méthylation status of the 5 ' promoter regions 
of genes after culturing needs to be addressed to further pinpoint the location of 
méthylation changes.

The number of variant families is strikingly consistent between embryo I and 
embryo J (Table II). Every probe that detected méthylation differences showed 
differences in the degree and severity of méthylation alterations. Some showed only 
one change in one family, while others showed méthylation changes in every family. 
Those probes showing 100% variation usually were represented by new segregating 
méthylation patterns across all families. Several explanations could account for the 
varying degrees of méthylation change: (1) the severity of méthylation changes may 
be due to a greater frequency of 5'-CCGG-3' sites in and around the probed 
sequence, therefore increasing the probability of detecting changes with a single 
probe; (2) the DNA méthylation changes at a particular sequence may have occurred 
at different time points in the pedigree, the earlier the change the more cells that will 
possess the change; (3) for probes nearing 100% variation among families, these 
sites may contain genes selected for adaptation to the culture environment and had 
therefore undergone permanent activation or inactivation in all families; (4) sites of 
frequent recombination may show favoured méthylation changes due to gene conver
sion; and (5) DNA repair enzymes may act with varying efficiencies on mismatches 
created by the deamination of methylated cytosines.
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The percentage families with non-segregating, non-parental méthylation 
changes was surprisingly high. Table П shows that 25% of the variant families in 
embryo I were homozygous, and 22% for embryo J when cut with Hpall. Although 
the sample was small, homozygosity for MspI variants was also high. One of 
two scenarios could be occurring. First, enzymes could directly methylate or 
demethylate a site for transcriptional regulation. For example, a demethylase enzyme 
could have actively excised the methyl group from both alleles, enabling the tran
scription of a gene, either by exposing a crucial DNA-protein binding site or by 
reducing the affinity of nucleosome binding to relax the higher order of chromatin 
folding. Second, the probe could detect a region that underwent somatic recom
bination or gene conversion. Whether cells in explant tissues homozygous for 
méthylation changes would give rise to regenerated plants homozygous for méthyla
tion changes remains to be seen.

No doubt some cell to cell variation exists in any explant tissue. Several lines 
of evidence indicate that the observed high frequency of variation in regenerated 
plants and their progenies is tissue culture induced: (1) control plants derived from 
seeds borne on the same plant that furnished the embryo for culture do not normally 
possess the new mutation; (2) the percentage variants increases with increasing cul
ture age; (3) some variants (genic mutation or structural aberration) appear in later 
subcultures of a cell line; (4) variation occurs in cultures initiated from different 
explant sources, therefore the high frequency of variants does not appear to be tissue 
specific; and (5) different arrays of variants occur from different cultures. Since 
méthylation is an epigenetic event, perhaps genome modification occurs much more 
frequently than do more permanent mutations, such as point mutations.

3. CONCLUSIONS

Although plant tissue culture may generate variation normally occurring in 
nature, the frequency of nearly all types of genetic change appears to be increased. 
This multifaceted array of alterations implies that an underlying control of 
genic/chromosomal stability is destabilized. DNA méthylation is often correlated 
with such changes in nature. Documentation of DNA méthylation changes in tissue 
culture derived plant materials raises the possibility of it playing a central role or at 
least serving as an indication of instability. That cDNAs frequently detect méthyla
tion changes indicates possible effects on gene expression. The occurrence of 
homozygous méthylation changes in Rq plants (based on R] progenies) may lead to 
a better understanding of the mechanism.
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Abstract

JUNK DNA: NOT SO JUNKY AFTER ALL.
Microsatellites, or simple sequence repeats, are considered to be junk DNA. Yet their 

exploitation in DNA profiling techniques has expanded the repertoire of useful sequences for 
plant biologists. Some old and new techniques involving microsatellites are portrayed, such 

as microsatellite fingerprinting, microsatellite primed polymerase chain reaction (PCR), 
anchored microsatellite primed PCR, random amplified (microsatellite) polymorphic DNA 

(RAPD) analysis, the generation of microsatellite fingerprints in RAPDs and the production 
of sequence tagged microsatellite sites

A substantial part of eukaryotic genomes consists of more or less extended 
arrays of monotonous sequence repetitions. The presence and maintenance of such 
repetitive DNA — apparently non-coding — are still enigmatic, the reason for coin
ing it ‘junk’ or ‘selfish’ DNA. The most prominent classes of this junk are satellites, 
mini, midi and microsatellites, short and long interspersed repeats, retroposons, 
pseudogenes and transposons. Of these, microsatellites, or simple sequence repeats 
(SSRs), are tandemly repeated di, tri, tetra and pentanucleotide motifs as, for 
example, 5'-GAGAGAGAGAGAGA-3'. In plants, the most common repeats are 
motifs such as (A)n, (AT)n, or (GA)n, where n ranks between 10 and 80.

* Research carried out in association with the IAEA under Research Agreement
No. 7227/CF.
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Microsatellites can be embedded in unique DNA as perfect (e.g. (AT)10), imperfect 
(e.g. (AT) 1 0  CACA (AT)5) or compound (e.g. (AT) 10 (CA)10) repeats. All three 
types may also be arranged in clusters (‘microsatellite islands’), i.e. where several 
SSR motifs are intermingled and the clusters scattered throughout the genome.

Our perception of this type of repetitious junk is slowly changing and we are 
starting to appreciate its existence. First, some of the trinucleotide repeats appear in 
transcripts, also in plants [1 ], which may be translated into ‘boring proteins’ with 
monotonous amino acid domains. Such proteins are known in plants. Also, other 
functions of SSRs are hypothesized, such as recombinational hot spots or transcrip
tional control elements for adjacent genes. Second, microsatellites generally evolve 
faster than the flanking DNA, and undergo ‘dynamic mutations’ that result in alleles 
with a varying number of repeat units [2]. As a consequence, microsatellites are very 
polymorphic. This high polymorphism, together with the ubiquitous occurrence, 
high abundance and multiallelism, make microsats attractive to researchers in 
various fields. Different applications of microsatellites for multiple purposes are 
portrayed exemplarily for two model plants, yam and chickpea, and their major 
fungal pathogens.

(1) A first approach exploits microsatellite polymorphisms detected by microsat 
fingerprinting. Oligonucleotides complementary to microsats are in-gel hybri
dized to restricted genomic DNA for multilocus restriction fragment length 
polymorphism detection. The resulting fingerprints allow inter and intra- 
specific, even individual specific, discrimination and help to solve problems 
in taxonomy, phylogeny, population dynamics, plant breeding and gene 
tagging [3-6].

(2) Microsatellite primed polymerase chain reaction (PCR) uses microsatellite 
motifs as single primers for the amplification of intermicrosat DNA (inter
repeat region). MP-PCR produces random amplified polymorphic DNA 
(RAPD) like banding patterns that proved to be of low polymorphic informa
tion content in our experiments.

(3) A variant of MP-PCR works with anchored microsat primer(s), where the 
anchor is positioned at the 3' or 5' end of the repeat. This technique (anchored 
microsatellite primed PCR (AMP-PCR); inter-SSR-PCR) [7] expands the 
repertoire of methods for informative fingerprints, especially in plants with 
low intraspecific variability, e.g. chickpea. AMP-PCR has the potential for 
molecular taxonomy, population genetics and genome analysis, and works with 
normal agarose gels and without radioactivity.

(4) Random amplified microsatellite polymorphisms represent the products of a 
combination of the RAPD technique with AMP-PCR, where primers of 
arbitrary sequence are used in combination with microsatellite primers to 
amplify specific genomic regions [8 ]. AMP-PCR allows detection of the
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variable number of tandem repeat based polymorphisms without the need of 
cloning steps.

(5) Another variant of the microsatellite detects such repeats among RAPD frag
ments. RAPD gels are blotted and hybridized to end labelled microsats in order 
to produce highly reproducible and polymorphic banding profiles that do not 
correspond to the major RAPD fragments visualized by ethidium bromide or 
silver staining procedures. This technique considerably expands the informa
tiveness of RAPDs.

(6 ) For the generation of sequence tagged microsatellite sites, microsat containing 
clones are isolated from genomic libraries and the inserts sequenced around the 
repeats. PCR primers complementary to the flanking regions are designed and 
used to amplify the repeat islands, which are polymorphic because of their 
varying number of tandem repeats. Such sites represent locus specific, co
dominant markers that have the potential for many applications, e.g. in genome 
mapping.

After all, the junk DNA cannot be so junky.
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Abstract

CHARACTERIZATION OF MINISATELLITE SEQUENCES IN RICE AND THEIR 

APPLICATION FOR DNA FINGERPRINTING.
Molecular markers offer significant value in helping breeding programmes to character

ize and evaluate genetic variability in germplasm and to identify variety. However, use of 
restriction fragment length polymorphism (RFLP) and random amplified polymorphic DNA 
(RAPD) markers can require up to and more than 40 markers and several enzyme combina
tions in order to identify variation in germplasm. Therefore, rice minisatellite probes were 
evaluated for their potential in detecting DNA fingerprints and in assessing genetic variation 

in the genus Oryza. Fifty-seven cultivars of rice from around the world, including 40 closely 
related cultivars released in the United States of America, were evaluated. DNA fingerprinting 
detected high levels of polymorphism among cultivars. The variability in fingerprinting 
patterns was greatly reduced in closely related cultivars. The polymerase chain reaction 

(PCR), with minisatellite core sequences as primers, was also employed to detect genetic 
variation in the genus Oryza. It was demonstrated that DNA fingerprinting with minisatellite 
sequences is simpler and more sensitive than most other types of marker system in detecting 

genetic variation in cultivated rice. PCR application with directed amplification of mini
satellite region DNA represents a potential tool for identifying species in the genus Oryza.

* Research carried out in association with the IAEA under Research Agreement 
No. 7861/CF. Mention of a proprietary product does not constitute an endorsement or a 

recommendation for its use by the United States Department of Agriculture or the University 
of Missouri.
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Development of plant breeding tools for assessing genetic variation among rice 
(Oryza sativa L.) cultivars and germplasm is of considerable interest. Breeders are 
continually concerned about the amount of variation present in breeding pro
grammes. Methods based on the morphological and cytological characters, breeding 
behaviour, ecological distribution, isozymes and seed proteins have been used to 
assess genetic variability in rice [1-3], and are useful in evaluating rice germplasm.

Establishment of restriction fragment length polymorphism (RFLP) DNA 
markers has allowed construction of linkage maps in many plant species [4-6] and 
has provided a new tool for measuring genetic variation [7]. RFLP markers can 
detect changes at the DNA level in the coding and non-coding regions of the genome, 
and are more sensitive than other traditional methods in assessing genetic variation. 
It has been demonstrated that genetic variation in rice can be detected by RFLP 
analysis [8-10]. However, in cases where the level of RFLPs detected by single copy 
DNA sequences was low, a large group of RFLP marker/enzyme combinations was 
required to obtain the desired results.

The discovery of hypervariable regions (HVRs) in animals and plants has 
provided new opportunities for evaluating genetic variability. HVRs contain 
minisatellite sequences consisting of a series of tandem repeats of a core consensus 
sequence [11]. Since variability in these regions results from differences in the 
tandem repeat copy numbers, by using a minisatellite as a probe sufficient sequence 
similarity can be detected, thus yielding an individual specific fingerprint [12]. DNA 
fingerprinting with these sequences has been widely used in animals for individual 
and pedigree identification [13-14]. In plants, this new technology has been used to 
study genetic variation and to identify variety [15-17].

So far, most of the DNA fingerprinting carried out on many plant species has 
used human or animal sequences as probes. Lack of specific probes is still limiting 
this application in plants. The traditional way of isolating DNA fingerprinting probes 
involves genomic DNA library screening and cloning. Recently, the directed 
amplification of minisatellite region DNA (DAMD) with polymerase chain reaction 
(PCR) has proved to be another efficient means of generating highly variable probes 
for species where genomic libraries and other molecular tools have not been avail
able [18]. It has been reported that minisatellite sequences exist in many species of 
plants and animals, therefore they should be effective as PCR primers at relatively 
high stringencies in a wide range of species. Using the core sequence of minisatellites 
as primer, DAMD-PCR is capable of producing random amplified polymorphic 
DNA (RAPD) like results for identifying species [18]. It has also been used to isolate 
highly variable probes for DNA fingerprinting.

In previous studies, we reported on human like minisatellite sequences being 
isolated from rice [19]. In this paper, rice minisatellite sequences are used to reveal 
DNA fingerprints for cultivar and germplasm identification as well as genetic analy

1. INTRODUCTION



sis. Utilization of DAMD-PCR to detect polymorphism among species in the genus 
Oryza is discussed.

2. RESULTS AND DISCUSSION

2.1. DNA fingerprinting with the rice minisatellite probe

The hybridization patterns detected by the rice minisatellite probe pOs 6.2H 
in genomic DNA from 19 cultivars of Oryza sativa L. are shown in Fig. 1 [17]. On 
average, 13.5 discrete fragments ranging in size from 0.6 to 9.4 kb were visible. The
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FIG. 1. DNA fingerprints detected by the PCR amplified minisatellite probe pOs 6.2H in 
Dra I  digested genomic DNA from 19 rice cultivars (O. sativa). Lanes 1-19: TN-1; IR8; Ai-Zai- 
Zhan; Tai-Hei; Dular; Ai-Ma-Bai-Gu; Yuan-Feng-Zhao; Zhen-Zhu 19 (Nuo); IR29; China 91; 
Suweon 283; Pecos; La-Ai 64; Qiu-Guang; Zhen-Zhu 19; Dourado Precoce; Bellement; Ketan 
NangKa; and Lun-Hui 422. Hybridization and autoradiography have been described previ
ously in Ref. [17].
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restriction fragment patterns were distinct between all the cultivars, and no within 
cultivar variation was found.

Inheritance of the polymorphic fragments detected was studied in an F2  popu
lation. The individual fragments segregated in a Mendelian fashion, with no detecta
ble linkage. This suggested that the fragments are dispersed throughout the rice 
genome. Such a property is important for breeders desiring to obtain individual 
specific fingerprints. Our results demonstrated that rice minisatellite probes can 
detect RFLPs in the rice genome and provide DNA fingerprints for genetic analysis 
or cultivar identification. Since the fingerprints were highly variable, the loci 
detected are probably HVRs within the genome.

Utilizing the HVR probe it was established that a one probe/enzyme combina
tion showed that an average of 44% similarity existed among the cultivars analysed. 
The indica type cultivars evaluated showed 49% similarity, while the japónica group 
showed an average of 34% similarity. An earlier study using RFLP analysis showed 
that an average of 0.476 genetic diversity was detected using three restriction 
enzymes and 43 RFLP probes [10]. In our work with a single HVR probe/enzyme 
combination, the indica type cultivars showed 0.713 genetic diversity [17].

TABLE I. DATA ANALYSIS OF DNA 
FINGERPRINTS IN 40 US CULTIVARS3

No. of fragments per cultivar (N)
Average N +  SD 12.6 ±  1.5
Range in N 11-17

Proportion of sharing fragments (F)
Average F +  SD 0.75 ± 0.13
Range in F 0.37-1.00

Probability of two cultivars matching (P)

*0 II z 2.7 x  10-2

a The proportion of sharing fragments (F) between a pair of 
cultivars was computed as follows. For cultivars i and j,  
F¡j = 2 N,y/(N¡ +  N;), where Nÿ is the number of common 
fragments in the two cultivars, and N( and Ny are the 
number of fragments scored in cultivars i and j,  respec
tively. The probability of two cultivars having the same 
DNA fingerprints (P) was calculated according to Jeffreys 
et al. [12].
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To test HVR DNA fingerprinting for cultivar identification, 40 cultivars 
released in the United States of America were studied by Zhou and Gustafson [17]. 
On average, 12.6 fragments were visible and 75% similarity was found among these 
cultivars (Table I) [12]. On the basis of these data it was estimated that the probabil
ity of two US cultivars having the same DNA fingerprint pattern is 2.7 X 10“2. 
This indicates the problems breeders can face when using such a narrow based germ
plasm in their breeding programmes. The probability of two cultivars matching 
(2.7 x 10"2) appeared much higher when compared with other minisatellite 
sequences for DNA fingerprinting in rice and other plant species [15, 20, 21]. The 
results suggest that DNA fingerprinting for individual identification may not be very 
valuable to breeders when working in genetically narrow based breeding pro
grammes. This genetic uniformity in the US rice cultivars is of major concern to rice 
breeders [22]. Cultivars with such a narrow genetic background present a great 
challenge to any technology of variety identification. In addition, expectations of 
using a single probe/enzyme combination to distinguish all the existing rice cultivars 
would be unrealistic.

The success of using RFLP for cultivar identification of closely related 
individuals has been limited, because of low polymorphisms [9]. Beckmann and 
Soller [4] estimated that 20-30 polymorphic markers would be needed to differenti
ate existing inbred strains of maize. Smith and Smith [23] used 38 DNA probes 
revealing RFLPs in order to discriminate 74 of 78 maize hybrids. The present 
approach using HVR probes clearly demonstrates a simple method of using DNA 
fingerprinting for cultivar identification. DNA fingerprinting with a minisatellite 
sequence quickly and unambiguously identified different unrelated cultivars (the 
probability of a match was 1.5 х 10-5) [17]. DNA fingerprinting with minisatellite 
sequences appears more sensitive and informative than the other types of marker so 
far tested in detecting genetic variation. By comparison, 58 of the 70 varieties, 
representing a wide range of cultivated rice, were distinguishable by RFLP analysis, 
with ten probes and five enzyme combinations [9]. With the rice minisatellite 
sequence, one probe/enzyme was capable of unambiguously identifying 50% of the 
closely related US cultivars [17].

The high level of similarity among US cultivars was not unexpected because 
they arose from narrow genetic based breeding programmes. Any overestimation of 
genetic relatedness between cultivars via DNA fingerprinting may be due to several 
reasons. First, each fragment of the fingerprint may not be in linkage equilibrium. 
Previous studies have suggested that high levels of linkage disequilibrium can and 
do exist [24]. Second, HVRs detect multiple bands simultaneously to form a complex 
DNA fingerprint, therefore any fragments that are allelic cannot be identified. Third, 
a single HVR might only detect one group of minisatellites and cover a small propor
tion of the rice genome. The genetic variance existing in other regions may well have 
been neglected.
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It is not surprising that the rice pOs 6.2H probe failed to detect polymorphism 
between some closely related cultivars. It was derived from the human 33.6 mini
satellite sequence and is probably just one of many minisatellites existing in the rice 
genome. Analysing the same cultivars with additional minisatellite probes of differ
ent consensus sequences and different enzymes will certainly help to detect more 
polymorphisms in narrow gene based rice germplasm.

2.2. Polymorphism among species in the genus Oryza with DAMD-PCR

Two synthetic minisatellite core sequences of 33.6 (GGAGGTGGGCA) and 
rice HVR“ (CTTCCTCCTCCTCCC) were used as primers in DAMD-PCR to 
assess polymorphism among 17 different species in the genus Oryza (Table П). 
Primer 33.6 is derived from the human minisatellite 33.6 [11] and rice HVR“ is 
synthesized on the basis of the sequence of rice probe pOs 6.2H [19]. Fragments 
amplified by DAMD-PCR showed two to nine clearly distinguishable bands using

TABLE П. ACCESSIONS FROM THE GENUS Oryza USED IN DAMD-PCR

IRRI accession No.a Species name Genome constitution

101395 O. alta CCDD
100122 0 . barthii AA
101231 O. brachyantha FF
101422 O. eichingeri CC
102201 O. glaberrima AA
100137 O. glaberrima AA
101405 O. grartdiglumis CCDD
100962 O. latifolia CCDD
100963 O. latifolia CCDD
101378 O. longistaminata AA
100957 O. malampuzhaensis BBCC
101147 O. meridionalis AA
101089 O. minuta BBCC
101508 O. nivara AA
101973 О. nivara AA
100896 О. officinalis CC
103906 0 . punctata BB, BBCC
100821 O. ridleyi Tetraploid
103831 O. sativa f. spontanea AA
100913 R. subulata

a IRRI =  International Rice Research Institute, Manila, Philippines.
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FIG. 2. Fragment patterns o f DAMD-PCR using the rice HVR primer on different species 
o/Oryza. The molecular marker is identified in lane M. Lane 1: O. alta (101395); 2: O. barthii 
(100122); 3: O. brachyantha (101231); 4: O. eichingeri (101422); 5; O. glabemma (102201); 
6: O. grandiglumis (101405); 7: O. latifolia (100962); 8: O. longistaminata (101378); 
9: O. malampuzhaensis (100957); 10: O. meridionalis (101147); 11: O. minuta (101089); 
12: O. nivara (101508); 13: О. officinalis (100896); 14: О. punctata (103906); 15: О. ridleyi 
(100821); 16: О. sativa/, spontanea (103831); and 17: R. subulata (100913). The PCR 
reaction was carried out as described by Heath et al. [18], with an annealing temperature of 
55°C.

the genomic DNA of the different species of Oryza. The number and size of these 
bands depended on species and primer. Since the PCR reaction was at relatively high 
stringencies, DAMD yielded reproducible RAPD like results. In our study, both 
primers produced consistent fragment patterns for the rice species studied.

Figure 2 [18] shows the DAMD fragment patterns with the rice HVR" 
primer. Significant differences were revealed among the 17 species of the genus 
Oryza. Such differences were also observed with the primer 33.6. At least one 
unique fragment could be found for each species analysed. The results demonstrated 
that the DAMD yielded rice species specific banding patterns in the genus Oryza.

Some variation was found between accessions within the species, and among 
individual plants of the same accession (Fig. 3). Different primers revealed different 
degrees of variation within an accession. O. nivara (lanes 13 to 18) showed an 
extreme example of such within population polymorphism with the primer 33.6 in
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FIG. 3. Fragment patterns o f DAMD-PCR using the 33.6 primer on individual plants of 
accessions. The molecular marker is identified in lane M and each o f the other lanes represents 
individual plants. Lanes 1 to 3: O. glaberrima (102201); 4 to 6: O. glaberrima (100137); 
7 to 9: O. latifolia (100962); 10 to 12: O. latifolia (100963); 13 to 15: O. nivara (101508); 
16 to 18: O. nivara (101973); 19 to 21: O. officinalis (100896). There is no amplification in 
lane 13. The PCR reaction was carried out as described by Heath et al. [18], with an anneal
ing temperature of 55°C.

which more than one variant fragment were observed between the two accessions of 
101508 and 101973. At least one polymorphic fragment was found among the 
individual plants of O. nivara. Wang et al. [8 ] reported that 23% of the accessions 
found had within population variation based on 15 RFLP markers. Although we were 
unable to determine exactly the percentage of polymorphic accessions with DAMD 
(because of a limited sampling size), our observations suggested that DAMD-PCR 
with minisatellite core sequences as the primer is sensitive in detecting genetic varia
tion not only between species but also within accessions of the genus Oryza.

It is interesting to note that species classified as having the same genome 
components had more bands in common than with other species. Species with the 
AA genome, which include O. barthii, O. glaberrima, O. longistaminata, O. meri- 
dionalis and O. sativa f. spontanea (Fig. 2, lanes 2, 5, 8 , 10 and 16, respectively), 
all had two similar sized DAMD fragments. An even more striking similarity was 
found among species with the CCDD genome, O. alta, О. grandiglumis and O. lati
folia (Fig. 2, lanes 1, 6  and 7, respectively). Five of the bands were common among 
the three accessions. Although we do not know if the common fragments are ampli
fied from the same loci of different species, our results were consistent with other 
morphometric, cytogenetic and molecular studies on the genus Oryza [3, 8 , 25].

DAMD-PCR amplifies the regions that are rich in minisatellite sequences. 
Because of the highly variable nature of such regions, the amplified fragments could
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be used as informative RFLP markers for genetic analysis. We have isolated and 
cloned several DAMD derived fragments from different rice species. Their sequence 
characterization and genome organization are under investigation. DAMD 
represents an extension of utilizing minisatellite sequences for DNA fingerprinting. 
It is a potentially useful tool for identifying species.

3. CONCLUSIONS

The results demonstrated a new technique for DNA fingerprinting in plants 
which can be useful in breeding programmes. The minisatellite probes could also be 
useful for gene tagging and marker assisted selection if the agronomically important 
traits could be found closely linked to fingerprinting fragments. Although the 
accuracy of this method for estimating the genetic relationship between cultivars 
remains to be determined, it is much simpler and more sensitive for detecting genetic 
variation than other types of genetic marker system. Like other molecular methods, 
DNA fingerprinting has great potential for practical use in plant breeding.
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Abstract

INTEGRATED GENETIC MAPS OF DNA MARKERS AND MUTATIONS AND THEIR 

UTILITY FOR IMPROVING SORGHUM AND MAIZE.
DNA markers and genetic maps will be important tools for direct investigations of 

several facets of crop improvement and will provide vital links between plant breeding and 

basic plant biology. The markers and maps will become more important for increased crop 

production because plant genetics will be required to extend or replace extant management 
practices such as chemical fertilizers, pesticides and irrigation. Despite the importance of the 

sorghum crop, comprehensive genetic characterization has been limited. Therefore, the 
primary goal of this research programme was to develop basic genetic tools for facilitating 

research in the genetics and breeding of sorghum. The restriction fragment length poly
morphism (RFLP) linkage map produced at Iowa State University was created through linkage 

analysis of 78 F2 plants of an intraspecific cross between inbred CK60 and accession 

PI229828. The map consists of 201 loci distributed among 10 linkage groups covering 

1299 cM. Comparison of sorghum and maize RFLP maps revealed a high degree of conserva
tion, as reflected by homology, copy number and collinearity. Examples of conserved and 
rearranged locus orders were observed. The same sorghum population was used to map the 
genetic factors (mutants and quantitative trait loci (QTL)) for several traits, including vegeta
tive and reproductive morphology, maturity, and insect and disease resistance. Analysis of the 

genetic factors affecting plant height, an important character for sorghum adaptation in tem
perate latitudes for grain production, is emphasized. Four QTL for plant height were identified 

in a sample of 152 F2 plants, whereas six QTL were detected among their F3 progeny. These 
observations and assessments of other traits at four QTL common to the F2 plants and their 
F3 progeny indicate that some of these regions correspond to loci (dw) previously identified 

on the basis of alleles with highly qualitative effects. Four of the six sorghum plant height QTL 
seem to be orthologous to plant height QTL in maize. Other possible instances of orthologous 

QTL included regions for maturity and tillering. These observations suggest that conservation 
of the maize and sorghum genomes encompasses sequence homology, collinearity and

* Research carried out in co-operation with the IAEA under Technical Co-operation
Project No. 8494/RB/TC.
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function. The genetic information and technology developed on the basis of DNA markers 
could be used in several facets of breeding, genetics and other basic biological investigations 
of sorghum. DNA markers could be used to eliminate generations of backcross breeding and 

to ensure that the desired germplasm and genes were selected. DNA markers have been used 

to assess large collections of elite sorghum germplasm to determine the degree of genetic 
relationships and genetic diversity. RFLP data seem to portray genetic relationships more 

accurately than methods based exclusively on the co-ancestry coefficient. This information 
provides the basis for more accurate perceptions of genetic relationships and improved 

efficiency of parent selection in breeding programmes.

1. INTRODUCTION

Knowledge of a crop’s genetic architecture will become more important for 
increased crop production because plant genetics will be required to extend or 
replace extant management practices such as chemical fertilizers, pesticides and irri
gation. Such knowledge will include more detailed descriptions of genome organiza
tion, the crop’s gene pools, and the genes and pathways controlling important 
phenotypes. In many instances, DNA markers and genetic maps will be important 
tools for direct investigations of these areas and will provide vital links between plant 
breeding and basic plant biology [1 ].

In terms of cultivated area, sorghum (Sorghum bicolor L. Moench) is the 
world’s fifth leading cereal [2]. Despite the importance of the sorghum crop, com
prehensive genetic characterization has been limited. Therefore, the primary goal of 
this research programme was to develop basic genetic tools for facilitating research 
in the genetics and breeding of sorghum. The specific objectives were: (1) to develop 
a complete genetic linkage map for sorghum based on DNA markers; (2) to identify 
the genetic locations of the genes of interest to sorghum breeding programmes; (3) to 
integrate the sorghum genetic map(s) with maps of allied grass species; and (4) to 
assess the genetic diversity and relationships of sorghum germplasm.

2. GENETIC MAP

Development of a genetic map has become an important component of modern 
plant breeding research. In sorghum, several maps have been developed for various 
objectives by different research groups. These maps are being compared and 
integrated on the basis of probes exchanged among various laboratories [3]. The 
restriction fragment length polymorphism (RFLP) linkage map produced at Iowa 
State University was created through linkage analysis of 78 F2  plants of an 
intraspecific cross between inbred CK60 and accession PI229828 [4]. These parents 
were selected to produce the mapping population for several reasons: (1 ) adequate
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DNA polymorphism; (2) parental difference for resistance to an important insect 
pest, the aphid, Schizapus graminum (greenbug, race E); (3) parental difference for 
resistance to the fungal pathogen, Peronsclerospora sorghi, the causal agent of 
downy mildew; (4) parental divergence for numerous morphological and develop
mental traits (e.g. plant height, flowering and tillering); (5) no known chromosomal 
polymorphisms; and (6 ) presumably, rates and patterns of recombination that were 
more representative of other intraspecific crosses. Selection of this population and 
use of maize DNA probes to detect RFLPs permitted rather efficient collection of 
extensive genetic information for sorghum and the means of relating the information 
to that of maize and other grasses.
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The map consists of 201 loci distributed among 10 linkage groups covering 
1307 cM (Fig. I ) . 1 Presumably, the number of linkage groups correspond to the 
basic chromosome complement of sorghum (n = 10). The RFLP loci were detected 
through hybridizations with probes of maize genomic (52), maize cDNA (124) and 
sorghum genomic (10) clones. Most probes detected a single RFLP locus (172) but 
there was evidence of genomic duplication as many probes (76) detected more than 
one band with a strong signal. However, in this population the additional bands were 
usually monomorphic. Segregation data at 95% of the loci fit the expected ratios for 
an F2 generation of a cross between two homozygous parents. Loci with deviant 
ratios were located predominantly in one region of linkage group B. All the features 
of this initial map have been verified in a second and larger sample from this F2 

population used for mapping quantitative trait loci (QTL) [5].
The maize DNA clones used to construct the maize RFLP maps, and subse

quent mapping of new maize cDNA clones, permitted comparative linkage analysis. 
Maize and sorghum are both diploid (2n = 2x = 20) but the maize nuclear genome 
is three to four times larger than the sorghum genome. Comparison of sorghum and 
maize RFLP maps revealed a high degree of conservation, as reflected by homology, 
copy number and collinearity. Over 60% of the maize clones, genomic and cDNA, 
produce strong hybridization signals with sorghum. Many of the loci linked in maize 
(45 of the 55 tested) were also linked in this sorghum population. Examples of con
served and rearranged locus orders were observed.

3. MAPPING MUTANTS AND QTL

The same sorghum population was used to map the genetic factors (mutants 
and QTL) for several traits, including vegetative and reproductive morphology, 
maturity, and insect and disease resistance. This paper emphasizes analysis of the 
genetic factors affecting plant height, an important character for sorghum adaptation 
in temperate latitudes for grain production. Evaluations of the traits were conducted 
with 152 F2 plants [5] and their F3 progeny [6 ]. Analysis of the F2  plants detected 
four unlinked QTL for plant height, accounting for 63% of the variation. The QTL 
were located in linkage groups А, В, E and H. Positive, additive genetic effects were 
estimated at 15-32 cM and alleles for increased stature were derived from the tall 
parent, PI229828. Tallness was dominant or overdominant at three QTL, whereas 
short stature was dominant at the fourth on linkage group H. Epistasis was evident 
for one pair of QTL on linkage groups A and E. Analysis of the F3 progeny verified

1 cM = centimorgan. Morgan is a unit of relative distance between genes on a chro

mosome. One morgan represents a crossover value of 100%; a crossover value of 1% is a 

centimorgan.
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all the features of the QTL detected in the F2  plants and detected two additional 
QTL for plant height in two other linkage groups, D and F.

Analysis of other traits identified several QTL linked and unlinked to the plant 
height QTL. Two QTL for maturity (number of heat units to flowering) were identi
fied as being linked to two plant height QTL. Regions initially identified as plant 
height QTL were associated with several other traits (from 1 to 10). Only the QTL 
on linkage group E was specific for plant height. Collectively, these data and assess
ments of other traits at the four QTL common to the F2  plants and the F3 progeny 
indicate that some of these regions correspond to loci (dw) previously identified on 
the basis of alleles with highly qualitative effects. These observations and linkage 
relationships will be assessed with sets of near isogenic lines for each of the four dw 
loci.

4. COMPARATIVE QTL MAPPING

On the basis of integrated RFLP maps, the positions and effects of sorghum 
and maize plant height QTL were compared. Four of the six sorghum plant height 
QTL seem to be orthologous to plant height QTL in maize. The putative orthologous 
regions are (sorghum linkage group and maize chromosome) A and the long arm of 
chromosome 1, D and chromosome 5, E and the long arm of chromosome 6 , and 
H and chromosome 9. Regions of the maize plant height QTL also contain genetic 
loci defined by mutants with qualitative effects on stature, such as brl and anl on 
chromosome 1, nal and tdl on chromosome 5, pyl on chromosome 6  and d3 on 
chromosome 9. The effects of some of these maize mutants strongly resemble those 
of the sorghum plant height QTL and dw loci. At least three of these maize loci, anl, 
brl and d3, have been tagged with transposons or cloned by various laboratories. 
These sequences could be used to isolate the related gene from sorghum and further 
assess the degree and nature of conservation between these two genomes.

Comparative QTL analysis identified evidence for several other orthologous 
regions. For example, a region of linkage group A (isu033-isul23) was strongly 
associated with tillering and the production of lateral branches. The log of odd 
(LOD) values were 2.8 and 8.7 in the F2  plants and the F3 families, respectively. 
As indicated by comparative mapping with RFLP loci and QTL for plant height, this 
region of the sorghum genome is most closely related to the long arm of chromosome 
1 of maize. This region of the maize genome is the site of a genetic locus, tbl. The 
mutant phenotype at this locus is characterized by the production of many tillers and 
lateral branches in a manner strongly resembling tillering QTL in sorghum. Other 
possible instances of orthologous QTL included regions for maturity. These observa
tions suggest that conservation of the maize and sorghum genomes encompasses 
sequence homology, collinearity and function, despite their divergence millions of
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years ago and subsequent evolution in different hemispheres with contrasting 
ecogeographical conditions.

5. SORGHUM BREEDING AND GENETICS WITH DNA MARKERS

The genetic information and technology developed on the basis of DNA 
markers could be used in several facets of breeding, genetics and other basic biologi
cal investigations of sorghum. For example, sorghum breeders in temperate regions 
routinely transfer short stature and photoperiod insensitivity from adapted temperate 
inbred lines into exotic (tropical) germplasm through several generations of back- 
crossing. The goal of backcross breeding is to maximize the recovery of the tropical 
germplasm with a growth habit adapted to temperate latitudes and mechanized har
vesting. Once the traits necessary for temperate adaptation have been adequately 
recovered, the converted tropical germplasm may be evaluated in temperate regions 
for traits. Similar programmes are conducted for many crops (e.g. rice, maize and 
wheat), traits (e.g. resistance to diseases and insects, grain quality and male steril
ity), and for diversifying and enhancing gene pools (e.g. adapting temperate germ
plasm to tropical environments and vice versa).

The United States Sorghum Conversion Program [7] has used a backcrossing 
scheme to introduce genes for short stature and photoperiod insensitivity from the 
temperate, adapted parent to the tropical, unadapted parent. According to this 
scheme, adapted segregants are selected on the basis of stature and ability to flower 
at the temperate latitude. Self-pollinated seed from such segregants is selected and 
used to backcross to the recurrent, tropical parent in a tropical environment. This 
backcross generation is self-pollinated in the tropical location and selfed seed is sown 
in the temperate location to identify segregants of appropriate stature and flowering 
response. Typically, four or more cycles of backcrossing, selfing and selection are 
used to convert a tropical parent.

In this instance, DNA markers could be used to eliminate generations of back- 
crossing and to ensure that the tropical germplasm was indeed transferred. For exam
ple, DNA fingerprints of adapted segregants could be determined and used as a 
selection criterion prior to backcrossing. This should be especially effective for 
expediting recovery of chromosome regions from the tropical parent unlinked to the 
genes needed for adaptation to the temperate latitudes. For example, Pereira and Lee
[5] identified short statured, adapted F2  plants with RFLP genotypes closely resem
bling (60-75% over 111 loci) the tall or short parent. By selecting the short plants 
with the greatest degree of resemblance to the tall parent, the backcross conversion 
could be completed in fewer generations. In addition, DNA marker loci could be 
used to minimize linkage drag from the adapted, donor parent in the vicinity of the 
genes affecting adaptation. Through such a scheme, conservation and conversion of
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tropical germplasm would be maximized. Also, breeders would have the greatest 
opportunity of identifying new and valuable genes from exotic germplasm.

6 . ASSESSING GENETIC DIVERSITY IN SORGHUM
BREEDING PROGRAMMES

One consequence of modern agricultural practices, which generally emphasize 
maximum productivity with acceptable quality and uniformity, has been a reduction 
in the genetic diversity of the primary gene pool under cultivation, with similar fates 
for the secondary and tertiary gene pools of most major crops. This trend may be 
exacerbated in crops such as sorghum in which F! hybrid seed is produced using 
cytoplasmic male sterility. Even though the extent of the reduction may be largely 
unquantifiable, it is generally assumed that valuable and irreplaceable genes have 
been lost or ignored, that plant genetic resources have been shrinking at accelerated 
rates, and that crop based agriculture has become more vulnerable to the vagaries 
of climate and associated biotic and abiotic stresses. Undoubtedly, there is con
siderable merit, validity and controversy associated with each point. Facts and 
anecdotes aside, the consequences of a narrow genetic base of major crops have been 
experienced sporadically throughout recent history, often with significant human and 
economic costs. Therefore, an awareness of genetic diversity and management of 
crop genetic resources has been an important component of plant improvement 
programmes.

The foundation of crop based agriculture rests largely on the availability and 
knowledge of extant plant genetic resources in germplasm collections and at succes
sive stages of development in breeding programmes. Specifically, knowledge of 
genetic diversity and the relationships among sets of germplasm, as well as the 
potential merit of genetic diversity, would be beneficial to all phases of crop 
improvement. For example, assumptions regarding the distribution of genetic diver
sity among samples of crop germplasm and relatives have been primary concerns for 
conservation and introgression programmes. Such concerns have been also requisite 
for the efficient search for elusive, unique and favourable allele(s) by plant breeders.

Assessments of the genetic composition of crop germplasm and relatives have 
been, for the most part, conducted on the basis of carefully developed rationale and 
methodology but limited genetic information has derived directly from the plant. 
Historically, inferences have been based on reproductive biology, ecogeographical 
data, morphology, pigmentation, ontogeny, social history, pedigree records, breed
ing behaviour, in situ and ex situ evaluation of agricultural traits, chromosome struc
ture and behaviour, and protein markers (storage proteins, isozymes and other 
anonymous proteins), among others. Each perspective has provided valuable infor
mation and, depending on one’s objectives, might be sufficient. However, the
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progression of perspectives and the continuous preoccupation with issues pertaining 
to genetic diversity suggest that there is opportunity, and need, for improvement.

Of the many facets of DNA marker technology, DNA fingerprinting has been 
the most pervasive application. The attractions of DNA fingerprinting have been its 
increased power of resolution and the potential of absolute objectivity.

Virtually every assemblage of crop germplasm has been characterized by a 
system of descriptors and subsequently organized into categories. Regardless of the 
(de)merits and myths of each system, the resulting order has served a useful purpose 
in crop improvement by providing organization, structure, standards, context and 
direction. These systems have been influential to activities important to the complete 
spectrum of crop improvement — from sampling strategies of germplasm collections 
to registration of cultivars. Given the significance and scope of these activities, and 
the often ambiguous genetic foundations of the organizational systems, periodic 
reviews and revisions have been provoked by advances which promise to elucidate 
and clarify. Such is the situation for DNA markers and plant genetic resources.

The prospects of utilizing DNA marker technology for managing germplasm 
collections has been the subject of a recent and comprehensive review [8 ]. Germ
plasm management is a multifaceted endeavour involving acquisition, maintenance 
and characterization such that the plant genetic resources are conserved and utilized 
for crop improvement. In the long term, maintenance of collections probably 
deserves our greatest attention, since the number of accessions and the difficulties 
of preserving in situ reserves have increased for most crops, while the risks to be 
managed have remained ambiguous, unpredictable and very serious. Maintenance is 
likely to become more difficult as the financial costs of maintaining collections, espe
cially of large, long lived, perennial species, increases. However, the primary con
cerns of plant breeding programmes involve issues of greater significance in the near 
term. Those of most immediate interest to plant breeding programmes involve 
knowledge of the current genetic content of the collections — the acquisition and dis
tribution of genetic diversity among accessions, the relationships of collections (new 
and old) to elite germplasm and the characterization of their potential genetic merit.

There are a number of ways in which DNA markers could improve manage
ment of plant genetic resources for the benefit of plant breeding programmes, and 
ultimately crop improvement. One of the constant tasks of germplasm managers has 
been to assess the degree to which a collection’s gene pool overlaps with those avail
able in nature (estimates) or other collections. Traditionally, this has been accom
plished mostly on the basis of morphological variation in concert with 
ecogeographical information. How effective have these methods been at com
plementing the genetic diversity of extant collections? Critical data are lacking on 
this point for many crops, but the process obviously becomes more difficult with 
larger collections, presumably with fewer and smaller gaps.

Assessments of genetic diversity of elite crop germplasm have been sought and 
used by plant breeders for numerous reasons — genetic relationships, parent selec
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tion, germplasm management and sampling, and germplasm protection, among 
others. Initial investigations have established that DNA markers provide superior 
discriminatory power relative to protein and morphological markers [9], with few 
exceptions. The availability of a repertoire of methods for detecting DNA polymor
phisms suggests that they could be advantageous for allogamous as well as autoga
mous annual crops, which have more restricted primary gene pools.

How do plant breeders assess genetic diversity and relationships among elite 
germplasm? Many of the methods used by germplasm managers have been used by 
plant breeders (e.g. morphology and ecogeographical data). In addition, plant 
breeders often have access to pedigree information, performance records (e.g. com
bining ability, progeny evaluation, selection and breeding history) and inferences 
gleaned from various mating designs. The strength of some of the methods is that 
they are often based on direct assessments of what the breeder needs to know about 
the germplasm. Such methods will be extremely difficult to improve. However, 
some methods and concepts have relied on weak genetic foundations, if any. For 
some plant breeding practices this may constitute a weakness that reduces their effi
ciency. At least some of these deficiencies may be satisfied in part by DNA markers.

One of the most pervasive measures of genetic relationships in elite crop 
germplasm has been Malecot’s coefficient of co-ancestry (/), which provides an esti
mate of the degree of genetic similarity between two individuals [10]. This measure 
estimates the probability that two randomly drawn, homologous genes (alleles) from 
each of two individuals are identical by descent. The measure has been based on 
Mendelian inheritance and probability, and has been calculated under several 
assumptions: (1 ) the absence of selection, mutation, migration and drift; (2 ) regular 
diploid meiosis; and (3) no relationship ( f  = 0) for individuals without verified com
mon ancestors [10]. Several common features of plant breeding programmes have 
represented departures from these assumptions: (a) intense selection; (b) drift due to 
small sample sizes; (c) irregular non-diploid meiosis for some crops; and (d) 
unknown or incorrect pedigree records. Nevertheless, this method of estimating the 
degree of similarity will create information on each generation and has been used 
in crop breeding programmes.

As with any method, DNA based estimates of genetic diversity have inherent 
potential for error and bias. With DNA markers, there has been justifiable concern 
about laboratory techniques, standards and data interpretation. With a few precau
tions, errors can be minimized or be available for further evaluation. Estimates based 
on DNA markers have an upward bias for/, but the bias may be a significant problem 
only for natural populations. Also, estimates of genetic similarity based on the num
ber of DNA fragments in common between two individuals do not necessarily por
tray similarities based on common ancestry; the bands may merely reflect genes 
which are identical in state (i.e. alike in state) and not identical by descent [9]. 
Despite these and perhaps other potential limitations, DNA markers have 
represented a significant improvement in plant breeders’ perception of genetic
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diversity. On the basis of the number of available methods for detecting DNA poly
morphism and relatively comprehensive coverage of the genome, DNA markers 
have become a standard tool for this aspect of plant breeding programmes.

DNA markers have been used to assess large collections of elite sorghum 
germplasm to determine the degree of genetic relationships and genetic diversity 
(Fig. 2) [11]. A set of 58 R lines, mostly from Kafir, and 47 В lines, mostly from

о

FIG. 2. Dendrogram o f the 105 sorghum inbred lines revealed by unweighted paired group 
minimum average cluster analysis o f RFLP based genetic similarity estimates: (□,) R lines; 
and ( О )  В lines [11].
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Zera-zera or Feterita, were surveyed with 104 DNA probes. The RFLP data clearly 
identify two different gene groups of inbred line (pollen versus seed parents of F! 
hybrids; R and В lines, respectively) and document the high degree of genetic 
similarity among members of certain gene pools (e.g. В lines). On average,
3.6 RFLP band patterns per probe were observed for the R lines, whereas only three 
were detected for the В lines. Estimates of genetic similarity based on RFLP finger
prints were 0.67 and 0.76 for the R and В lines, respectively. Cluster analysis of 
RFLP data further divided the R lines into two distinct groups representing deriva
tives from Feterita and Zera-zera.

Similar assessments may be made without DNA markers but the methods 
require extensive pedigree records and generations of breeding. This requires gener
ations of careful record keeping and is based on several assumptions mentioned 
previously. However, there was only a modest positive correlation between esti
mates of genetic similarity based on RFLP data and those based on the co-ancestry 
coefficient (r = 0.46 and 0.43 for related sets of the R and В lines, respectively). 
In this instance, information derived from DNA markers substitutes for the consider
able time and records needed for traditional analysis of pedigrees and lineages. Also, 
RFLP data seem to portray genetic relationships more accurately than methods based 
exclusively on the co-ancestry coefficient.

7. FUTURE TRENDS AND OBJECTIVES

Integration of the sorghum genetic map with those of other species such as 
maize, rice, barley and wheat should permit exchange and mutual exploitation of 
information and materials to expedite advancements in various aspects of basic 
biology and crop improvement. For example, several plant height mutants in maize 
have been tagged or cloned with transposable elements. DNA sequences of these 
genes could be used to isolate the related genes from sorghum. This could permit 
direct assessments and perhaps manipulation of QTL and important phenotypes. 
Likewise, the smaller genome of sorghum, its genetic map and the assemblage of 
valuable phenotypes and mutants could be used to facilitate and complement genetic 
investigations and advances in maize and in other grasses.

Recent developments and advances in several areas such as polymerase chain 
reaction based detection methods of DNA polymorphisms, physical mapping, trans
formation and informatics offer a wealth of genetic information, material and oppor
tunities for crop improvement programmes. The first generations of DNA combines 
(i.e. plot harvesters) have been constructed and are being implemented. While they 
will not replace extant methods of plant breeding, they will under certain circum
stances provide considerable utility and advantages for the pursuit of genetic gain.
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Abstract

USE OF RFLPs TO IDENTIFY GENES FOR ALUMINIUM TOLERANCE IN MAIZE.
The objective of this study was to identify restriction fragment length polymorphism 

(RFLP) markers linked to quantitative trait loci that control Al tolerance in maize. The 

strategy used was bulked segregant analysis, which is based on selecting for bulk bred true 

F2 individuals. The genetic material used consisted of an F2 population derived from a cross 

between Al susceptible (L53) and Al tolerant (L1327) maize inbred lines. Both lines were 
developed in the maize breeding programme of the Centro Nacional de Pesquisa de Milho e 
Sorgo. The relative seminal root length (RSRL) index was used as the phenotypic measure 
of tolerance. The frequency distribution of RSRL showed continuous distribution, which is 
typical of a quantitatively inherited character, with a tendency towards Al susceptible 
individuals. The estimated heritability [(<т̂  — was found to be 60%. This moder
ately high heritability value suggests that, although the character has a quantitative nature, it 
may be controlled by a small number of genes. Those seedlings of the F2 population that 
scored the highest and lowest values for RSRL were subsequently selfed to obtain the F3 
families. These families were evaluated in nutrient solution to identify those that were not 
segregating. On the basis of the results, five individuals were chosen for each bulk. Sixty-five 
probes were selected at an average interval of 30 cM, covering all ten maize chromosomes. 
For the hybridization work, a non-radioactive labelling system, using dig-dUTP and alkaline 

phosphatase, proved to be quite efficient and reliable, resulting in Southern blots with good 

resolution and allowing the membranes to be stripped and reprobed at least three times. 
Twenty-three markers showed a co-dominant effect, identifying 40 RFLP loci that could dis
tinguish the parental inbred lines. These 23 probes are now being hybridized with DNA from 

the two contrasting bulks. Also, a search for other informative markers is being carried out 
to increase genome coverage.

* Research carried out with the support of the IAEA under Research Contract
No. 6998/RB.
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A major constraint to maize production in the tropics is the problem of excess 
acidity in the soils. Oxisoils, which are strongly weathered and generally acidic, 
cover 8 . 1 % of the world’s land area [1 ] and 2 2 % (about 1 . 1  x 1 0 9  ha) of the land 
in the tropical belt of the world, mainly in the savannah regions of South America 
and Central Africa [2]. In Brazil alone, acid savannahs with a low cation exchange 
capacity and high toxic aluminium saturation cover 205 x 106  ha, of which 
1 1 2  x 106  ha are suitable for agricultural production. Oxisoils exhibit major 
mineral deficiencies and toxicity. In most of this area, deficiencies in P, Co, Mg and 
Zn are common, and toxic Al saturation and P fixation by soil particles are usually 
high [3-5].

Most of the maize cultivars available are susceptible to toxic Al in the soil, and 
decreases in yield as a result of Al toxicity have been extensively reported in the 
literature [3-8]. Although technology for topsoil acidity correction is widely used in 
the tropics, there is no easy means of removing the effects of toxic Al in the subsoil. 
Therefore, to exploit the soil in Al rich areas it is important to develop breeding 
programmes aimed at generating Al tolerant cultivars [9]. Maize breeders have iden
tified genetic variability for Al tolerance, and germplasm suitable for selection is 
available [6 , 10-17].

Several techniques based on field and nutrient solutions have been developed 
for screening Al tolerance in maize [13-15, 17]. Although maize breeders have 
traditionally relied on evaluations of soils with high Al saturation, assessments of 
tolerance in nutrient solutions with high Al concentrations have proved to be an 
effective way of complementing field trials. The nutrient solution technique is rapid 
and allows screening of thousands of progeny in small spaces as well as better 
control of environmental variations, which is more difficult to achieve under field 
conditions.

Among the several parameters used to evaluate maize Al tolerance in nutrient 
solutions [11, 12, 18], seminal root growth under high Al concentrations seems to 
be the most reliable. Using this parameter, several authors have shown that the 
character is quantitatively inherited, with a predominance of additive genetic effects 
[13-16, 18]. However, owing to its high heritability, this character is thought to be 
controlled by a small number of genes [19].

Several different mechanisms have been proposed to explain Al tolerance in 
cultivated plants [20-22], but the mechanisms of Al tolerance in maize have not been 
described in detail, and its genetic control is still poorly understood. The advent of 
molecular biology, with all the accompanying techniques for genetic and biochemical 
analyses, has generated hope that the genetic complexity and molecular control of 
Al tolerance in maize can be unravelled. This knowledge would offer help in design
ing better breeding methods for efficient utilization of the existing genetic variability 
for cultivar development.

1. INTRODUCTION
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The quantitative trait loci (QTL) controlling several important agronomic 
characters have been successfully studied with molecular markers, using techniques 
such as restriction fragment length polymorphism (RFLP) and random amplified 
polymorphic DNA (RAPD) [23-26]. However, the commonly used strategies to map 
QTL are laborious and time consuming, and require a large number of individuals. 
Bulked segregant analysis (BSA) is a much more efficient technique for scoring 
molecular markers to specific regions of the genome [27]. This methodology has 
been shown to be very efficient in the study of traits controlled by a small number 
of genes, but it can also be used to study major QTL with great effects on the pheno
type [28]. Taking into consideration previous studies that have reported Al tolerance 
in maize as a quantitatively inherited trait possibly controlled by a small number of 
genes, we chose the BSA strategy to identify the RFLP markers linked to the QTL 
affecting this trait. In this paper, we describe our partial mapping results using 
seminal root growth in nutrient solutions as the parameter for evaluating Al 
tolerance.

2. MATERIALS AND METHODS

2.1. Phenotypic evaluation

The genetic materials used in this study consisted of an F2  population derived 
from a cross between the maize inbred lines L53 and L1327 developed in the maize 
breeding programme of the Centro Nacional de Pesquisa de Milho e Sorgo. L53 and 
L1327 had previously been identified as Al susceptible and Al tolerant, respectively.

Seven hundred and fifty randomly drawn F2  seeds, 100 seeds of the Fj and 
100 seeds of each of the two inbred parents, were germinated for 7 d in rolled paper 
towels moistened with tap water. Six hundred F2  seedlings and 21 seedlings from 
each of the other genetic materials were chosen at random. After measuring the 
initial lengths of the seminal roots, the seedlings were transferred to plastic plates 
(49 seedlings per plate) and grown in a greenhouse for 7 d in 8  L of aerated nutrient 
solution containing 6  ppm Al in the form of KA1(S04 ) 2  [29]. During harvesting, the 
final seminal root length was measured and the plants were returned to the nutrient 
solution. Data relative to the initial and final seminal root lengths were used to calcu
late the relative seminal root length (RSRL) value. The RSRL indices were 
established by determining the values of the final seminal root length (FSRL) minus 
the initial seminal root length (ISRL), and by dividing these values by the ISRL 
(FSRL -  ISRL/ISRL).

The 60 seedlings that scored the highest RSRL values (Al tolerant) and the 
60 with the lowest RSRL values (Al susceptible) were transplanted from the nutrient 
solution to field conditions, grown and selfed to obtain the F3 families. Thirty days
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after planting, the leaf tissue of each F2  individual was collected, frozen in liquid 
nitrogen, lyophilized and stored at —20°C for DNA analysis. Fifty-four of these F3 

families (27 tolerant and 27 susceptible) were grown in nutrient solution using the 
same procedure as that described for F2  evaluation. The objective was to identify F3 

families breeding true for the selected trait (Al susceptibility at one end of the distri
bution, and Al tolerance at the opposite end) for bulking, and to eliminate the heter
ozygous families. The 54 families were distributed in 18 randomized block design 
experiments with three treatments and two replications, making 36 plates each with
49 seedlings. Each replication contained an Fj hybrid in order to estimate environ
mental variance. The genetic variance of each family was calculated from the 
weighted average of the variances estimated from each replication (total variance 
minus environmental variance).

2.2. Probe selection and labelling

The set of RFLP markers used in this study corresponds to PstI digested 
genomic DNA cloned into PUC 19 plasmids, which were obtained from D. Hoising- 
ton of the Centro Internacional de Mejoramiento del Maíz y Trigo, Mexico, and
S. Chao of the University of Missouri, United States of America. These markers had 
previously been shown to identify polymorphism in maize and are available along 
with linkage map data as a public set of maize RFLP probes. Sixty-five probes were 
selected at an average interval of 30 cM in such a way as to cover all the maize 
genomes. 1 These probes were then tested for their ability to identify RFLPs 
between the parental inbred lines (L53 and L1327) when the DNA was digested with 
EcoRI, BamHI or Hindlll.

The probes were labelled via amplification by polymerase chain reaction 
(PCR) using digoxigenin-ll-dUTP (Boehringer Mannheim, Germany). Each reac
tion mixture consisted of 1 X PCR (10 /nL) buffer; 50 /¿M of dNTPs (dATP, dCTP, 
dGTP); 48.7 /¿M of dTTP; 1.25 /¿M of dig-dUTP; 1.6 units of Taq polymerase;
0.2 /¿M of CV72 and CV76 primers; 100 ng of plasmid containing the probe frag
ment; and the final volume was made up to 100 ¡xL with H2 0. Mineral oil (75 /xL) 
was added to the top of each reaction mixture to avoid evaporation during tempera
ture cycling. The amplification cycles were as follows: one cycle at 94°C for 1 min; 
25 cycles at 94°C for 1 min; 55°C for 2 min; and 72°C for 2 min. A final cycle 
of 12°С for 1 min completed amplification. The quality of the amplifications was 
visualized in an agarose gel (0 .8 %) stained with ethidium bromide.

1 cM  =  centim organ. M organ is a unit o f relative distance betw een genes on a chro
m osom e. O ne m organ represents a crossover value o f 100% ; a crossover value o f 1% is a 
centim organ.
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The DNA o f the parental inbred lines and their F] hybrid was purified from 
the lyophilized leaf tissue. The DNA was quantified visually in an agarose gel (0.8%) 
by comparing it with standards o f  known concentration, and then redissolved to a 
concentration o f 1 /¿g//¿L in TE (10 mM Tris, pH8.0; 1 mM EDTA). Approximately
50 ng o f  genomic DNA were digested with each o f  the three restriction enzymes 
using 2.5 units o f enzyme per microgram o f DNA for 12 h. The digested DNA was 
loaded on to a 0.8% (wt/vol.) agarose gel prepared with 1 X  TAE buffer (40 mM 
Tris acetate, pH8.0; 10 mM EDTA) and electrophoresed overnight at 50 V.

The gel was rocked for 1 h in a denaturing solution (0.4 M NaOH; 0.6M  NaCl) 
and then neutralized for 1 h in 0.5M  Tris, pH7.5; 1.5M NaCl. The DNA was trans
ferred from the gel on to a nylon membrane in the presence o f  transfer buffer (1M  
ammonium acetate; 20 mM NaOH) for a period o f 24 h. The membrane was then 
washed in 2 X  SSC for 5 min, in 5 X  SSPE for 10 min, blotted dry and baked at 
9 5 °C for 3 h.

All the membranes were hybridized in sealed plastic bags at 6 5 °C. Prehybridi
zation was performed for 3 h in 30 mL o f hybridization solution (5 X  SSC; 0.1%  
blocking reagent (Boehringer Mannheim, Germany)). Hybridization was carried 
out for 15-18 h in 30 mL o f hybridization solution containing 2400 ng o f  the probe 
previously denaturated for 10 min in boiling water. The membranes were washed 
twice at room temperature in 0.15 X  SSC, 0.1% SDS for 5 min, and three times 
for 15 min at 6 5 °C. The membranes were then incubated in buffer 2 (0 .0 1M Tris- 
HC1, pH7.5; 0.15M  NaCl; 0.1% blocking reagent) for 30 min at room temperature, 
followed by incubation in buffer 2 containing anti-dig antibody conjugated with alka
line phosphatase (1 /aL /15 mL o f buffer 2) for 1 h, washed three times for 10 min 
in buffer 2 (0 .0 1M Tris-HCl, pH7.5; 0 .1 5M NaCl) and once for 5 min in buffer 3 
(100 mM Tris-HCl; 100 mM NaCl; 50 mM MgCl2). The membranes were exposed 
to the substrate for alkaline phosphatase (AM PPD, 10 /nL/mL o f buffer 3) for 1 h, 
wrapped in saran wrap and exposed to X ray films for 15-18 h. The membranes were 
stripped through washes in 2 X  SSC for 10 min at room temperature, 0.2M  NaOH,
0.1% SDS for 10 min at 37°C , 5 min in TE at room temperature, and then stored 
in TE at 4°C  until use.

2.3. Detection of RFLPs

3. RESULTS AND DISCUSSION

The frequency distribution o f  the RSRL values obtained for the F2 population 
is shown in Fig. 1. The mean RSRL values o f the parental inbred lines (L53 and 
L1327) and their F¡ hybrid were 0 .13 , 1.13 and 1.42, respectively, and their vari
ances were 0 .011 , 0 .076 and 0 .176 , respectively. The F2 population showed an 
average o f 0 .688 and a variance o f  0.175. The figure shows continuous distribution,
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which is typical of quantitatively inherited traits, with a tendency towards more sus
ceptible individuals. This is in agreement with the information that tolerance to Al 
is a quantitatively inherited trait.

The environmental variance was estimated from the average of the inbred lines 
and the F! hybrid variances. The estimated heritability [(стр2 ~ was found
to be 60%. This moderately high heritability value indicates that, although the 
character has a quantitative nature, it may be controlled by a small number of genes.

The adjusted mean values and the variance of RSRL obtained for the F2 :F3 

families are shown in Table I. Five individuals from each extreme (highest and 
lowest RSRL values) associated with a low variance were chosen to build two bulks 
of contrasting phenotype (Al tolerant and Al susceptible).

The non-radioactive labelling system using dig-dUTP and alkaline phosphatase 
proved to be quite efficient and reliable, resulting in blots with good resolution and

1 4 0 r

0 . 6  1 . 2  1 . 8  

Relative seminal root length values

FIG. 1. Histogram o f the distribution of RSRL values obtained for the F2 population grown 
in nutrient solution containing toxic Al.
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TABLE I. ADJUSTED MEANS AND VARIANCE OF RSRL OBTAINED FOR 
THE F2:F3 FAMILIES
(Numerals in bold indicate the materials used to build the two bulks) a

F3
families

Average
(RSRL)

Varianceb 
(x 10'3)

F3
families

Average
(RSRL)

Variance
(xlO '3)

1 0.2151 3.20 28 0.2102 13.97

2 0.1555 2.16 29 0.2585 9.67

3 0.1195 0.00 30 0.1486 2.58

4 0.1311 0.48 31 0.5025 4.95

5 0.1281 1.02 32T 0.3543 4.50

6 0.1685 3.77 33 0.1704 5.62

7 0.1141 0.00 34 0.1331 3.15

8 0.1328 0.12 35 0.1094 0.83

9 0.1252 0.74 36 0.2010 7.81

10T 0.2527 14.21 37 0.2366 ‘ 6.26

11 0.1437 5.07 38T 0.2495 12.56
12 0.2264 4.94 39 0.1400 0.33

13 0.1285 1.89 40 0.1169 0.04

14s 0.1421 3.95 41 0.1851 4.85

15 0.1410 0.00 42 0.1723 31.75

16T 0.2002 13.66 43 0.1899 23.96

17 0.1710 0.00 44s 0.1435 0.82
18 0.1510 3.39 45 0.2027 20.67

19 0.3190 39.24 46 0.1596 6.42

20 0.1460 3.72 47s 0.0994 0.00

21s 0.1260 0.00 48 0.1483 0.43

22 0.1930 3.08 49s 0.1005 0.00

23 0.1680 21.36 50 0.1946 5.75

24 0.4290 29.17 51 0.1807 4.28

25 0.1403 0.05 52 0.2349 6.63

26 0.1132 0.73 53 0.1056 25.28

27 0.0947 0.01 54T 0.3708 17.17

a T = tolerant; s = susceptible.

b °C2 = (П| -  1) o q i + (n2 -  l)/(n, + n2 -  2), where n, is the number of plants in 
replication 1; n2 is the number of plants in replication 2; and CTq, and Oq2 are the genetic 
variance in each replication.
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allowing the membranes to be stripped and reprobed at least three times. Figure 2 
shows an example of a Southern blot obtained using the probe UMC 43 labelled with 
dig-dUTP. The enzymes used were EcoRI, Hindlll and BamHI, and the DNA was 
extracted from the inbred lines L53 and L1327 and their F, hybrid.

From the 65 selected probes, 23 showed a co-dominant effect, identifying 
40 RFLP loci that could distinguish the parental inbred lines. The tolerant and sus
ceptible DNA bulks are now being hybridized with these 23 selected probes. Also, 
we are screening additional cDNA and genomic RFLP markers in order to search 
for other informative probes to increase genomic coverage.

u»n f§ m«•ifw# in

1 3 2 7  F1 M W

FIG. 2. Autoradiograph o f the genomic DNA o f inbred lines L53 and L1327 and their 
F i hybrid digested with EcoRI, Hindlll and BamHI and probed with UMC 43 labelled with 
dig-dUTP.
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The F2 (l 5 3 x l i 3 2 7 ) * ^ 3  families were planted in the field to be selfed for three 
more generations in order to obtain recombinant inbred lines. These genetic 
materials will allow us to isolate and study the effect of the QTL identified as being 
involved in the control of Al tolerance.
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Abstract

DETERMINATION OF THE MOLECULAR MARKERS ASSOCIATED WITH THE 
ANTHESIS-SILKING INTERVAL IN MAIZE.

Water stress in maize is a serious problem, especially in tropical and sub-tropical areas. 
A short anthesis-silking interval (ASI) has proved to be a good indicator of drought tolerance. 
A strategy involving closely related maize lines differing principally in ASI has been under
taken in order to determine the molecular markers associated with this character. Parental and 

F2 materials were grown under different water stress regimes in order to assess the morpho
logical differences. DNA samples were also obtained from these materials. Significant differ
ences were found for ASI, grain yield and grain number between the different genotypes, 
suggesting that these materials are adequate for use in molecular marker analysis. Data from 

a survey of parental lines with restriction fragment length polymorphisms and amplified frag
ment length polymorphisms show a total of 58 polymorphic bands between the two lines.

* Research carried out with the support o f the IAEA under Research Contract
No. 7071/RB.
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Mexico, in common with many developing countries, suffers severe problems 
of water shortage. In agronomic terms, 50% of the surface area has a growing season 
of less than 90 days, making it unsuitable for the majority of annual crops and affect
ing more than 7 million hectares used to cultivate maize [1]. Intermittent periods of 
water shortage can have an equally as devastating effect as prolonged drought if they 
occur at critical times in the development of the plant, such as around flower 
differentiation, flowering or grain filling. There are three general strategies for com
bating drought: (1 ) to co-ordinate the growth and rainfall cycles; (2 ) to control 
humidity by irrigation; and (3) to use drought tolerant germplasm. Most maize 
produced by low income farmers in developing countries is grown to take advantage 
of natural rainfall; however, water deficit often occurs, even in the rainy season. If 
this happens at critical stages in growth, large losses ensue. Use of drought tolerant 
germplasm is by far the best alternative for small farmers, allowing them to avoid 
to some extent the problems of intermittent drought. Until recently, few reliable 
physiological or morphological markers were available to indicate the drought toler
ance of the materials under study.

Delayed silking is a commonly observed phenomenon in maize when under 
drought stress around the time of flowering, and this in turn leads to an increased 
anthesis-silking interval (ASI) [2-4]. Long ASI has been strongly correlated with a 
reduction in grain number and yield in different types of material, including lowland 
tropical maize [2], temperate maize [4-6], and hybrids, inbreds and landraces [1]. 
Short or synchronous ASI under drought conditions is therefore a good indicator of 
drought tolerance.

Several reports [5, 7] have indicated the importance of developing pistilate 
spikelets in determining ASI, and this has been correlated with movement of photo- 
assimilate to the spikelet and the rate of ear biomass accumulation [7-9].

Molecular markers associated with ASI would allow evaluation of the potential 
for drought tolerance, even in cases where the humidity cannot be completely con
trolled, and could eventually lead to characterization of the genes involved in the 
physiological processes leading to synchronized ASI under drought stress. To deter
mine such markers, a strategy involving closely related S6  maize lines was devel
oped. Similar strategies have been successfully used to analyse other quantitative 
characters in different species [10-13]. Here, we report on the characteristics of two 
S6  lines of maize differing significantly in ASI but derived from the same S3 popula
tion by single seed descent. These lines, and an F2  population of a cross between 
them, were studied under different water stress regimes in order to determine the 
relationships between ASI, drought stress and yield. The parental lines were also 
surveyed for polymorphism using 1 0 2  restriction fragment length polymorphism 
(RFLP) markers and several amplified fragment length polymorphism (AFLP) 
primer combinations.

1. INTRODUCTION
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2.1. Plant materials

The S6  lines were derived by single seed descent from an S3 population, 
H-353, formed from the cross Tuxpeño X Celaya.

2. MATERIALS AND METHODS

2.2. Field conditions

The experiments were carried out at Celaya, Guanajuato, Mexico, during the 
spring/summer cycle of 1994. The parental H-l (long ASI) and H-2 (short ASI) lines 
and the segregating population F2  were sown at the field station in Celaya under 
different water stress regimes, as outlined in Section 3. The site at Celaya has clay 
soils and is 1680 m above sea level. In this season, precipitation is zero and tempera
tures range from a minimum of 15°C to a maximum of 32°C. Plants were grown 
at a density of 75 000/ha.

The treatments were arranged in split plots, with the large plots as the water 
regimes and the small plots as the genetic materials; a random block design with four 
replicas was used. Evaluation of the dynamics of soil humidity was carried out using 
a neutron disperser for depths of 0-15, 15-30 and 30-60 cm at pre-flowering and 
0-15, 15-30, 30-60 and 60-90 cm at post-flowering.

2.3. Southern blot analysis

Approximately 2.5 g of fresh tissue were used for DNA extraction, following 
the method of Dellaporta et al. [14]. After purification, the DNA was digested with 
the Hindin restriction enzyme and hybridized using standard protocols.

2.4. AFLP analysis

AFLP analysis was carried out with the permission of and using a protocol 
provided by Keygene, Netherlands.

2.5. Statistical analysis

Statistical analysis involved ANOVA, GLM, correlation and regression analy
ses using SAS programs.
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3. RESULTS AND DISCUSSION

3.1. Field

Rainfall was minimal in the period of growth between germination and an- 
thesis, as can be seen in Fig. 1. This allowed determination of the response of the 
materials under the different water regimes. All the materials were irrigated initially 
at planting and individual plots were irrigated at either 15, 30, 45, 60 or 75 days 
after germination. The critical stages in the growth cycle are also shown in Fig.l.

To determine how the parental lines and the F2  population performed under 
different water stress conditions, correlations were made between the water potential 
at flowering and the various morphological characters for the parental H-l and H-2 
materials and the F2  progeny. The results indicated a similar response between H-2

Days after planting

FIG. 1. Levels o f rainfall during the crop growth cycle. (0 = day o f planting; anthesis 
occurred between 91 and 104 days after planting; silking occurred between 100 and 111 days 
after planting; and flower differentiation occurred between 50 and 60 days after planting.)
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FIG. 2. Relationship o f soil water potential at flowering with morphological characters, 
(a) ASI; (b) grain yield; and (c) grain number/ear.
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(short ASI) and F2  materials but significantly different responses for H-l (long 
ASI). Comparisons of the three materials for ASI/water potential, grain 
weight/water potential and grain number/water potential are shown in Fig. 2. 
Interestingly, for the yield related parameters, F2  performed better than either of 
the parents across all the water regimes, suggesting that the long ASI parent also con
tributed genetic components which improved the productivity of the F2  population 
under all the water regimes. In addition, the long ASI parent and F2 did not show 
a significant change in ASI, even under conditions of low water stress, whereas the 
short ASI parent did show a significant variation in ASI, depending on the water 
potential. This result agrees with previous reports where ASI has been shown to 
increase under drought conditions. In general, the differences in the characters ana
lysed are strongly related to genotype and not to the different water regimes used. 
A report by Koester et. al. [12] has shown that molecular markers associated with 
time to flowering in maize were consistent over different locations. The analysis of 
F2  material now under way should indicate if this is also the case for markers 
associated with ASI under different water regimes.

To determine whether there was a correlation between the ASI and the yield 
factors, these criteria were analysed for the three genotypes. The results showed that 
ASI increased as the severity of stress increased. Treatment 5, which involved irriga
tion 15 days after germination and was the condition of strongest drought stress, 
showed the longest average ASI, whereas treatment 2, which received irrigation at 
the most critical periods in the crop life-cycle, showed the shortest average ASI. In 
addition, there was a general correlation between the length of ASI and the yield. 
Shorter ASI was correlated to the increased grain weight and the increased number 
of grains/ear. The results of field analysis of the materials showed that the different 
genotypes behaved as expected in terms of ASI and yield in relation to water stress, 
confirming that they are adequate for determining the molecular markers associated 
with ASI. The increased efficiency of the F2  population over the parental genotypes 
should permit us to determine components from the long ASI parent that are also 
important.

3.2. Laboratory

The two parental lines H-l and H-2 were screened with 102 RFLP probes, 
covering the whole maize genome. The location of these probes is shown in Fig. 3. 
Of the 102 probes, 35 proved to be polymorphic. The polymorphic probes are under
lined in the figure. Six AFLP primer combinations were also tested on the parental 
lines and revealed a total of 23 polymorphic bands. DNA from F2  populations of 
the most extreme (treatment 5) stressed and unstressed regimes are being analysed 
with the polymorphic markers determined.
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Abstract

MARKER ASSISTED BREEDING IN PRACTICE: RFLPs AND SOYBEAN CYST 

NEMATODE RESISTANCE.
Soybean cyst nematode (SCN; Heterodera glycines) is one of the most challenging dis

ease problems of soybeans. Genetic resistance to SCN is complex and involves multiple 
unlinked genes. To identify genes for SCN resistance, four distinct F2 populations and one 

recombinant inbred population segregating for resistance were analysed using restriction frag
ment length polymorphism (RFLP) markers throughout the soybean genome. Among all the 
populations, four independent partial resistant loci were significantly associated with SCN 
resistance. One of these loci, located on the top of linkage group G, behaved as a major partial 
resistance gene and was common in all the populations studied. This locus explained at least 
49% of the total variation in resistance (based on r-square estimates) in one population 

(PI 209332 x Evans) and between 23 and 45 % of the variation in resistance in the remaining 

populations. The locus on G mapped to a specific interval defined by two flanking RFLP 
markers (Bng 173 and Bng 122) approximately 12 cM apart. This information was used to 
characterize 147 F4 and F5 lines in the conventional SCN breeding programme that derived 
from a total of 16 crosses. These lines were assayed in parallel with both greenhouse SCN 

tests and RFLPs in the region of interest on linkage group G. Selection for the resistant parent 
allele on the basis of DNA markers identified lines with, on average, a 43% decrease in the 
SCN index of parasitism. Moreover, marker selection uncovered lines with interesting cross
overs very tightly linked to the SCN resistance gene — crossovers that may lead to lines with 

increased yield, together with high levels of resistance.

* Research carried out in association with the IAEA under Research Agreement
No. 7009/CF.
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1. INTRODUCTION

One of the most exciting applications of DNA marker technology in agriculture 
is in the area of marker assisted selection [1]. If promising lines can be identified 
on the basis of DNA marker genotype, phenotypic assays that are difficult or expen
sive can be eliminated. Gene pyramiding will be simpler and recovery of the 
recurrent parent genome will be faster. Finally, development of varieties carrying 
new genetically complex traits will be much easier.

There has recently been an enormous burst of activity in the area of DNA 
marker mapping in plants. Virtually eveiy economically important crop species now 
has a medium density marker map and hundreds of traits have been mapped in terms 
of nearby restriction fragment length polymorphism (RFLP) or randomly amplified 
polymorphic DNA markers [2]. By contrast, there have been few published reports 
on use of DNA marker technology in practice to create improved varieties.

Soybean cyst nematode (SCN; Heterodera glycines) causes one of the most 
destructive and economically significant diseases of soybean. Yield losses of up to 
5% are attributed to SCN throughout the United States of America [3]. More 
disturbingly, SCN seems to be expanding its range to even more soybean growing 
regions. An obvious strategy for controlling SCN is genetic resistance, which has 
been described in a few soybean plant introductions [4]. However, breeding for 
resistance has been difficult because of the complex and oligogenic nature of 
resistance and the enormous variability found in the nematode. Moreover, most soy
bean varieties with SCN resistance carry a significant yield penalty when planted in 
the absence of nematodes.

Given the importance of SCN and the difficulty in breeding for resistance 
against this disease problem, we have been trying to locate the major genes for SCN 
resistance in terms of tightly linked DNA markers. In the long run, these experi
ments will have a major impact on marker assisted breeding for SCN resistance, 
development of durable resistance strategies to control the nematode and, eventually, 
positional cloning of the underlying resistance genes.

2. MATERIALS AND METHODS

SCN mapping populations were constructed by crossing Evans with the follow
ing sources of SCN resistance: PI 209332, PI 90763, PI 88788 and Peking. Seventy- 
six to 113 F2 individuals, together with their parents, were either grown in the 
greenhouse or in the field and used as sources of leaf tissue for DNA extraction and 
RFLP analysis. Plants were allowed to recover and set F3 seeds, which were saved 
for SCN disease assay. The PI 209332 population advanced to the F5 generation by 
single seed descent to generate a nearly recombinant inbred population. For the 
recombinant inbred population, F5  plants were row planted and used as the source



IAEA-SM-340/59 247

of leaf material for DNA analysis. F6  seeds were bulked from each F5 line for SCN 
analysis.

Breeding lines were derived from crosses between SCN susceptible and resis
tant parents or between two resistant soybean parents. Lines were advanced by modi
fied single seed descent through to the F4  or F5, at which time they were tested for 
RFLP marker genotype in the region of interest on linkage group G and by green
house assay for SCN reaction.

DNA extraction, restriction digests, electrophoresis, Southern blots, hybridi
zation and autoradiography were performed using methods previously described in 
Ref. [5].

A total of 10-12 progeny seedlings (mapping populations) or five seedlings 
(breeding lines) were assayed for SCN resistance using the waterbath method [6 ]. 
Each plant was inoculated 3 days after germination with 2000 SCN eggs of a field 
isolate from Minnesota that behaved as race 3. Soil temperatures were maintained 
at 28°C at a 16 hour day length for 28 days. On day 28, individual plants were 
uprooted and cysts were collected by blasting the roots with pressurized water. The 
total number of cysts from individual plants were counted under a dissecting micro
scope and converted to an index by dividing this number by the total number of cysts 
on the susceptible parent.

To construct linkage maps for the populations, segregation data for all poly
morphic DNA markers were analysed by MAPMAKER II [7]. Putative linkage 
groups consisted of those markers that showed ‘likely linked’ LOD scores greater 
than 3.0 (LOD is defined as the log of odds ratio and is calculated as the log 10 of 
the ratio between the odds in favour of one hypothesis (linked in this case) compared 
with an alternative hypothesis (unlinked)). Marker order was based on multipoint 
‘compare’ and ‘ripple’ analyses, in which the LOD score of the final order exceeded 
that of other orders by more than 2.0. To identify the genomic regions associated 
with SCN resistance, DNA marker data were individually contrasted with SCN 
resistance phenotype and analysed by regression and analysis of variance. A level 
of significance of P < 0.002 [8 ] was chosen to minimize the chances of false 
positives experiment wide. Between 47 and 101 polymorphic RFLP markers were 
analysed for each population.

3. RESULTS

3.1. Genetic mapping of SCN resistance

Analysis of genetic relationships using classical methods has revealed that 
resistance genes to SCN race 3 may be shared among sources of resistance [9]. We 
have demonstrated that a major partial resistance gene for SCN race 3 on linkage 
group G (Fig. 1) [10] is common between PI 209332, PI 88788, PI 90763 and
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Peking using RFLP analysis. This same region has been found to be significant in 
PI 437654 [11] and PI 88287 [12]. This information now provides a basis for marker 
assisted selection and gene deployment strategies in breeding SCN resistant soy
beans. Table I shows the estimated phenotypic effect on SCN disease response that 
can be explained by the partial SCN resistance locus on linkage group G in the 
different populations studied. In the Evans x PI 90763 population, for instance, 
homozygotes for the resistant allele had, on average, a cyst index that was more 
than 0.50 (2 X 0.25) cyst index units lower than that of the homozygous susceptible 
individuals.
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FIG. 1. Genetic linkage map o f the top o f linkage group G of soybean [10]. The interval 
containing the most likely location o f the SCN resistance locus is shaded. Markers with the 
prefix A, К or L are from soybean, Bng from Phaseolus vulgaris, and m from Vigna radiata.

TABLE I. PARTIAL SCN RESISTANCE LOCUS ON LINKAGE GROUP G IN 
VARIOUS MAPPING POPULATIONS

Mapping population 

(X Evans)
Per cent 
variation

Phenotypic
effect

d/aa Probability

209332 (F2) 44.6 -0.20 -0.04 <0.0001

209332 (RIL)b 48.6 -0.18 -0.03 <0.0001

90763 44.8 -0.25 -0.08 <0.0001

88788 30.0 -0.17 -0.23 <0.0001

Peking 22.5 -0.16 -0.58 <0.0001

a The ratio of dominance to additivity: 0 indicates complete additivity; 1 indicates completely 

dominant; —1 indicates completely recessive. 
b RIL = recombinant inbred line.
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Now that we have identified this major partial SCN resistance locus, efforts 
are being directed to further characterizing and isolating this genomic region. At the 
beginning of our work, the public RFLP map of soybean contained only two markers 
within 20 cM of the putative SCN resistance locus [10] . 1 Using comparative 
genome mapping between G. max and its relatives, Vigna radiata and Phaseolus 
vulgaris [13], we uncovered several new markers that are tightly linked with SCN 
resistance in soybean, with the closest markers being Bngl73 and Bngl22 (Fig. 1). 
Using comparative genome analysis, eight additional markers that originally came 
from Phaseolus have been mapped to the region of interest in soybean. Experiments 
are now under way using pulse field gel electrophoresis to construct a high resolution 
map of the G region as a starting point to cloning this major partial resistance gene 
based on its genetic map position.

3.2. Marker assisted breeding for SCN resistance

Since the locus on linkage group G controls such a large proportion of SCN 
resistance variation, it is possible that selection for tightly linked DNA markers 
would be effective in a breeding programme. With this in mind, 147 F4  and F5 lines 
derived from 16 distinct soybean crosses were analysed. A total of four original 
sources of SCN resistance were represented in these crosses: Peking, PI 88788, 
PI 209332 and PI 437654. These F4  and F5 breeding lines were among many 
hundreds in the ongoing, conventional breeding programme for SCN resistance at 
the University of Minnesota. The logic of the experiment was to compare greenhouse 
results with predictions based on DNA marker genotype. Thus, all 147 lines were 
analysed with RFLP markers Bngl73 and Bngl22 in parallel with greenhouse assays 
for SCN reaction.

The results strongly supported those of the mapping analyses. Of all the 
advanced breeding lines tested, those homozygous for the resistant parent’s allele 
exhibited an SCN index of 0.28 ± 0.04, while lines homozygous for the susceptible 
parent’s allele had an SCN index of 0.71 + 0.08. Thus, the results with advanced 
breeding lines parallelled those of the mapping populations closely. Breeders 
generally use a cut-off of 0.30 for moderate SCN resistance in selecting plants for 
advancing or crossing. By this criterion, use of the RFLP markers accurately 
predicted SCN reaction 73% of the time (ignoring lines still heterozygous for the 
RFLP markers). Selecting against lines that carried the susceptible marker allele 
would have uncovered 50 of the 61 lines found to be resistant in greenhouse assays 
and eliminated 40 of the 6 6  lines found to be susceptible in the greenhouse.

1 cM = centimorgan. Morgan is a unit of relative distance between genes on a chromo
some. One morgan represents a crossover value of 100%; a crossover value of 1% is a 
centimorgan.
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These results suggest that genetically complex disease resistance, such as SCN 
resistance in soybean, can be dissected through use of DNA markers and that mar
kers can provide a basis for selection in breeding programmes. However, the results 
also indicate the challenges that will be faced when using marker assisted selection 
for complex characters. Despite the relatively high proportion of variation in SCN 
resistance explained by linkage group G (approximately 50% of total variation), a 
substantial fraction of ‘susceptible’ plants was retained if lines were selected only on 
RFLP genotype. For a trait such as yield, progress of only a few per cent would be 
highly desirable, but for a trait such as SCN resistance, a decrease of more than 70% 
in cyst infection is required by breeders. To be of practical use, it will be necessary 
to uncover other marker loci that explain the remaining variation in SCN resistance. 
Alternatively, it will be necessary to accelerate and simplify the marker assay to the 
point that selection with the markers on linkage group G would be as cost and time 
effective as a preliminary screen that is followed by greenhouse assays on the 
selected lines. In any case, markers may still prove useful by uncovering relatively 
rare recombinants near the resistance locus, thereby minimizing linkage drag and its 
potential negative effect on yield. Markers may also be valuable by enabling breeders 
to deploy SCN resistance alleles in the most durable strategy possible.

4. DISCUSSION
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Abstract

IDENTIFICATION OF DNA MARKERS LINKED TO A BLAST RESISTANCE GENE IN 

RICE.

Identification of DNA markers closely linked to a blast (Pyricularia oryzae Cav.) 
resistance gene and establishment of an indirect selection method for the blast resistance gene 
based on linked DNA markers are reported. A pair of near isogenic lines, K80R and K79S, 
were developed using a local Chinese indica rice cultivar, Hong-jiao-zhan, as the resistant 
donor and IR24 as the recurrent parent. Ten putatively positive markers were identified by 

screening 177 mapped DNA markers. Using 143 plants composed of the F2 population of 
K80R/K79S, three restriction fragment length polymorphism (RFLP) markers (RG81, RG869 

and RZ397) on chromosome 12 of rice were verified to be closely linked to the blast resistance 

gene. The resistance genotypes of each F2 resistant individual were determined by inocula- 
.tion of the F3 lines. RG869 was found to be most closely linked to the resistance gene, with 

a genetic distance of 5.1 cM. To fine map this gene with more DNA markers, the bulk segre
gation analysis procedure was employed to identify the random amplified polymorphic DNA 

(RAPD) markers linked to the resistance gene. Six of 199 arbitrary primers were able to 
produce positive RAPD bands. Tight linkage between the resistance gene and the three RAPD 

bands, each from a different primer, was confirmed after amplification of the DNA of all the 
F2 individuals. The linked DNA fragments were cloned and sequenced. The results of 
specific amplification were in agreement with those of RAPD analysis. The half-seed RAPD 

analysis procedure for blast resistance detection was established. The amplified DNA patterns 
of the extract from the endosperm half of the mature seeds were identical to those of the total 
DNA from the leaves.

1. INTRODUCTION

Rice blast, caused by Pyricularia oryzae Cav., is generally considered to be 
the most important disease of rice because of its worldwide distribution and because 
of the severe loss in yield that it may cause. Growing resistant varieties has been the

* Research carried out with the support of the IAEA under Research Contract
No. 6999/RB.
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most economical and effective way of controlling this disease. Unfortunately, blast 
resistance in rice varieties can be lost soon after large scale cultivation because of 
the development of new races or pathotypes of the pathogen. Breeding varieties with 
multiple resistance genes or a series of isogenic lines with different resistance genes 
(i.e. multilines) has been suggested as a solution to the problem [1, 2]. However, 
the reaction of different resistance genes to races of the pathogen may be similar, 
and identification of blast resistance through inoculation with the fungus can be 
greatly limited by the plant developmental stages and the environmental factors. 
Conventional ways of identifying host resistance are not always helpful for rice 
breeders in determining whether different resistance genes have been integrated into 
a given line or a series of multilines.

On the other hand, indirect selection based on tightly linked genetic markers 
seems to be more promising in pyramiding the resistance genes. This relies on 
exploitation of the tightly linked markers and establishment of a convenient and low 
cost detection procedure. Development of DNA restriction fragment length polymor
phism (RFLP) and random amplified polymorphic DNA (RAPD) techniques has 
provided powerful tools for mapping the genes of interest [3, 4]. We report on the 
progress made with identification of DNA markers closely linked to a blast resistance 
gene and establishment of an indirect selection method for the blast resistance gene.

2. MATERIALS AND METHODS

2.1. Plant materials

A pair of near isogenic lines (NILs), K80R (resistant to the rice blast) and 
K79S (susceptible to rice blast), were developed. The resistance donor used was a 
Chinese local indica cultivar, Hong-jiao-zhan, which is well known for its wide 
spectrum and durable resistance to blast. The recurrent parent was an indica cultivar, 
IR24, from the International Rice Research Institute (IRRI), Manila, Philippines. 
The pair of NILs were the product of three backcrosses followed by nine generations 
of selfing.

Seeds of Hong-jiao-zhan, IR24, K80R and K79S were kindly provided by 
Z. Shen and Z. He of the Zhejiang Agricultural University, Hangzhou, China. An 
F2 population of K80R/K79S (150 plants) was grown at the China National Rice 
Research Institute in 1992. Bagged seeds from each F2 plant were harvested. The 
F3 population, with 12 plants/line, was grown in 1993. All the plants of the F2 and 
F3 populations were inoculated by injecting spores of the race ZB1 of Pyricularia 
oryzae Cav. into the emerging leaf sheaths of the plants at the tillering stage. Evalua
tions based on the IRRI’s 0-9 scale were made 1 week after inoculation. The DNAs 
of each F2  individual as well as the four parental lines were extracted.
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2.2. RFLP probing

Total DNA extraction, restriction endonucleases digestion, electrophoresis and 
Southern analysis were performed as described previously [5, 6 ]. Seven restriction 
endonucleases (ВатШ, Dral, EcoRl, EcoKV, Hindlll, Haell I and Xbal) were used 
for digestions of the total DNA. After co-segregation of RG81 and when blast 
resistance was discovered, an additional 14 enzymes (Pstl, Apal, BsrEII, Kpnl, Cfol, 
Hpal, Seal, BgH, HinClI, Alul, BstNI, Hinfl, Rsal and TaqI) were used for the 
flanking markers.

The RFLP probes were selected from the Cornell map [7, 8 ] at approximately 
15 cM intervals. 1 Later, additional markers were used to fill in the gaps in cover
age. Altogether, 177 probes were used. All the clones were from S.D. Tanksley’s 
laboratory at Cornell University, Ithaca, United States of America.

Probe/enzyme combinations detecting polymorphisms between the donor and 
the recurrent parents were used to analyse the NILs. If a putatively positive result 
was obtained, the probe was examined to see if it со-segregated with blast resistance 
in the F2 population.

2.3. Composition of isogenic DNA pools and RAPD analysis

Equal quantities of the DNAs from ten homozygous resistant F2  individuals 
were mixed to construct a resistant pool (R pool), while those from ten homozygous 
susceptible F2 individuals were mixed to construct a susceptible pool (S pool). They 
were then diluted to 10 ng//iL. RAPD analysis was performed as described previ
ously [9], except that the Taq polymerase was from the Perkin-Elmer Corporation, 
Danbury, USA, and the polymerase chain reaction (PCR) buffer contained 
10 mmol/L of Tris-HCL, pH8.0, 50 mmol/L of KC1 and 2.0 mmol/L of MgCl2.

Primers generating the polymorphic RAPD bands between the two pools were 
used to analyse their co-segregation with blast resistance in the F2 population.

2.4. Specific amplification

The RAPD fragments that со-segregated with blast resistance were cloned and 
sequenced. A primer was designed for specific amplification. In comparison to the 
RAPD analysis described in Section 2.3, the temperature profile was changed as 
follows: 93.4°C for 1 min, 52.5°C for 1 min and 72°C for 1 min; 35 cycles of the 
three steps were performed.

1 cM =  centimorgan. Morgan is a unit o f relative distance between genes on a chro
mosome. One morgan represents a crossover value of 100%; a crossover value o f 1% is a
centimorgan.
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2.5. RAPD analysis using half-seed DNA

The half-seed DNA was prepared following the method of Chunwongse 
et al. [10], with minor modifications. Each seed was cut in half. While the embryo 
half was retained for germination, the endosperm half was immersed in 50 /xL of 
PCR buffer, and 5 ¡xL of proteinase К (10 mg/mL) was added. The tubes with 
half-seed were inoculated at 50°C for 1.5 h. After being centrifuged briefly, they 
were boiled at 100°С for 5 min and then again centrifuged. Each 5 (iL extracted was 
taken for PCR.

2.6. Linkage analysis

The computer program M АРМ AKER [11] was used for linkage analysis. The 
distances between markers were measured in centimorgans using the Kosambi 
function [1 2 ].

3. RESULTS

3.1. Screening of putatively positive RFLP markers

Of the 177 RFLP probes tested, 75 were polymorphic between the donor and 
the recurrent parents. They were then used to search for polymorphisms between the 
two NILs. The majority produced identical restriction fragment patterns for the 
recurrent parent and both the NILs (Fig. 1). One clone, RG570, had an identical pat
tern for the donor parent and both the NILs. These clones could not be used, since 
polymorphism does not exist between the two NILs. Another clone, RG653, showed 
a pattern in which the donor parent and the susceptible NIL had the same banding 
pattern, while the recurrent parent was similar to the resistant NIL. This clone could 
not be linked to a resistance gene.

Other probes produced identical patterns for the donor parent and the resistant 
NIL, and another produced identical patterns for the recurrent parent and the sus
ceptible NIL. These so called putatively positive markers would be more likely to 
be linked to resistance genes. Initially, eight putatively positive clones were found. 
After additional flanking probes and more enzymes were used, two more positive 
clones were found, raising the total to ten.

3.2. Verification of linkage and estimation of map distance

Most of the F2  plants showed extreme responses to inoculation with conidial 
suspensions. One hundred and ten plants scored 0-1 (highly resistant) and 33 plants 
scored 7-9 (highly susceptible) to the race ZB1, fitting a 3:1 ratio, as expected, when
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FIG. 1. Autoradiograms derived from hybridizing RFLP markers on to DNA from Hong-jiao- 
zhan (DP), IR24 (RP) and NILs K80R and K79S, showing three different types o f negative 
result (RG780, RG570 and RG653) and one putatively positive pattern (RG81). X is the 
molecular weight o f marker X/Hind///. Lanes 2-5: RG780/EcoRV — both NILs contain the 
RP fragment; lanes 6-9: RG570/EcoRV — both NILs contain the DP fragment; lanes 10-13: 
RG653Æ)rsJ — K80R contains the RP fragment and K79S contains the DP fragment; 
lanes 14-17: RG81/DtiJ  — K80R contains the DP fragment and K79S contains the RP 
fragment.

resistance was controlled by a single dominant gene (x2  = 0.33, P = 0.50-0.75). 
Co-segregation of blast resistance with putatively positive markers was then tested 
using 143 plants.

Most of the putatively positive clones were false positive, which is not surpris
ing, since the NILs used were the products of only three backcross generations. 
However, a greater number of backcrosses does not always eliminate chromosome 
segments from the donor parent, since they are not linked to the gene being 
selected [13].

RG81 was the first clone found to be linked to blast resistance in this study, 
but all the DNA markers near RG81 were monomorphic between NILs, with seven 
restriction enzymes. After an additional 14 enzymes were used, RG869 and RZ397 
were found to be polymorphic between NILs and showed close linkage to the 
resistance gene. RG81 and RZ397 were completely co-segregated.

The resistance genotypes of the F2  individuals were identified using the F3 

population, but of a total of 143, only 85 were verified. Map distances were esti
mated on the basis of the data of 85 individuals (Fig. 2). The gene for resistance to 
race ZB1 of Pyricularia oryzae Cav. was tentatively named P i-ll(t).
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FIG. 2. Linkage map o f chromosome 12 o f rice for the region near the blast resistance gene.

3.3. Identification of tightly linked RAPD markers

Of the 199 10-mer arbitrary primers screened, six fragments, each generated 
by a different primer, were found to be polymorphic between the two pools (present 
in the R pool and absent in the S pool). After amplification of the DNA from the 
two isolines and a subset of F2 individuals, linkage between the resistance gene and 
the three RAPD bands (1.3 kb fragment produced by primer P622, 0.56 kb fragment 
by primer P265 and 0.35 kb fragment by primer P286) was confirmed. Complete 
co-segregation of the RAPD markers and blast resistance was detected against all 
143 F2 individuals, indicating tight linkage of these three markers and the blast 
resistance gene.

Amplification of the DNA from the half-seed of the two isolines and a subset 
of the F2  individuals was also made. The band patterns from the half-seed DNA 
were identical to those from the leaf DNA.

3.4. Transfer of RAPD markers to specific PCR markers

The three fragments were cloned and used as probes to analyse the RFLPs of 
the F2  individuals. The 1.3 kb and 560 bp fragments were found to contain repeat 
sequences. The 350 bp fragment was found to contain a single copy sequence and 
to detect zero alleles in the susceptible individuals. The results of RFLP analysis 
using the clone of the 350 bp fragment were in agreement with those of RAPD 
analysis.

Clones of the 560 bp and 350 bp fragments were sequenced. Primers were 
designed on the basis of the respective sequences. Specific amplifications of the 
DNA from the two isolines and all 143 F2  individuals were made for the 560 bp 
fragment. A 560 bp fragment was observed for all the resistant but none of the 
susceptible individuals, matching the results of RAPD analysis. Moreover, the 
difference between the resistant and the susceptible individuals can be much more 
easily scored in specific amplification than in random amplification (Fig. 3).
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FIG. 3. Segregation o f the 560 bp fragment in the F2 population, (a) RAPD analysis. 
Lane 1: K80R; lane 2: K79S; lanes 3-10: resistant F2 individuals; lanes 11-18: susceptible 
F2 individuals. M is the 1 kb ladder (Bethesda Research Laboratories, Gaithersburg, USA), 
(b) Specific amplification. Lanes 1-14: susceptible F2 individuals; lanes 15-19: resistant F2 
individuals; lane 20: K79S; lane 21: K80R. M is the 1 kb ladder (Bethesda Research Labora
tories, Gaithersburg, USA).

4. DISCUSSION

The RFLP technique has proved to be very useful for gene mapping. However, 
the time consuming and labour intensive nature of RFLP analysis limits its applica
tion in breeding practice. On the other hand, RAPD markers are technically simple 
and require less detection time. While retaining the advantage of RAPD markers, 
specific PCR markers can overcome the instability of RAPD markers, providing a 
feasible tool for marker assisted selection.

Several RFLP and RAPD markers tightly linked to a blast resistance gene were 
identified in the present study. The successful transfer of RAPD markers to specific 
PCR markers, together with the simple half-seed DNA extraction approach, has 
proved to be a promising prospect for using DNA markers in rice breeding pro
grammes. However, the PCR markers identified here can only distinguish suscepti
ble from resistant individuals, but are not able to distinguish between homozygous
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and heterozygous resistance. Fortunately, having surveyed more indica rice culti
vars, we found that our specific PCR marker can generate a different DNA fragment 
from many commercial rice varieties in China, compared with the fragment from 
Hong-jiao-zhan. We are going to check whether the specific PCR will work properly 
in the populations of crosses using Hong-jiao-zhan as one parent and commercial 
indica rice varieties as the others.
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Abstract

GENERATION AND APPLICATION OF VNTR DNA MARKERS TO FRUIT TREES.
Multilocus and single locus variable number of tandem repeat (VNTR) DNA markers 

have been used to identify individuals and races as well as to detect genetic linkage with genes 
coding for the traits o f interest. Multilocus VNTR markers are advantageous for identification, 
while single locus markers are suitable for linkage analysis. DNA fingerprint information was 
used to identify mango cultivars and to analyse the genetic relatedness o f 20 mango cultivars. 
Individual specific patterns were obtained for each cultivar and the probability of obtaining 
a similar pattern for two different cultivars was found to be 9.4 X 10"6. Individual specific 
patterns were also obtained for the Carica species and for the tomato and avocado cultivars. 
Evolutionary trees, based on genetic distances, were established for mango cultivars, for 
tomato cultivars and accessions, and for several Persea species and avocado races. Genetic 
analyses aimed at detecting allelic and linked bands were carried out using VNTR multilocus 
probes in the family structures of avocado and mango. Using this tool, a very high level of 
heterozygosity was detected in these loci in avocado. By applying several methodologies of 
linkage analysis, a specific avocado DNA fingerprint band (p8) was identified as being geneti
cally linked to a gene coding for avocado fruit skin colour. The complexity of linkage analysis 
of the multiband pattern led us to generate simple sequence repeat (SSR) single locus DNA  
markers to identify linkage with the traits o f interest in avocado. Because o f their characteris
tics, these SSRs are the markers of choice for human geneticists. The generation scheme for 
SSR markers, as well as their evaluation, are presented. The avocado SSR markers are now 
being mapped.

* Research carried out in association with the IAEA under Research Agreement
No. 7423/CF.
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1. INTRODUCTION

The important characteristics of good DNA markers include a high level of 
polymorphism, abundancy in the genome, reliability, co-dominant inheritance, ease 
of management and low cost. Restriction fragment length polymorphism (RFLP), the 
first class of DNA markers [1], is characterized by most of the above, except that 
it has a low level of polymorphism. Random amplified polymorphic DNA 
(RAPD) [2, 3] is abundant and easy to manage but is of low polymorphism, not very 
reliable and dominantly inherited.

Variable number of tandem repeat (VNTR) multilocus DNA markers [4, 5] are 
characterized by the above mentioned criteria, except that they generate multiband 
patterns that are very suitable for identification purposes but not appropriate for link
age analysis. Simple sequence repeat (SSR) DNA markers [6 ] are the markers of 
choice for human geneticists because of their characteristics. Their main disadvan
tage is the high cost of generation and typing.

DNA markers are being used for identification, genetic analysis and improve
ment of breeding projects. Identification is used to protect the rights of breeders and 
to solve horticultural dilemmas. Genetic analysis includes identification of allelic and 
linked bands, drawing of evolutionary trees on the basis of genetic relationships, 
assessment of heterozygosity and study of the genome. Improvement in breeding 
programmes is based on marker assisted selection (MAS), which decreases the 
number of backcross generations needed for gene introduction and the physical 
isolation of genes [7].

The results from avocado, mango, tomato and papaya are presented to demon
strate use of DNA markers for the various applications described above.

2. MATERIALS AND METHODS

2.1. DNA isolation

DNA was isolated from very young leaves, as described by Murray and 
Thompson [8 ], with the following modifications. The extraction buffer consisted of 
2% cetyltrimethyl ammonium bromide (СТАВ); 0.1M Tris-HCI, pH8 ; 0.02M 
ethylenediamine tetra acetic acid (EDTA); 1.4M NaCl; and 1% 2-mercaptoethanol. 
Chloroform extractions were carried out three times and two volumes of precipita
tion buffer were added to the final aqueous phase. The precipitation buffer comprised 
1% СТАВ; 0.05M Tris-HCI, pH8 ; 0.01M EDTA; and 1% 2-mercaptoethanol. The 
nucleic acids were dissolved in 1M CsCL, precipitated with ethanol, and redissolved 
in TE (10 mM Tris-HCI, pH8 ; 1 mM EDTA). These additional extractions were 
made with phenol, phenol-chloroform and chloroform. The DNA was precipitated 
with ethanol and dissolved in TE.
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2.2. DNA fingerprinting

Ten micrograms of DNA with Hinfl restriction endonuclease were used 
according to the manufacturer’s recommendations (New England Biolabs, Beverly, 
United States of America). Electrophoresis was carried out on a 20 cm long 0.8% 
agarose gel in TBE (0.045M Tris borate, pH8.0; 0.001M EDTA) at 1.5 V/cm for 
40 h. The gels were Southern blotted on to Hybond N+ membranes (Amersham 
International, Amersham, United Kingdom). Lambda Hindlll fragments (Biolabs) 
served as the size markers [9].

The membranes, hybridized to double stranded probe 22.3, which is a 2 kb 
probe that includes probe R18.1 [10], were labelled with 32PdCTP by random prim
ing [11]. Prehybridization and hybridization were carried out at 65°C for 3-5 h and 
16 h, respectively, in 0.263M Na-phosphate buffer with 7% sodium dodecyl sulphate 
(SDS), 1 mM EDTA and 1% bovine serum albumin (BSA).

The membranes were washed with 0.263M Na-phosphate and 1% SDS for 
20 min, then twice with 2x saline citrate (SSC) and 0.1% SDS for 20 min each, 
and twice with 1 x SSC and 0.1% SDS for 20 min each. Washes were carried out 
at 65°C. The membranes were autoradiographed for 1-10 d at -80°С with inten
sifying screens.

2.3. Avocado genomic library

The DNA fragments of Pinkerton, 300-600 bp in length and obtained by diges
tion with Sau3AI, were cloned in pBluescript П KS + and transformed to the E. coli 
Inv-a strain. The white colonies were placed on microtitre plates containing LB 
medium and ampicilin, and stored in glycerol. The colonies were stamped on to 
Hybond N + membranes, grown, lysed, denatured and neutralized. The membranes 
were hybridized to 3 2 P-7 -dCTP synthetic oligonculeotides (A, CT, GT, TCC, 
TCT, CAA, CAC, GATA, GACA or GGAT). For sequencing and primer selection, 
plasmic DNA was isolated from the positive clones. Sequencing was performed on 
an ABI373 DNA sequencer using modified KS or SK primers. Clones that contained 
SSR were analysed using the primer detective software and primer program to select 
those primers that flank the SSR and produce polymerase chain reaction (PCR) 
products between 100 and 200 bp in length. The primers were synthesized on an ABI 
DNA synthesizer.

2.4. SSR typing

PCR amplification was performed in a total volume of 10 /¿L containing 30 ng 
DNA; 1.5 mM Mg2+; 0.15 piM of each nucleotide; 200 pg/ptL BSA and 0.1 /¿L of
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3000 Ci/mmole <*3 2 PdCTP. 1 1 x Taq buffer (containing 50 mM Tris HC1, pH9; 
and 0.1% Triton X 100), 1 unit Taq DNA polymerase (Promega) and 30 /¿L of 
mineral oil were dripped on to the top of the reaction. The reaction was prewarmed 
to 95° С for 30 s; the cycles consisted of dénaturation at 95° С for 15 s, annealing 
at 45°C or 50°C (depending on the primers) for 25 s and 1 min of extension at 72°C. 
Thirty-two cycles were carried out, followed by further extension for 2 min. Three 
microlitres of the PCR reaction were loaded on to a DNA sequencing gel containing 
6 % polyacrylamide, 8 M urea and 1 x TBE at 50 W for 3-4 h. The gels were dried 
and exposed overnight to X ray film.

The alleles were determined by analysing 60 offspring of a cross between the 
female parent Pinkerton and a pollen donor, Ettinger.

3. RESULTS

3.1. Individual identification

The DNA fragments detected by probe 33.6 were the most polymorphic. The 
DNA samples digested with Hindlll had an average of five specific bands and an 
average of 55% band sharing (BS) between mango cultivars. Digestion of genomic 
DNA with Dral resulted in an average of seven specific bands and 52% BS. The 
probability of two unrelated cultivars and rootstocks having the same pattern was
8  X 10- 6  for the cultivar analysed and 1.2 X 10~ 5 for the rootstocks. The micro
satellites (GGAT and GATA) showed lower levels of polymorphism (75-86% BS)
[12]. The BS level among the avocado cultivars varied between 59 and 63 %, depend
ing on the probe [9]. The levels of BS among the Carica papaya cultivars varied 
between 65 and 92%, while among the nine different Carica species it varied 
between 29 and 56% [13]. In tomato, the BS levels varied between 50% and close 
to 1 0 0 %, depending on the genetic relatedness of the cultivars analysed.

3.2. Genetic relatedness

The genetic relatedness between cultivars and races was estimated on the basis 
of the similarity existing between the band patterns. This information was analysed 
using Evoltree and PAUP software to create the evolutionary trees. Such genetic 
relationships were established for mango cultivars, for tomato cultivars and 
accessions, and for several Persea species and Persea americana races (Fig. 1).

1 1 Ci = 3.70 x 1010 Bq.



IAEA-SM-340/126 269

FIG. 1. DNA fingerprints o f  Mexican avocado cultivars. The genomic DNA was digested with 
Hinfl and hybridized to probe 22.3. The lanes are as follows: (1) Azul; (2) Shiller 1; (3) Banos; 
(4) Gainsville; (5) Guayabamba; (6) Agióla; (7) Teziutlan; (8) KM145; and (9) Aquila 1.

3.3. Genetic analysis

Genetic analysis aimed at detecting allelic and linked bands was carried out 
using VNTR multilocus probes in the family structures of avocado and mango. In 
avocado, among the paternal polymorphic bands one pair of bands was found to be 
obligatory linked and another to be allelic to one of the two linked bands. In the case 
of mango, no pair of bands was found to be completely linked and no band was found 
to be allelic to another band [9, 12].
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The level of heterozygosity was estimated in avocado using both VNTR 
multilocus probes and SSR single locus probes.

Analysis of the multilocus probes was carried out on progeny of the cultivars 
Pinkerton, Ettinger, Bacon, N-151, Anaheim, Horshim, Tova and Sharwill. A band 
was identified as homozygous in the parent if it was genetically transmitted to all the 
progeny. The level of heterozygosity of these loci in the various cultivars varied 
between 90 and 100% (Table I).

TABLE I. LEVEL OF HETEROZYGOSITY ESTIMATED BY A 
MINISATELLITE PROBE

Cultivar
No. of 

fragments analysed
No. of 

heterozygous fragmentsa
Level o f heterozygosity 

(%)

Pinkerton 13 13 100
Ettinger 10 10 100
Bacon 8 8 100
Regina 20 18 90

Benik 18 17 94

N-151-2 7 7 100
Anaheim 10 10 100
Horshim 6 6 100
Tova 16 16 100
Sharwill 6 6 100

a The parental fragment was defined as being heterozygous if it was detected in some but 
not all o f the progeny.

The gene diversity mean and the number of alleles in each locus were deter
mined for 6 6  SSR loci by analysing five avocado cultivars. The mean number of 
alleles varied between 2.5 and 4.1 and the mean gene diversity varied between 0.42 
and 0.62. The dinucleotide repeat AG/ТС and the mononucleotide А/T are the most 
polymorphic and abundant SSR loci in avocado, thus having the highest level of 
heterozygosity (above 70%). The mean heterozygosity level of the 6 6  loci in the five 
cultivars was 62%. By applying both tail analysis [14] and multiple regression, a 
specific DNA fingerprint band of the Pinkerton cultivar (p8 ) was identified as being 
associated with a gene coding for avocado fruit skin colour. This association was
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identified in the original Pinkerton X Ettinger progeny and in the half sibs Pinkerton 
x Bacon progeny, thus reducing the possibility of false positive identification of 
genetic linkage [15].

3.4. SSR DNA markers

SSR DNA markers were generated by screening an avocado genomic library 
with the various dinucleotide probes [16]. A total of 5000 kb were screened, detect
ing on average a microsatellite every 22 kb. AG microsatellites were the most abun
dant (1:42 kb), while AT were the least abundant.

The total number of different positive clones was 231, all of which were 
sequenced. Of these sequences, we generated 6 6  pairs of primers that produced poly
morphic alleles (Table II). These SSRs are now being evaluated for their polymor
phism in unrelated avocado cultivars and are also being mapped in the progeny of 
Pinkerton x Ettinger (Fig. 2).

TABLE II. GENERATION AND ANALYSIS OF SSR MARKERS

AG CA A Others Mix Total Per cent

Positive clones 64 24

Generation

120 11 12 231 100
Frequency (clones:kb) 1:78 1:208 1:42 1:454 1:417 1:22
Good sequence 48 18 88 11 10 175 76

No repeat 3 6 6 5 2 19 8
Short repeat 10 4 25 3 1 47 20
SSRs 35 8 57 3 7 106 46

Primers (synthesized) 20 4 30 3 5 62 27

Currently available 40 3

Analysis

30 4 16 93 100
No PCR product 3 — — 1 1 5 5

Monomorphic 8 2 9 2 6 27 29

Typed 25 1 14 2 6 48 52

Being analysed 4 — 6 — 3 13 14
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FIG. 2. Two SSR DNA markers analysed in five avocado cultivars. The lanes are as follows:
(1) Ettinger; (2) Pinkerton; (3) Bacon; (4) Horshim; and (5) XXI02.

4. CONCLUSIONS

DNA markers are an efficient tool for identification, genetic analysis and 
improvement of breeding projects and are being applied to various field crops and 
fruit trees. Multilocus VNTR markers are very suitable for identification, while SSR 
single locus markers are suitable for linkage analysis. SSRs are the markers of choice 
for human geneticists; in plants, they are also very polymorphic, abundant and 
reliable. The major disadvantage is the high cost of their generation and typing.
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Abstract

APPLICATION OF HIGH MOLECULAR WEIGHT DNA CLONING IN LEGUME 
NODULATION GENE ANALYSIS.

High molecular weight (HMW) DNA was isolated from Glycine max (soybean) and the 
model legume Lotus japonicus for the purpose of legume genome analysis. The primary objec
tives were the gene regions that control nodulation, early plant-microbe interaction and cell 
division responses. HMW DNA was separated by pulse field gel electrophoresis (CHEF- 
PFGE) and analysed with closely linked restriction fragment length polymorphism (RFLP) 
markers со-hybridized with clones, permitting estimation of the regional physical distances 
as they relate to recombination frequency. In the distal region o f molecular linkage group H 
containing one of the genes controlling nodule number autoregulation and symbiotic nitrate 
tolerance (i.e. the nts gene), 1 cM was equivalent to less than 500 kb. Partially digested ЕсоШ 
soybean and L. japonicus HMW DNA were cloned into pYAC4. Stable yeast artificial chro
mosomes (YACs) carrying up to 960 kb DNA were generated. The average insert size was 
200 kb. Hybridization with total genomic soybean DNA revealed YACs with different 
amounts o f repeated DNA sequences. Mapping of the end clones demonstrated whether the 
YACs were chimeric. YACs of different complexity were used for chromosome identification 
using degenerate primer polymerase chain reaction and fluorescent in situ hybridization. This 
approach is a fast alternative to testing for YAC chimerism. Single arbitrary and structured 
mini-hairpin primers were used to amplify and DNA fingerprint the YACs, providing a means 
of identifying the additional markers needed for contig construction. HMW DNA was cloned 
into the F plasmid bacterial artificial chromosome (ВАС) vector. The YACs and BACs were 
also constructed with DNA from the small genome/highly transformable legume L. japonicus. 
Mapping of the YAC and ВАС clones with molecular markers will help to ascertain the degree 
of chimerism and stability in the different cloning systems. YACs, molecular markers and 
cDNA clones will be useful for chromosome identification and positional cloning.

* Research carried out in association with the IAEA under Research Agreement
No. 7232/CF.
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Analysis of the developmental processes in legumes is aided by genetic and 
molecular genetic approaches. Of special significance are those processes that do not 
occur in other so called model plants [1] such as Arabidopsis thaliana and rice (Oryza 
sativa), namely, the nodulation and nitrogen fixation capabilities of many legumes 
and the ability to interact with mycorrhizae (apparently absent in Arabidopsis).

Genetic analysis of legume genomes has been distinctly slow, despite a strong 
start by G. Mendel with pea. For example, the genetic map of soybean (Glycine max 
L. Merrill) is composed of no more than 15 linkage groups, with perhaps 70 morpho
logical and isozyme markers. Genetic analysis of nodulation and nitrogen fixation 
is even more recent, since a review of the literature in the early 1980s revealed no 
more than a few natural variants in soybean, pea, alfalfa and clover. Most of these 
were not defined genetically or morphologically, beyond a general description of 
inheritance and their nodulation and host specificity phenotypes. During the last 
decade, use of induced mutagenesis has increased the number of symbiotically 
defined loci, predominantly in soybean and pea, but also in chickpea (Cicer), 
Phaseolus vulgaris and sweet clover (Melilotus alba) (see Refs [2, 3] for an over
view of mutant loci). Some of these mutants, especially in soybean, have been 
described in terms of their apparent cellular blockages; however, in no case has there 
been an association with a biochemical step or a cloned nodulin gene.

In view of the current absence of alternative modes of mutant isolation in 
legumes such as insertion mutagenesis either by Agrobacterium T-DNA or transpos- 
able elements, the short term prognosis for further gene characterization seems to 
require positional cloning or map based cloning techniques. While these approaches 
have been spectacularly successful in the isolation of resistance genes in plants [4-6], 
no such success has been achieved with a nodulation or nitrogen fixation controlling 
gene in legumes. As an aside, it should be noted that this situation has fuelled the 
development of several legume model systems that are jointly characterized by 
small diploid genomes and high transformation abilities. These legumes, such as 
Lotus japonicus [7, 8 ] and Medicago truncatula [9], offer the possibility of inser- 
tional T-DNA mutagenesis because of their relative ease of transformation and 
regeneration after infection with Agrobacterium tumefaciens and A. rhizogenes.

Research on soybean nodulation mutants has focused on supernodulation [10] 
and non-nodulation mutants (see Refs [3, 11] for an overview). Two allelic EMS 
induced supernodulation alleles at the nts (nitrate tolerant symbiotic) were mapped 
within about 1 cM to the pA-132 marker of the United States Department of Agricul
ture/Agricultural Research Service restriction fragment length polymorphism 
(RFLP) map [12, 13].1 Specifically, the closely linked marker was defined as plas

1. INTRODUCTION

1 cM = centimorgan. Morgan is a unit of relative distance between genes on a chro
mosome. One morgan represents a crossover value of 100%; a crossover value of 1% is a
centimorgan.
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mid pUTG-132a, since the originally mapped pA-132 probe was shown to contain 
three non-contiguous Psñ genomic fragments, each of which could detect poly
morphic regions but not in the same map region and not on the same lambda genomic 
clone, known to contain pUTG-132a [14]. Detailed molecular analysis and sequenc
ing of the linked probe showed that this region, and therefore the nts region, are 
present only once in the otherwise widely tetraploidized soybean genome [15]. 
Fluorescent in situ hybridization (FISH) of the pUTG-132a probe to soybean 
metaphase chromosomes revealed a single chromosomal location [16].

The current status of the genomic research around the nts region is summarized 
in Fig. 1. Several candidate clones may enrich the nts. region on linkage group H 
if the mapping results from other populations can be transferred to a segregating 
population of G. max (nts382) and G. soja (wild type). Of particular interest is the 
possible linkage of a histone H3 gene close to pA-132 [17] and the possible place
ment of a dozen clustered RFLP clones from P. vulgaris [18, 19] in the pA-132 
region.

This paper focuses not on recent work in soybean dealing with single primer 
markers [20] generated by DAF technology [21, 22] and detected by PAGE and
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FIG. 1. Molecular map in the vicinity o f  the nts locus on molecular linkage group H  (Iowa 
soybean map). pcr54-L is a DAF generated marker that was detected in bulked segregant anal
ysis o f  supemodulating and wild type F2 progeny [15]. The DAF band was cloned, sequenced 
and converted to a sequence characterized amplified region (SCAR), then polymerase chain 
reaction (PCR) mapped on 113 F2 plants stemming from a  G. max (nts382 x  G. soja (wt)) 
cross. pPV-1 and 2 are random genomic clones from  P. vulgaris mapped by the Shoemaker 
laboratory (Iowa State University) between pA-381 and pA-132. About 10 additional markers 
stem from this P. vulgaris region [19] and are currently being mapped on the Knoxville 
population.
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silver staining [23, 24], but on recent efforts to develop tools through the isolation 
of high molecular weight (HMW) DNA, which will hopefully permit the isolation 
of genomic regions covering the supemodulation as well as other developmentally 
significant genes. Special emphasis is given to the recent construction of yeast artifi
cial chromosomes (YACs) and bacterial artificial chromosomes (BACs) from both 
soybean and L. japonicus. Data are presented that show the utility of YACs for FISH 
and chromosome identification, the ability to clone and analyse soybean insert DNA 
end clones, and the use of structured single arbitrary primers, forming 5' end mini- 
hairpins, as well as normal DAF primers to profile insert DNA sequences. This 
ability may expand our strategies for mapping YACs and may lower dependence on 
end clones. Additionally, HMW DNA was used in a preliminary examination of co
migration and co-hybridization of mapped RFLP clones to pulsed field gel elec
trophoresis (CHEF-PFGE). This study focused on the pA-36 region close to the nts 
locus on linkage group H, and revealed for the first time with soybean the conversion 
factor of genetic to physical distance [25].

2. PHYSICAL MAPPING BY PULSED FIELD GEL ELECTROPHORESIS

To isolate HMW DNA from soybean, young trifoliate leaves were pro- 
toplasted. These were imbedded in low melting point agarose, lysed with detergent, 
deproteinized with proteinase K, then restricted in situ with rare cutting enzymes 
such as Notl and Sfil [26]. Electrophoresis occurred in a CHEF system, so that resul
tant gel separations could be analysed by Southern blotting and probing with mapped 
RFLP clones [25]. Advantage was taken of four closely linked markers (pA-89, 
pK-09, pA-69 and pA-36; all clustered around pA-36; see Fig. 1) on linkage 
group H of the Iowa soybean map, all within 10-13 cM from the pA-132 (and there
fore, by association, nts). Preliminary tests eliminated probe cross-hybridization. 
Notl and Sfil digests of the soybean cv. Bragg HMW DNA as well as double digests 
were probed. To eliminate false interpretations, the same blots were reprobed with 
other markers. Co-hybridization and co-migration were taken as the paradigm that 
such markers existed on the same DNA molecule, migrating at the detected molecu
lar weight.

Complexities arose when the probes detected more than one PFGE band. This 
multiplicity reflects the ancient tetraploidy of soybean. Accordingly, it was difficult 
to assign the mapped polymorphism to a particular band. To resolve this problem, 
Funke et al. [26] excised the gel lane from the first PFGE, digested the gel lane 
in situ with the restriction nuclease used to map the original RFLP, then elec- 
trophoresed the DNA perpendicular in a normal agarose gel. Probing with the 
marker probe clearly showed which HMW DNA fragment contained the RFLP. 
Using this approach, several conclusions were reached: (1) markers separated by 
1 cM are contained on a fragment of about 500 kb, suggesting that the conversion
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factor of genetic to physical distance in this particular case is less than 500 kb/cM;
(2 ) in duplicated regions of the genome there is maintenance of long range cutting 
sites, perhaps equivalent to ‘intragenomic synteny’; and (3) two-dimensional elec
trophoresis is needed to resolve problems associated with genome duplication.

It is apparent that further studies of this nature are needed in different parts 
of the soybean genome. These have been delayed mainly because isolation of YACs 
and their polymorphic end clones (see Section 3) can facilitate an alternative and 
more ‘global’ estimation of the conversion factors in different map regions.

3. YAC AND ВАС CLONING OF LEGUME DNA

HMW DNA was partially digested with £coRI to produce an HMW smear on 
PFGE. The digested DNA was size selected using a second PFGE to eliminate 
molecules that were smaller than 250 kb. HMV DNA was isolated from the gel by 
melting and ligated into vector pYAC4, transformed into yeast host, and selected by 
colony colour and uracil auxotrophy [27]. Candidate colonies were tested by PFGE 
and ethidium bromide staining for additional chromosomes. The PFGE gels were 
blotted and probed with vector sequences and total genomic DNA. About 7% of all 
the clones contained chloroplast DNA. Repeated subculture, storage and regrowth, 
even growth in the absence of selection, failed to generate detectable YAC insert 
instability. However, the original nature of the YAC in terms of chimerism has not 
been verified.

The hybridization intensities varied for different YACs. All YACs gave 
equivalent signals; when probed with vector, however, only about half gave a strong 
signal with the total genomic DNA probe. This discrepancy is explained by the abun
dance of repeated DNA sequences in the genome. YACs that were confirmed to be 
present by PFGE karyotype, by vector hybridization and through genetic com
plementation, but which gave a weak or absent signal with the genomic DNA probes, 
are assumed to contain predominantly unique DNA, while intensively hybridizing 
YACs are presumed to harbour repeated DNA.

In this context it is relevant to indicate that soybean is known to contain 
between 35 and 50% repeated DNA sequences. Recently, Kolchinsky and Gresshoff 
[28] isolated and sequenced a 92 bp soybean satellite DNA (SB92), which represents 
about 7 Mb of DNA, presumably located in four blocks close to the centromeres. 
Interestingly, minor sequence variation (15%) occurs in the ten members of SB92 
sequenced so far, generating repeated restriction sites, which resulted in the original 
detection of SB92 as a common band on a variety of genomic digests. Tandem and 
non-tandem repeats show the same variability.

The collection of soybean YAC clones is growing. At present, about 15% of 
the genome is arrayed in microtitre plates. A large number of YACs has been charac
terized for their size and repeated DNA status. Methods have been designed to pool
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DNA for PCR screening of candidate clones. As yet it has been impossible to select 
a clone homologous to PCR primers derived from the pUTG-132a sequence, reflect
ing the rather small library size and lack of representativeness. The average insert 
size is 200 kb, with the largest to date being found at 960 bp.

YAC clones are reported to suffer from chimerism. This, in part, may be 
caused by highly recombinogenic yeast, the presence of repeated DNA in soybean 
DNA, or physical factors during transformation and spheroplast recovery. Any 
genome analysis project based on YACs needs to be cognoscent of the chimeric 
nature of the YACs used, which can be detected by a variety of marker based tech
nologies. One approach is to isolate the end clones from the insert, then map these 
to detect co-segregation. While this approach is workable, it requires a great deal 
of work and time. However, it generates an additional measure to evaluate regional 
differences in recombination frequencies and could permit determination of some 
associated genomic characteristics that influence such frequencies. Such work is 
especially valuable if YACs are anchored on the molecular map through an RFLP, 
microsatellite or SCAR marker. Vectorette PCR allowed isolation of the insert DNA 
end clones from soybean YACs. End clones hybridized to restricted DNA from 
G. max and G. soja, showing either repeated or unique patterns at an equal fre
quency. There was no prediction possible from the end clone sequence as to its repe
tition status. Neither was the genomic complexity of the YAC indicative of the nature 
of the end clone, suggesting that repeated sequences are long and interspersed.

Telomere Cloning site Centromere Telomere

EC-L EC-R
end clone Soybean genom ic DNA (50 to 960 kb) end clone

FIG. 2. Diagram o f a soybean YAC clone, yfg =  your favourite gene; sat = repeated DNA 
unit; EC  =  end clone (right or left); SUP = suppressor; ARS = autonomous replication 
sequence; URA =  uracil auxotrophy. Hatched regions may harbour additional molecular 
markers, possibly identified by arbitrary single primer technology (used as DAF or RAPD) or 
microsatellites. Such markers, especially i f  they represent unique sequences, allow detection 
o f an overlapping YAC or ВАС clone.
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Mapping of polymorphic end clones is in progress. Figure 2 gives a diagrammatic 
representation of a YAC containing yfg 1 and yfg2, as well as dispersed repeated 
sequences and end clones.

Similar methods were successful for isolation of the first YACs from the model 
legume L. japonicus [29]. This legume may offer several experimental advantages 
over soybean and pea. It is self-fertile, has a relatively small genome (about 
400 Mb), has six chromosomes, produces many seeds per flower and per plant, and 
nodulates fast with Rhizobium loti. Most significantly, it is easily transformed by 
A. tumefaciens and A. rhizogenes. Regeneration from A. tumefaciens transformed 
tissue has been reported, permitting the generation of many transgenic plants, and 
perhaps opening the possibility of insertional T-DNA mutagenesis.

To develop an alternative to the likely chimeric YAC cloning system, BACs 
were constructed with either L. japonicus or soybean DNA. Here, the bacterial 
F factor is used to clone size selected PFGE fragments into E. coli. Presumably, 
recombination and chimerism will be reduced. The average insert sizes were smaller 
than those in the YACs (50-80 kb; some at 250 kb).

4. CHROMOSOME IDENTIFICATION WITH YAC CLONES

An additional utility of YACs is their size, facilitating the delivery of much 
label to a hybridization site. In collaboration with P. Keim (University of Northern 
Arizona, Flagstaff, AZ), YACs of different genomic complexity were used for FISH 
to soybean metaphase chromosomes. Soybean has 20 chromosomes in its haploid 
complement; these are difficult to distinguish, because of clumping and their size. 
Singh and Hymowitz [30] managed to distinguish all the soybean chromosomes using 
pachytene analysis. This information helped Hymowitz to characterize 20 trisomie 
lines, one for each chromosome. Currently, a large breeding effort is being made 
to place morphological and molecular markers, as well as linkage groups, on to 
specific chromosomes. This requires a large population and the verification of 
numerous karyotypes.

YACs, especially those mapped to the molecular linkage map, can be used to 
identify chromosomes in trisomie material. The same approach also gives a strong 
indication of the chimeric nature of a YAC. YACs of differing complexities were 
used as templates for degenerate primer PCR. The products were labelled fluores- 
cently and used for hybridization probes on metaphases. If a YAC belonged to the 
‘unique’ DNA class, it lit up two or four chromosomal regions. We presume, in 
cases where four regions were detected, that the YAC was not chimeric but detected 
a tetraploid region. YACs, known to contain repeated DNA, gave signals over the 
entire genome, suggesting a highly dispersed genome component. The signal from 
a single YAC was 10-100 times stronger than that observed using the same material 
and equipment for a plasmid or phage clone. This procedure allows rapid determina-
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tion of the chimeric nature of the cloned insert, and facilitates a convenient way of 
placing molecular linkage groups on to cytologically detected chromosomes.

5. ARBITRARY MARKER TECHNOLOGY AND YAC CLONES

Single arbitrary primers coupled with PCR like amplification have produced 
diagnostic products in soybean [15, 20-22, 31]. DAF was used to produce products 
which, when cloned, detected the yeast chromosome of origin in Southern blots [32]. 
When a YAC was isolated from the PFGE gel and DAF amplified it also produced 
distinctive products, which rehybridized to the YAC on a blot.

Caetano-Anollés and Gresshoff [33] modified DAF primers by placing a mini
hairpin extension on the 5' end of the primer. Such structured primers were short
ened to contain a 7 nucleotide (nt) mini-hairpin and a minimal 3 nt 3' end. These 
primers are especially useful for the DNA profiling of small genomes, although they 
were also found to work on complex genomes such as soybean and turfgrass. Detec
tion of amplification products was by PAGE (sequencing type) and silver staining 
[23]. It was feasible to fingerprint individual YACs containing different soybean 
genomic inserts. Distinctive bands can be used as molecular markers, supplementing 
end clones, to facilitate the construction of contiguous clones.

6 . NEED FOR HIGH DENSITY MAPS IN POSITIONAL CLONING

The presence of repeated DNA, and the danger of chimerism and rearrange
ment in YACs, necessitate approaches with a minimal need for the construction of 
contigs. For this reason, large numbers of molecular markers closely linked to the 
gene of interest are desirable. Methods for high volume detection of variation exist 
and have been used for genome analysis. Single primer technologies such as DAF 
[21, 22], and complex procedures such as SRFA [34] or microsatellite technologies
[35] could, with the use of near isogenic lines (NILs) or bulk segregant analysis of 
segregating populations, have increased marker density close to the genes of interest
[36].

Kolchinsky et al. [15] used known homozygotes in the pA-36 to pA-381 inter
val of linkage group H that differed in their supemodulation phenotype. DAF ana
lysis revealed several candidate polymorphisms, of which only one turned out to be 
robust and repeatable. The marker was sequenced, and PCR primers were made and 
found to generate a polymorphic product, thereby converting the DAF marker to an 
RFLP as well as a SCAR [37]. The SCAR was mapped to the region of linkage 
group H, falling, however, outside the specified homozygous interval. Further 
primer screens will be used on the same and on alternatively constructed bulks. Use
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of a homozygous bulked population may have favoured the detection of a marker out
side the region.
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Abstract

ABUNDANCE AND DISTRIBUTION OF SIMPLE SEQUENCE REPEATS IN THE 
MUSACEAE FAMILY: MICROSATELLITE MARKERS TO MAP THE BANANA 
GENOME.

The usefulness o f microsatellite derived markers is emphasized by implementing rela
tively simple laboratory techniques (polymerase chain reaction (PCR) and non-radioactive 
detection) compared with restriction fragment length polymorphism (RFLP) markers. 
Development o f microsatellite markers is currently limited in plants because of the lack of 
available published sequence data for most species. This applies particularly to tropical crops 
such as the banana, but an increasing number o f research groups are working on molecular 
characterization o f these crops and there is no doubt that more DNA sequences will be avail
able in the near future. A partial, size fractioned Pstl genomic library for Musa, previously 
established as a source for RFLP makers, has been rescreened for dinucleotide repeats. 
Preliminary results are given of the dinucleotide microsatellite sequences in the banana 
genome. Roughly one-sixth (17%) o f the clones of the banana library contain at least one 
microsatellite site, as confirmed by sequencing. Surprisingly, the majority of dinucleotide 
repeats found are of the (GA)„ sequence family. These recently developed microsatellite 
markers on the banana proved to be abundant and polymorphic (the number o f alleles per locus 
varying between 11 and 24 in a testing'panel o f 19 accessions representing the different 
sections of the Musaceae family). Laboratory protocols have been streamlined and a previ

* Research carried out in association with the IAEA under Research Agreement
No. 7422/CF.
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ously described high resolution, non-radioactive analysis procedure (based on denaturing sil
ver stained polyacrylamide gel electrophoresis) has been adapted to detect the variable number 
of tandem repeat alleles in order to promote exportation of microsatellite markers (i.e. PCR 
assay kits containing extensively tested, robust, primer pairs) to developing countries. 
Preliminary results show the efficiency of polymorphic microsatellite markers for mapping 
and clonal identification using rapid and simple methods. All the microsatellites that have been 
detected in the banana to date are conserved in sections of the Musaceae family.

1. THE MUSACEAE FAMILY

Modern crop improvement is based on molecular marker selection and 
introgression of the agronomic traits of interest, e.g. pest resistance and quality. 
Many crops are being investigated at the molecular level using ever improving 
marker systems. Tropical crops such as Musa are seldom, if ever, included in inter
national genome analysis initiatives that would help unravel the mysteries of their 
sometimes complex genetic structures. However, these crops are of paramount 
importance to the world for socioeconomic and ecological reasons.

Musaceae is considered to be one of the major basic food producing plants on 
earth; in fact, dessert and cooking bananas rank among the ten most important crops 
in the world. Dessert bananas are intensively cultivated for export to Europe and 
North America, while cooking bananas and some dessert bananas are cultivated most 
often in backyard gardens for local consumption in tropical countries. Bananas are 
among the tallest of the monocotyledons. Clones from the genus Ensete (basic 
chromosome number n = 9; seven to nine species) are basically cultivated as vegeta
bles and for fibre. The genus Musa is divided into different sections: Australimusa 
(n = 10, five to six species, fruit and fibre), Callimusa (n = 10, five to six species, 
ornamental) and Rhodochlamys (n = 11, five to six species, ornamental) are of 
secondary importance to the principal crop producing cultivars of banana and 
plantain in Eumusa (n = 11, nine to ten species, fruit, vegetable, fibre) [1].

The main dessert banana cultivars are triploid, highly sterile, parthenocarpic 
and clonally propagated. They are susceptible to several diseases that are a serious 
threat to plantations. Cooking banana production worldwide is constantly and 
severely threatened by parasites (mainly cercosporioses such as black leaf streak 
disease (BLSD)). Such threats can be quantified as losses in revenue and alimentary 
production as well as limit palliative chemical strategies (cost, pollution, emergence 
of novel pesticide resistances). In the socioeconomic context, obtaining resistant 
varieties of plantain and banana is of the utmost importance to breeders; knowledge 
of their genetic characteristics (polyploidy, cultivar sterility, parthenocarpy) requires 
molecular marker assisted tools to rationally manage improvement strategies. 
Finally, biomolecular methodology is needed to analyse the environment-plant-
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pathogen complex in order to obtain the preliminary data essential for establishing 
protocols for banana improvement by genetic engineering.

2. MOLECULAR MARKERS

Until 1980, the search for genetic markers was mainly limited to restriction 
fragment length polymorphisms (RFLPs) based on the detection of stochastic altera
tions of restriction enzyme recognition sites. Mostly, two allele systems of limited 
utility were generated, with a maximum heterozygosity of 50% [2, 3].

In 1985, Jeffreys et al. [4] described the first family of minisatellite DNA 
homologous to the repetitive motive in the first intron of the myoglobin gene. In 
subsequent years, a whole new class of DNA sequences was detected and became 
available to the scientific community. Related to RFLP analysis, this new genetic 
tool, DNA profiling or genetic fingerprinting, introduced real hypervariable markers 
to molecular genetics. These markers are extremely useful because of their rate of 
heterozygosity, which tends towards 100%. They have been designated variously as 
minisatellites, variable number of tandem repeat (VNTR) sequences, or hypervaria
ble regions (HVR) [5-8]. The polymorphism of these multiallelic loci is based on 
the locus specific hypervariability of the number of tandemly repeated DNA core or 
consensus sequences (11-60 bp repeat unit). They are flanked by conserved endo
nuclease restriction sites. Thus, the length of the restriction fragment produced by 
this type of genetic locus is proportional to the number of core units it contains. The 
VNTRs are detected, with one consensus sequence, independently of the restriction 
site mutation. VNTR variability may be up to 100 times higher than RFLP.

A common feature of these ubiquitous sequences is the purine/pyrimidine 
dichotomy of the homologous strands. Furthermore, it has been demonstrated that 
minisatellite like sequences showed the same tendency towards DNA polymorphism, 
e.g. simple repeat oligonucleotide probes (GTG) 5 [9] and GC rich probes isolated 
from HVR, since they are found upstream and downstream of constitutively 
expressed genes in genetic proximity to the promoter regions or in introns [10]. In 
particular, the latter observation hints at the potential of these probes for identifying 
DNA fragments linked to active genes. A clustering of some VNTR sequence fami
lies has been shown to occur at telomeres and around other repetitive loci such as 
retroviral long terminal repeat like sequences [11-13].

The combination of the highly informative nature of VNTR loci with the speci
ficity and rapidity of polymerase chain reaction (PCR) technology [14-18] has 
produced co-dominantly inherited, highly informative genetic markers. Primers 
specific to various conserved flanking regions of VNTR loci are easily developed on 
the basis of sequence information, allowing amplification of the intervening VNTR 
loci. The resulting PCR products possess electrophoretic mobilities that differ 
according to the number of core units in the VNTR allele(s) present.
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In 1989, human molecular geneticists demonstrated the highly polymorphic 
nature of dinucleotide tandem repeat sequences [14-18]. For example, (CA/GT)n (n 
varying from 10 to 60) was reported to occur in the human genome as often as 50 000 
times, with up to 12 alleles at some loci. This type of repeat locus has been termed 
a variable number of dinucleotide repeat (VNDR) sequence, a simple sequence 
repeat (SSR), a short tandem repeat (STR) or a microsatellite sequence. SSR or 
microsatellite loci may also include trimeric and tetrameric repeats such as (GTG)n, 
(AAT)n or (GA{T/c}A)n. The combined frequency in the human genome of SSR 
loci is estimated to be one such locus per 30 kb (one VNDR locus per 80 kb in Zea 
mays-, one VNDR locus per 100 kb in soybean) [19-33].

Regarding SSR loci, the tandem repeat consensus is very small, and the length 
of their polymorphic repeat region places microsatellite analysis well within the 
optimal limits of commercially available thermostable polymerase activities.

SSR loci are ubiquitously interspersed and randomly spaced in all the eukary
ote genomes [14-34]. The high level of polymorphism, combined with a high inter- 
spersion rate, make them an abundant source of genetic markers, and extensive 
genetic maps have been constructed on this basis for various eukaryote species rang
ing from mouse to man and from beans to bananas [14-34]. The results of these 
studies indicate that microsatellites in plants can be up to tenfold more variable than 
other marker systems, e.g. RFLP. Microsatellites, therefore, represent a very useful 
genetic marker system for the genetic mapping of species with little intraspecific 
polymorphism, as found in most inbreeding species. PCR amplified microsatellite 
loci provide a good alternative marker system that is complementary to RFLP.

The advantages of microsatellite markers over other PCR based marker 
systems result from their potential for automated analysis and their co-dominant 
nature (as opposed to amplified fragment length polymorphism, intermicrosatellite 
amplification or interrepeat amplification). Thus, all the advantages of PCR (speci
ficity as opposed to random amplified polymorphic DNA, the small genomic DNA 
quantity and the poor DNA quality needed, possible automatization, possible trans
ferability in situ) can be tapped for genetic analysis of Musa.

3. VNTR, SSR AND MAPPING

Total genomic DNA from Musa acuminata banksii Madang (AA) and the 
Musa acuminata cultivar M53 (AAcv), as well as Musa balbisiana Tani (BB) has 
been restricted by Sau3AIMboI, EcoRI, EcoRW, HindiП, Rsal, Hinñ, Pstl and 
HaeШ. After electrophoresis (0.8% agarose gels, 0.5 cm X 20 cm X 22 cm, 
1 x TBE, 24 h at 2-2.5 V/cm), the agarose gels were Southern blotted or dried. 
Dried gels were hybridized with 32P end labelled (AC)10, (AT)15, (GC) 8 and (TC) 10  

oligonucleotides, the four possible SSRs of VNDR, and (GTG)5. Southern blots 
were hybridized with 32P labelled, random primed minisatellite probes M13, 33.15
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and 33.6. A genetic fingerprint like pattern was revealed after probing with (AC)10, 
(GTG)5, M13, 33.6 and 33.15, confirming previous results [15, 35]. The best reso
lution in the chosen gel system was obtained by HaeШ. Probing with (TC) 10 under 
the conditions described above produced a smear, indicating a high number of 
restriction fragments with (AG/TC)n regions in both the AA and BB genomes. 
A smear was produced by (AT) 15 that was visible at high molecular restriction frag
ment lengths, with some intense bands (4-10 kb, depending on the restriction 
enzyme) showing in both genotypes, whereas the (GC) 8 oligonucleotide revealed a 
single band (4-10 kb, depending on the restriction enzyme) and a faint smear. The 
VNTR probes (GTG)5, M13, 33.6 and 33.15 can be used for mapping purposes. 
Polymorphic bands should be encoded as dominant markers. Data analysis by com
puter algorithms such as JOINMAP and/or MAPMAKER uncovers a certain number 
of co-dominant loci, depending on the gel resolution.

A total of 765 recombinant clones from a size fractioned Pstl genomic DNA 
library (enriched for nuclei from the cultivar Gobusik) were individually extracted. 
The inserts were analysed on agarose gels, the insert sizes ranging in length between
0.5 and 5 kb, with a mean of 2.7 kb. These gels were fixed on nylon membranes 
by Southern blot. After hybridization with the four VNDR oligonucleotide probes, 
a total of 132 positive signals was counted (17%). Roughly half of the positive 
signals were from the (TC) 1 0  probe (54%), whereas one of four positive signals was 
from (AC)10. The oligonucleotide probes (AT) 15 and (GC) 8  detected one of six and 
one of twelve positive clones, respectively. The positive clones were confirmed by 
sequencing. In 90% of the sequenced clones, SSRs were found near the Pstl restric
tion sites (50-500 of the first nucleotides sequenced). The oligonucleotides (TC) 10  

and (AC)io detected perfect (AG/TC)n and (AC/TG)„ loci, respectively, whereas 
compound SSRs were revealed by the oligonucleotides (AT) 15 and (GC)8. The 
number of perfect repeats varied between 6  and 21 units, depending on the SSR 
consensus.

Assuming that VNDRs are randomly and uniformly spread in the banana 
genome, the frequency of occurrence of microsatellite loci can be estimated. The 
765 clones screened from the partial library represent about 2000 kb in the banana 
genome (1C = approximately 1 pg) [36]. A total of 71 clones of the most abundant 
microsatellite (AG)n indicates that one locus per 30 kb might be expected (as a com
parison: one VNDR per 30 kb in humans, one VNDR per 80 kb in Zea mays and 
one VNDR per 100 kb in soybean).

All the positive clones are currently being sequenced by standard protocols in 
order to determine the potential primer sites in the VNDR flanking regions using the 
OLIGO algorithm based on the near neighbour method.

Polymorphism and the quantity of alleles per locus are being assayed on a test
ing panel of 19 accessions from different sections and species of the genus Ensete 
(Ensete Giletii) and the genus Musa (section Australimusa: Hung Si, Textilis 
Bangulanon; section Callimusa: Coccinea; section Peekeli: PNG 150, PNG 316;
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section Rhodochlamys: THA 038; section Eumusa: M53, Gros Michel, Lujugira, 
Langka, Pisang Slendang, Yawa 2, Banksii, Madang, Pisang Prentel, Calcutta 4, 
Gobusik, Tani).

This assay is still in progress, but some intermediate results for the (AG) loci 
are worth discussing at this early stage.

(1) Concerning the most abundant VNDR, all the primer pairs are conserved 
across the different sections studied, as well as in the genus Ensete;

(2) Genus and section specific alleles could be detected;
(3) The data for some of the microsatellite loci showed binomial distribution of 

allele lengths centred on an intermediate number of repeat units potentially 
specific to Musa acuminata and Musa balbisiana, the two most important 
species associated in the polyploid hybrid cultivars of agricultural interest;

(4) Roughly half of the microstallite primer pairs detected a number of different 
alleles equivalent to the number of haploid genomes associated in the tested 
polyploid cultivar hybrids (three different alleles for the triploid Gros Michel 
and Lujugira, and four different alleles for the tetraploid Langka and Yawa 2);

(5) The number of alleles per (AG) locus varied between 11 and 24 in the 
Musaceae family, as represented by the testing panel (11 to 17 different alleles 
per locus could be described in Eumusa alone).

As the long term objective of our project is the construction of linkage maps 
to localize quantitative trait loci (QTL) in general and resistance to BLSD in particu
lar, different mapping populations are being studied in Cameroon and Guadalupe. 
In fact, resistance to BLSD appears to be a trait that is under polygenic control. 
Comparative analysis of the different linkage maps is bound to reveal differences that 
mark structural modifications at the chromosome level, thus pin-pointing trans
locations.

To promote exportation of microsatellite markers to developing countries, we 
adapted a previously described non-radioactive analysis procedure (based on silver 
stained polyacrylamide gel electrophoresis (urea-PAGE)) [37, 38] to detect the 
VNTR allele length. In short, 6 - 8 % polyacrylamide gels (8 M urea, 1 X TBE) are 
run for 1.5-2 h, depending on the VNTR allele sizes to be detected (0.4 mm x 
10 cm X 12 cm; 8 % urea-PAGE for fragment lengths of 100-150 nucleotides (nt); 
7% urea-PAGE for fragment lengths of 150-250 nt; 6 % urea-PAGE for fragment 
lengths of 250-350 nt; 20-25 V/cm; 55°C). The best resolution is obtained with 7% 
urea-PAGE on fragments with a medium size of 200 nt (2 nt/0.5 mm).

Mapping is in progress, and VNTR primer pair and microsatellite sequence 
information will shortly be published in the GENBANK sequence database as 
sequence tagged microsatellite sites, with full PCR protocols. As a very preliminary 
result, one of the mapped microsatellites is closely associated to three grouped QTL 
(diameter of fruit pedicel, fruit length, sucker number) on one of the linkage groups 
under construction.
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Abstract

ANALYSIS OF IN VITRO REGENERATED CASSAVA PLANTS USING RAPD 
TECHNOLOGY.

Cassava is an important tuber crop grown in tropical and subtropical regions. Protocols 
for regeneration from tissue culture are very genotype dependent and in many cultivars quite 
ineffective, therefore improvement programmes through genetic engineering are restricted. 
Recently, protocols were developed for efficient somatic embryogenesis and/or organogenesis 
using zygotic embryos and nodal axillary meristems to minimize genotype dependency. Buds 
were regenerated directly from the excised explants after a two step culture procedure. In the 
embryo explants, prolific shoot formation occurred within 2-3  weeks on a medium containing
0.5 mg I"1 BAP alone, or in combination with 0.1 mg I"1 NAA. Nodal explants with an 
axillary meristem were used to initiate a round, compact, ‘bulb like’ structure in the high 
cytokinin containing medium. In the presence of NAA (0.1 mg I"1), BAP (1 mg Г 1) and GA3 
(0.1 mg Г 1), these structures produced multiple shoots. Efficient somatic embryogenesis was 
obtained from the cotyledon explants. Plants were obtained from all the African genotypes 
tested, although at different frequencies. The rooting of regenerated shoots exceeded 95% in 
phytohormone free medium. The ploidy o f the régénérants was examined using flow cytome
try; no change in their ploidy level was observed. The random amplified polymorphic DNA  
(RAPD)-polymerase chain reaction (PCR) technique was employed to investigate molecular 
differences and also to generate polymorphic DNA markers in the in vitro regenerated Cas
sava plants. Twenty primers were used to generate patterns from several régénérants o f two 
Cassava cultivars. The validity o f using RAPD markers in such studies is discussed.

* Research carried out in association with the IAEA under Research Agreement 
No. 7480/CF.

** Present address: Plant Division MCR7, Scripps Research Institute, International 
Laboratory o f Tropical Agriculture and Biotechnology, La Jolla, California, United States of 
America.
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Because of the importance of Cassava as a staple crop for people living in tropi
cal areas, development of biotechnologies for improving this crop is obvious. The 
beneficial repercussions of applying biotechnology to Cassava include solving 
Cassava problems and improving production and utilization through genetic transfor
mation. Tissue culture is an important biotechnological tool that can be successfully 
used to carry out some of these projects, especially to obtain disease free materials 
or to provide resistance to important viral diseases, these currently being the most 
serious problems facing Cassava production in rural areas.

In 1988, tissue culture of Cassava was initiated in the Laboratoire androgenèse 
et biotechnologie (Amiens, France). Using materials originating either from Africa 
(Burundi, Nigeria, Côte d’Ivoire) or from South America (Brazil, Colombia), we 
improved the somatic embryogenesis culture system [1]. More interestingly, we 
developed a culture method for rapid and high shoot propagation of Cassava [2]. We 
also analysed régénérants using random amplified polymorphic DNA (RAPD) 
markers.

1. INTRODUCTION

2. RESULTS AND DISCUSSION

2.1. Somatic embryogenesis in different Cassava cultivars

Following the two step culture procedure for somatic embryogenesis, we iden
tified some culture parameters to improve the production of somatic embryos in 
several Cassava cultivars, starting with cotyledon tissues. Addition of 2,4D (4 mg/L) 
and abscissic acid (0.5 mg/L) to the solid MS medium containing 3% sucrose for
1  week culture period was found to be efficient for inducing high frequencies in the 
globular embryogenic tissues. Transferring these later on to the same MS basal 
medium supplemented with NAA (0.01 mg/L), BAP (0.1 mg/L) and GA3 
(0.1 mg/L) led to embryo development, with subsequent plant regeneration. A 
higher plant production rate from such embryos was achieved by transferring the 
embryo at the torpedo cotyledonnary stage on to the medium containing low levels 
of phytohormones.

2.2. Shoot production

Organogenesis for shoot production was also performed using three different 
types of tissue, i.e. cotyledon, embryonic axes and nodal axillary meristem. We 
obtained a high frequency of shoot production using cotyledon or zygotic embryo 
explants isolated from several Cassava seeds [1, 2]. In the former, the shoots were 
produced concommitantly with the somatic embryos in the two step culture proce
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dure, which involved induction treatment using 2,4D, followed by shoot develop
ment and elongation in the presence of NAA, BAP and GA3. Use of BAP in the MS 
culture medium initiated direct shoots in both the cotyledon and embryonic axes. 
This was obtained at different frequencies in six different Cassava cultivars.

2.3. RAPD analysis

The purpose of this study was to investigate the relative potential of RAPD 
technology compared with isozymes and RFLPs in order to generate polymorphic 
DNA markers in regenerated Cassava plants. For this purpose, we used 20 different 
primers of arbitrary sequence, since these primers were found to be suitable for 
determining the genetic diversity of African Cassava clones (Table I) [3].

TABLE I. RESULTS OF FIVE PRIMERS PRODUCING A VARIABLE NUMBER 
OF AMPLIFIED FRAGMENTS [3]

Primer No. Sequence
No. o f fragments detected3

Control Ll L2 L3 C l C2 C3

Operon K2 GTCTCCGCAA 5 3 7 7 5 5 5

Operon K4 CCGCCCAAAA b

Operon K8 GAACACTGGC b

Operon K12 TGGCCCTCAC 8 6 8 8 6 8 5

Operon K14 CCCGCT ACAC b

a L l, L2 and L3 =  independent régénérants; C l, C2 and C3 =  independent calli from the 
parent line. 

b Primers that showed a particular pattern.
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Abstract

MOLECULAR POPULATION GENETICS OF Dioscorea tokoro, A WILD YAM 
SPECIES.

High levels o f genetic diversity have been found in natural populations o f the wild yam 
species Dioscorea tokoro. Genetic diversity was measured by investigating: (1) the allozyme 
allele frequencies; (2) the nucleotide difference in haplotypes o f the Pgi locus; and (3) micro
satellite variation. Most o f the genetic diversity was found to reside within each population 
and the diversity caused by population differentiation appeared to be small. The implications 
of the results for yam genetic conservation are discussed.

1. INTRODUCTION

Of 500 [1] to 850 [2] species of the genus Dioscorea, the following are of great 
economic importance [3]: D. rotundata Poir., D. cayenensis Lam., D. dumetorum 
Pax., D. hispida Dennst., D. esculenta (Lour.) Burk., D. bulbifera L., D. opposita 
Thunb., D. japónica Thunb. and D. trijîda L. World yam production is equivalent 
to one-tenth of the total production of cassava and sweet potato [4]. Industrial 
production of cassava and sweet potato is substantial, whereas most yam crops are 
produced and consumed locally by subsistence farmers. Improvement in yam is, 
therefore, important for enhancing sustainable agriculture and food security in 
regions where yam consumption is high (most notably in West Africa and Oceania).

Knowledge of the basic biology of yams is still very limited and taxonomic 
analysis is difficult. The geographical and genetic origins of most cultivated species 
are not known. Yam cultivars and wild relatives have been studied by allozyme 
analysis [5, 6 ], chloroplast DNA analysis [7, 8 ] and DNA fingerprinting [9]. These 
studies will be useful for selecting wild yam species and varieties in future yam 
breeding programmes.

* Research carried out in association with the IAEA under Research Agreement
No. 7228/CF.
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Cross-breeding of cultivated yams is only just beginning [10], partly because 
this crop species is difficult to manipulate. Dioecy, small flower size, shy or even 
absent flowering, and lack of synchronization in flowering — these are the quali
ties/traits that hinder breeding experiments [11]. High polyploid and frequent 
aneuploid chromosome numbers have been reported for all the economically impor
tant species, and for many wild species [12]. These also make this crop species 
unamenable to conventional genetic studies.

An alternative and promising approach for yam improvement is genetic 
engineering, and a few laboratories are developing this approach. Successful trans
formation and regeneration have been reported [13, 14], but much effort is still 
required for practical applications to emerge.

To circumvent problems inherent in the cultivated species, genetic studies of 
yam were started using a wild species, D. tokoro Makino. D. tokoro is a diploid 
(2x = n = 20) dioecious species that is widely distributed in East Asia. It flowers 
regularly for a long period (up to 2  months) and its flower size is large among 
Dioscorea\ breeding experiments are therefore relatively easy. Under favourable 
conditions, a young seedling will start flowering within 1 year after germination, 
therefore D. tokoro is a good experimental species for investigating yam biology in 
general. Recently, a linkage mapping trial for this species was started using the 
pseudo testcross method described in Ref. [15]. Random amplified polymorphic 
DNA (RAPD), allozyme and microsatellite markers will be useful for this trial.

In this paper, studies of genetic variation in D. tokoro, a wild yam species, are 
summarized. Intraspecific genetic diversity of the species is described in terms of 
allozyme variation [6 ], DNA sequence variation among alleles of the phospho- 
glucose isomerase (PGI) gene [16] and microsatellite variation [17]. Three basic 
questions are addressed: (1) How much genetic variation is maintained in the 
species? (2) How is the variation distributed within and among populations? (3) Is 
the variation neutral with regard to natural selection? Finally, suggestions are made 
as to how population and genetic studies can provide practical information on the 
protection and exploitation of yam genetic diversity.

2. ALLOZYME VARIATION

2.1. Allozyme diversity in D. tokoro

A total of 1128 D. tokoro individuals from 26 populations, mainly from the 
Kinki district of Kyoto, Japan, were examined. Seven enzyme loci were analysed 
(Est, Got-1, Got-2, Idh, 6-pgdh, Pgi, Skdh), six of which were polymorphic. Across 
the 26 populations, the mean heterozygosity observed was 0.23, which is very close 
to the expected value of 0.26. There was no significant deviation from Hardy- 
Weinberg expectations.
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Following Nei [18], the total genetic diversity of D. tokoro populations (HT) 
was subdivided in order to measure diversities within (Hs) and among (DST) popula
tions (Table I). The mean HTand Hs values of D. tokoro (0.282 and 0.258, respec
tively) were slightly higher than the mean Hx and Hs values previously reported for 
76 predominantly outcrossing species (0.251 and 0.214, respectively) [19]. The 
index of population differentiation was very low (GST = DST/HX = 0.096). This 
figure indicates that only 10% of the total genetic diversity in D. tokoro populations 
is attributable to the genetic differentiation of populations and 90% to genetic diver
sity among individuals within populatons.

TABLE I. GENETIC DIVERSITY CALCULATED FOR THE NATURAL 
POPULATION OF D. tokoro [18]

Locus HT Hs DST GST

Est 0.325 0.294 0.031 0.095

Got-1 0.010 0.008 0.002 0.200
Got-2 0.446 0.429 0.017 0.038

6-pgdh 0.202 0.186 0.016 0.079

Pgi 0.666 0.590 0.076 0.114

Skdh 0.041 0.039 0.002 0.049

Mean 0.282 0.258 0.024 0.096

2.2. The Pgi locus

Of the polymorphic loci, Pgi showed a high GST value (Table I). Geographical 
differentiation is thus evident for this particular locus, as confirmed by the pie graphs 
of Pgi allele frequencies (Fig. 1). The frequency of allele Pgi-a increased from south 
to north, while that of Pgi-c decreased from south to north. Correlations with latitude 
are statistically significant for the frequencies of Pgi-a and Pgi-c.

Segregation analysis was carried out to ascertain the genetic control of PGI 
electromorphs. The overall segregation results confirmed the interpretation of elec- 
tromorphs as distinct alleles, but statistically significant deviation from the expected 
segregation ratios was found with the Pgi locus. In all the crossing experiments, 
Pgi-alPgi-c homozygotes were consistently less frequent than expected.
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The presence of geographical clines of Pgi alleles and distorted segregation 
among experimental progeny indicate that some form of natural selection is involved 
in maintaining Pgi polymorphism in D. tokoro populations.

FIG. 1. Geographical variation in allele frequencies at the Pgi locus in D. tokoro.
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3. DNA POLYMORPHISM IN THE Pgi LOCUS OF D. tokoro

3.1. Pgi-cDNA sequences

PGI is the second enzyme in the glycolytic pathway that catalyses the reversi
ble isomerization of glucose-6 -phosphate and fructose-6 -phosphate. To further 
investigate maintenance of the Pgi allozyme polymorphism in D. tokoro, cDNA 
sequences of Pgi alleles were determined by analysing the Pgi-a, Pgi-b and Pgi-c 
homozygotes.

The Pgi gene of D. tokoro has 1701 bp, corresponding to 567 amino acids. 
There was 75 % DNA sequence homology and 83 % deduced amino acid homology 
between this sequence and the cDNA sequences of Clarkia [20].

TABLE П. POLYMORPHIC NUCLEOTIDE SITES IN THE D. tokoro Pgi 
CODING SEQUENCE

Position 335 336 453 713 908
Triplet position 2 3 3 2 2
Synonymous (S)/

non-synonymous (NS) NS S S NS NS

Acc. Allozyme
No. genotype

DT27 a/a A(Asp) T A A(Gln) С (Ala)
A(Asp) T A A(Gln) C(Ala)

DT12 a/a A(Asp) T A A(Gln) C(Ala)
A(Asp) T A A(Gln) C(Ala)

DT37 b/b G(Gly) A A A(Gln) C(Ala)
G(Gly) A G A(Gln) C(Ala)

DT48 b/b G(Gly) A A A(Gln) C(Ala)
G(Gly) A G A(Gln) C(Ala)

DT51 c/c G(Gly) A A G(Arg) С (Ala)
G(Gly) A A G(Arg) С (Ala)

DT56 — G(Gly) A A A(Gln) C(Ala)
G(Gly) A A G(Arg) G(Gly)

Note: Letters in parentheses indicate the amino acids specified by the polymorphic codons.
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The DNA sequences at the Pgi locus were determined for 12 haplotypes from 
six individuals (Table II). Only five nucleotide sites (1701 bp) of the D. tokoro Pgi 
coding region were polymorphic.

Of the five polymorphic sites, three (335, 713 and 908) gave rise to amino acid 
changes (non-synonymous substitutions). From the nucleotide change at site 335 we 
can deduce the amino acid change Asp <-> Gly, and for site 713 the change Gin <-> 
Arg. These nucleotide changes are therefore non-conservative; they alter the charge 
at the corresponding amino acid position. As there were no other non-conservative 
changes, the difference in the net charge of the enzyme is presumed to be determined 
by the differences at these two sites. Within our samples, the amino acids for these 
two polymorphic sites are (Asp, Gin) for Pgi-a, (Gly, Gin) for Pgi-b, and (Gly, Arg) 
for Pgi-c. The relative amino acid charges at the two sites are ( — ,0) for Pgi-a, 
(0, 0) for Pgi-b, and (0, +) for Pgi-c. The electrophoretic mobilities of the allozyme 
alleles are concordant with the predicted charge states of the two amino acid sites.

A natural environmental temperature gradient is thought to be involved in the 
natural selection of Pgi alleles. The enzyme kinetics of the three allele products will 
be investigated in relation to temperature.

3.2. DNA sequence polymorphism in D . tokoro  P g i

TABLE III. POLYMORPHISM IN SIX D. tokoro MICROSATELLITE LOCI

Locus
No. of 

individuals 
examined

Range of 
product size 

(bp)

No. of 
alleles

Observed
heterozygosity

Expected
heterozygosity

1 23 87-109 6 (6) 0.70 (0.60) 0.82 (0.84)

2 23 176-198 9 (5 ) 0.74 (0.60) 0.84 (0.76)

3 23 122-132 4 (4 ) 0.52 (0.50) 0.63 (0.57)

4 23 161-165 3 (1) 0.09 (0) 0.09 (0)

5 23 266-279 7 (7) 0.57 (0.60) 0.86 (0.84)

6 19 294-312 8 (6) 0.63 (0.86) 0.83 (0.90)

Mean 6.2 (4.8) 0.54 (0.53) 0.68 (0.65)

Note: Values in parentheses are for a subpopulation consisting of 10 individuals located within 
50 m of one another in the vicinity of Kyoto.
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4. MICROSATELLITE POLYMORPHISM IN D. tokoro

4.1. Microsatellites

DNA sequences with short repeated motifs (less than 6  bp) are termed 
microsatellites. The molecular mechanism responsible for hypervariability in 
microsatellites is believed to be replication slippage [2 1 ].

Six polymorphic microsatellite loci have been characterized for D. tokoro 
(a small fraction of the total number of loci that are likely to exist in yam). The six 
loci were analysed in 19-23 separate plants collected in the vicinity of Kyoto 
(Kinki district). Five of the six loci displayed three or more abundant alleles in the 
survey sample (Table Ш). Ten of the 23 individuals tested were collected from one 
population, within 50 m of one another. Microsatellite diversity within the 
subset ( 1 0  individuals) was almost as much as within the entire survey sample 
(23 individuals).

5. DISCUSSION

Allozyme and microsatellite analysis of D. tokoro natural populations revealed 
a large amount of genetic diversity within species. A large portion of the total genetic 
diversity was contained within each population and genetic differentiation among 
populations appeared to be small. The results indicate large gene flow among popula
tions, which must be partly due to dioecy. Therefore, to protect D. tokoro genetic 
diversity, a small number of large populations should be preserved rather than a large 
number of small and isolated populations. All the wild relative species of the culti
vated yam species share the same breeding system as D. tokoro, so this suggestion 
may be appropriate for them as well. Nevertheless, there is also an indication that 
Pgi genetic variation is maintained by natural selection imposed by an environmental 
gradient in temperature over a wide geographical range. To conserve this sort of 
genetic variation, some emphasis should be placed on considering populations 
dispersed along the environmental gradient. For effective improvement and conser
vation of yams, accumulation of basic knowledge on their genetics is essential.
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Abstract

DNA POLYMORPHISMS IN BANANA AND SUGAR CANE VARIETIES REVEALED 
BY RAPD ANALYSIS.

Sugar cane is the fourth most important cash crop o f Pakistan and is grown on 1 million 
hectares o f land, with a total production of 37 million tonnes. It does not flower under existing 
environmental conditions. Sugar cane is vegetatively propagated and the national breeding 
programme is restricted to the adaptation and multiplication of exotic varieties. Random 
amplified polymorphic DNA (RAPD) markers were used to establish polymorphisms among 
various local sugar cane varieties. DNA from the varieties L-118, L-116, BL-4, BF-162, 
Col-44, Col-54, Triton and Puri was isolated and amplified by polymerase chain reaction 
using ten nucleotide primers. The amplification profiles o f all the sugar cane varieties were 
compared and the polymorphisms detected. DNA was isolated from the embryogenic calli of 
sugar cane subjected to gamma irradiation at different doses (0, 0 .5 , 2.0, 4 .0  and 6.0 krad) 
and salt stresses (NaCl: 0, 50, 100, 150 and 200 mM), and was amplified with random primers 
to detect the polymorphisms introduced by stress. The banana is another important vegeta
tively propagated crop in Pakistan. DNA isolation from micropropagated banana was 
optimized and RAPD analysis performed on several clones o f the banana variety Williams. 
The level of genetic variability revealed from calli and vegetatively propagated sugar cane and 
banana by RAPD analysis is discussed.

1. INTRODUCTION

Sugar cane is vegetatively propagated in Pakistan but does not flower under 
normal environmental conditions. Since the crop is clonally propagated (through 
cuttings), the selection pressure (salt or other environmental stresses) is not very 
effective for plant improvement under normal growth and development. In vegeta
tively propagated plant species and varieties, and particularly those which do not 
flower under normal circumstances, genetic variability can be introduced through 
somaclonal variation. Increased somaclonal variations have been reported when the 
calli were exposed to radiation, stress (osmotic) or other mutagenic agents. It has

* Research carried out with the support of the IAEA under Research Contract
No. 7231/RB.
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been reported that stress applied during tissue culture increases the level of tolerance 
in régénérants [1]. Sugar cane is a salt sensitive crop and there are ways of improving 
its salt sensitivity by applying salt stress or by irradiating the callus.

Over the years, several techniques have been used to detect genetic variability/ 
polymorphisms in plant species. In addition to morphological markers, biochemical 
markers such as isozymes and seed storage proteins and DNA based markers such 
as restriction fragment length polymorphisms (RFLPs) have been developed to detect 
polymorphisms. The most recent among these are polymerase chain reaction (PCR) 
based DNA fingerprinting using random amplified polymorphic DNA (RAPD) 
markers [2] and arbitrary primed PCR (AP-PCR) [3]. RAPD markers have been 
extensively used to detect polymorphisms in various agronomically and horticul- 
turally important crops [4-7]. Moreover, these markers have also been used to assess 
genetic relationships [8 ] and to identify plant varieties and species [9, 10].

In this study, we used RAPD markers to determine the genetic polymorphisms 
among various sugar cane cultivars. We also tried to identify any genetic changes 
in the callus caused by salt stress or gamma irradiation. Banana clones were also 
studied.

2. MATERIALS AND METHODS

2.1. Plant material

The sugar cane varieties L-118, L-116, BL-4, BF-162, Col-44, Col-54, Triton 
and Puri were obtained from the Sugarcane Research Center, Ayub Agriculture 
Research Institute, Faisalabad. Different clones of the banana variety Williams were 
used; these were subjected to in vitro micropropagation for different cycles and 
established in the field.

2.2 . Callus induction

Callus culture was initiated from the young leaves of the field grown sugar 
cane variety CP4333 on MS basal medium supplemented with B5 vitamins, 
100 mg/Lmyo-inositol, 500 mg/L caseinhydrolysate,i50 mg/L arginine, 5% vol./vol. 
coconut water, 3% sucrose, 30 mg/L cystein-HCl and 2.5 mg/L phytagel. The pH 
of the medium was adjusted to 5.8. The young leaves were taken from the innermost 
10 mm whorl, sliced into 3-4 mm pieces and placed in 100 mL plastic capped sigma 
jars containing 20 mL of callus initiation medium. The induced calli were main
tained/proliferated on the same medium by serial transfer after 2-3 weeks. Cultures 
were maintained at 26±2°C under dark conditions.
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2.3. Gamma irradiation and salt treatment o f the embryogenic calli

Five week old yellow to white embryogenic calli were subjected to five 
different doses of gamma rays (“ Co source at the Nuclear Institute for Agriculture 
and Biology, Faisalabad). About 60-70 calli were exposed to each radiation level 
(0, 0.5, 2.0, 4.0 and 6.0 krad) . 1 The post-irradiated material was main
tained/proliferated by subculturing every 2-3 weeks. In a similar way to gamma 
irradiation, sodium chloride stress was also applied to the 4-5 week old embryogenic 
calli of sugar cane. Seven equal pieces of calli (128± 10 mg) were placed on callus 
proliferating/maintenance medium supplemented with various concentrations of 
NaCl (0, 50, 100, 150 and 200 mM) on petri dishes (dia. 180 mm x 15 mm). 
Five replicates were used for each treatment. Subculturing was done every 2 weeks.

2.4. DNA isolation

For DNA isolation, 3 g of plant material (either young leaves or the callus) 
were ground into a very fine powder in liquid nitrogen and transferred to a 50 mL 
centrifuge tube. Before the plant material started to thaw, 15 mL of hot 
(65°C) 2 x СТАВ (2% cetyldimethyl triethylammonium bromide, 1.4M NaCl, 
20 mM EDTA (pH8.0), 0.1M Tris-HCl (pH8.0), 1% polyvinyl pyrolidone (PVP), 
1% 2-mercepto-ethanol) were added and incubated for 30 min at 65 °C with occa
sional swirling. The mixture was emulsified with an equal volume of chloro- 
form:isoamyl alcohol (24:1) and spun at 4000 rev/min for 10 min. The upper phase 
was again emulsified with an equal volume of chloroform: isoamyl alcohol (24:1) and 
spun for 10 min at 4000 rev/min. The aqueous phase was removed and the DNA 
precipitated with 0.6 vol. isopropanol. The DNA was pelleted at 4000 rev/min for 
4 min and the supernatant discarded. After adding 10 mL of 70% ethanol to the DNA 
pellet, it was kept at slow shaker for 20 min and then spun at 4000 rev/min 
for 2 min. The above wash step was repeated and then the sample was spun at 
4000 rev/min for 10 min. The pellet was air dried (20 min) and resuspended in
0.5 mL of 0.1 X ТЕ buffer. After treatment with RNase, the DNA concentration 
was measured using an ultraviolet visible spectrophotometer. The DNA was diluted 
in sterile distilled water at a concentration of 12.5 ng//¿L for use in PCR analysis.

2.5. PCR and primers

Decamer primers (Operon Technologies Inc., Alameda, United States of 
America) were dissolved in sterile distilled water at a concentration of 15 ng/ îL. The 
primers used in this study, and their sequences, are shown in Table I. Amplification 
was done in 50 /xL reaction containing 10 mM Tris-HCl (pH8.3 at 25°C), 50 mM

1 1 rad = 1.00 x 10'2 Gy.
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TABLE I. PRIMERS AND THEIR SEQUENCE USED FOR 
PCR AMPLIFICATION
(The primer numbers are of standard Operon nomenclature)

No. No. o f primer Primer sequence (5' to 3 ')

1 OPJ-Ol CCCGGCATAA

2 OPJ-02 CCCGTTGGGA

3 OPJ-05 CTCCATGGGG

4 OPJ-07 CCTCTCGACA

5 OPJ-09 TGAGCCTCAC

6 OPJ-13 CCACACTACC

7 OPJ-15 TGTAGCAGGG

8 OPJ-16 CTGCTTAGGG

9 OPJ-17 ACGCCAGTTC

10 OPJ-18 TGGTCGCAGA

1 2 3 4 5 6 7 8 9  10

FIG. 1. Amplification profile o f  eight sugar cane varieties by OPJ-09 primers. Lanes 1 and 
10 =  1 kb DNA ladder; 2  =  L-118; 3 =  L-116; 4 =  BL-4; 5 =  BF-162; 6  =  Col-44; 
7 =  Col-54; 8  =  Triton; 9 =  Puri.
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1 2 3 4 5 6 7 8 9  10

FIG. 2. Amplification profile o f  eight sugar cane varieties by OP J-17 primers. Lanes 1 and 
10 =  1 kb DNA ladder; 2 =  L-118; 3 =  L-116; 4  =  BL-4; 5  =  BF-162; 6  =  Col-44; 
7  =  Col-54; 8 =  Triton; 9 =  Puri.

1 2 3 4 5 6 7 8 9  10

FIG. 3. Amplification profile o f  eight sugar cane varieties by OPJ-18 primers. Lanes 1 and 
10 =  1 kb DNA ladder; 2 =  L-118; 3 =  L-116; 4  =  BL-4; 5 =  BF-162; 6  =  Col-44; 
7 -  Col-54; 8  — Triton; 9 =  Puri.
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KCI, 3.5 mM MgCl2, 0.1 mM each of dATP, dGTP, dCTP and dTTP, 1 unit of 
Taq DNA polymerase (Perkin-Elmer Corporation, Norwalk, USA), 0.001 % gelatin, 
50 ng of template DNA and 30 ng of primer. The reaction mixture was overlaid with 
two drops of mineral oil to avoid evaporation. Amplification was performed in a 
Perkin-Elmer Cetus thermocycler programmed for the first dénaturation step at 94° С 
for 3 min, followed by 40 cycles of 94°C for 1 min, 36°C for 1 min and 72°C for
2 min. After completing 40 cycles, the reaction was kept at 72°C for 4 min and then 
held at 25°C until the reaction tubes were removed. The PCR products were sepa
rated on 1.4% agarose gel and stained with ethidium bromide, which was added to 
the gel as well as to the 1X Tris borate EDTA (TBE) buffer.

3. RESULTS AND DISCUSSION

The genomic DNA of eight cultivars of sugar cane was amplified with ten 
random primers, all of which created amplification products. For each primer, many

TABLE II. NUMBER OF AMPLIFIED BANDS PRODUCED FROM EIGHT 
SUGAR CANE VARIETIES WITH TEN RANDOM PRIMERS

No.
No. of 
primer

No. of amplified bands

L-118 L-116 BL-4 BF-162 Col-44 Col-54 Triton Puri

1 OPJ-Ol 5 6 5 6 5 NS 5 4

2 OPJ-02 2 2 3 2 4 2 3 2
3 OPJ-05 5 5 4 3 6 3 4 4

4 OPJ-07 3 4 2 5 2 3 4 3

5 OPJ-09 3 1 2 3 3 3 3 1
6 OPJ-13 4 3 6 5 5 NS 5 3

7 OPJ-15 3 2 4 3 2 3 4 2
8 OPJ-16 2 3 3 4 3 2 3 4

9 OPJ-17 4 4 3 6 3 4 3 5

10 OPJ-18 3 4 5 2 5 3 3 3

NS =  not studied.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

FIG. 4. Amplification profile o f  DNA isolated from sugar cane CP 43/33 calli treated with 
different stresses. Lanes 1-15  =  amplification with OPJ-13; lanes 16-30 =  amplification 
with OPJ-17; lanes 1, 2, 16, 17  =  control calli; 3, 4, 18, 19 =  calli treated with 0.5 krad; 
5, 6, 20, 21 =  calli treated with 2 krad; 7, 8, 22, 23  =  calli treated with 4 krad; 
9, 10, 24, 25 =  calli treated with 100 mM NaCl; 11, 12, 26, 2 7  =  calli treated with 
150 mM NaCl; 13, 14, 28, 29 =  calli treated with 200 mM NaCl; 15, 30 =  sugar cane 
L-118 DNA.

amplifications were common to all the cultivars. Electrophoretic separation of RAPD 
from eight sugar cane cultivars, using primers OPJ-09, OPJ-17 and OPJ-18, is 
shown in Figs 1-3, respectively. The remaining random primers also produced 
multiple band profiles. These results were not unexpected, since sugar cane is a 
polyploid and highly heterozygous in nature. The number of RAPD patterns for the 
multiple band profiles ranged from two to six. These results are summarized in 
Table П.

In Pakistan, sugar cane is an exclusively vegetatively propagated crop. Thus, 
radiation induced mutations coupled with tissue culture based selection procedures 
have been adopted by our group to develop the salt tolerance in this crop. The calli 
that were subjected to four levels of radiation (0.5, 2.0, 4.0 and 6.0 krad) and three 
levels of salt (100, 150 and 200 mM NaCl) were analysed. Except for those calli sub
jected to a 6.0 krad dose, genomic DNA was isolated from all the treated calli. The
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

FIG. 5. Amplification o f  DNA isolated from sugar cane CP 43/33 calli treated with different 
stresses. Lanes 1 -7  =  OPJ-09; 8 -14  = OPJ-18; 16-22  =  OPJ-15; 23 -29  =  OPJ-16. 
Lanes 16 ,18 , 23 =  control calli; 17, 24, 29  =  calli treated with 0.5 krad; 3 ,1 0 ,1 8 ,2 5  =  calli 
treated with 2 .0  krad; 4 , 11 , 19 ,  26  =  calli treated with 4 .0  krad; 5, 12, 20, 27  =  calli treated 
with 100 mM NaCl; 6, 13, 21, 28  =  calli treated with 150 mM NaCl; 7, 14, 22, 29  =  calli 
treated with 200 mM NaCl; 15, 30 =  1.0 kb DNA ladder.

results obtained with five random primers are shown in Figs 4 and 5. Only one 
primer (OPJ-09) yielded a single band profile, but it was not polymorphic. Another 
primer (OPJ-18) produced a double band profile and one band was absent in the 
200 mM salt treatment.

Similar studies were performed with a single banana variety (Williams hybrid). 
We were unable to detect any variability in the in vitro propagated plants (up to four 
cycles) or in those plants which were produced through suckers; this will require 
further studies using different primers.

In the present study, the PCR technique was used to generate RAPD markers 
in the vegetatively grown crops of Pakistan. This is the first study of its kind in the 
country and the technology has the potential to be used effectively for identifying 
plant varieties and their variants produced through induced mutations and plant cell 
culture.
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Abstract

GENETIC DIVERSITY IN WHEAT AND BREEDING FOR TOLERANCE TO ACID 
SOILS.

Acid soils are one of the most limiting factors to crop production. These soils, mostly 
marginal and underutilized arable land, are characterized by the low availability o f bases, 
P deficiency and Al, Mn and Fe toxicities. To reduce the negative effects on the grain yield 
of bread wheat, the following approaches can be used: (1) application of lime and fertilizers 
to avoid metal toxicities and nutrient deficiencies; and/or (2) selection for tolerance to differ
ent stresses. Modem screening techniques using nutrient solutions are available to identify 
tolerant plants. In wheat, there is a reasonable range in variability for response to Al, Mn and 
Fe toxicities; these are being identified for several sources o f tolerance. Broad sense heritabil
ity estimates were high in wheat for Al, Mn and Fe tolerances, so selection for tolerance to 
these elements in early generations after crossing should be effective. There is no strong 
undesirable genetic correlation with tolerance. Outstanding inbred lines that showed tolerance 
to Al in nutrient solutions and in acid soils were obtained by pedigree selection, the backcross 
method and mutation breeding using gamma irradiation. No genetic obstacles to transferring 
Al, Mn and Fe tolerances were found. Several promising lines were selected that showed 
tolerance to Al, Mn and Fe toxicities as well as a high yield potential in acid soils.

1. INTRODUCTION

Acid soils, which cover approximately one billion (109) hectares in the tropi
cal and subtropical regions of the world, are one of the most limiting factors to crop 
production. These soils, mostly marginal and underutilized arable land, are charac
terized by the low availability of bases (Ca2+, Mg2+, K+ and Na+), P deficiency

* Research carried out with the support of the IAEA under Research Contract
No. 7641/RB.
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and Al toxicity. Acid soils inhibit expression in maximum yield potential crops. In 
some areas, depending on the soil parental material, Fe and Mn toxicities can also 
be found [1 ].

Liming precipitates and detoxifies Al in the surface layers of acid soils. 
However, the inability of lime to move below the zone of application leaves an 
excess of exchangeable Al in the subsoil. Hence, even in limed soils higher Al con
centrations in the subsoil may restrict plant roots to the surface layers and render 
plants more drought susceptible because of their difficulty in obtaining water and 
nutrients from the deepest soil layers [2]. The effect of liming on the nutrition of two 
wheat cultivars with different tolerances to Al toxicity showed that for the Al tolerant 
cultivar 3 t/ha of lime raised the grain productivity to a maximum, and that on a sen
sitive cultivar maximum productivity was obtained at higher liming levels 
(Table I) [3]. Evaluation of P fertilization on the wheat grain yield in two soils with 
low levels of P but different levels of Al3+ showed that for soil with a higher level 
of Al3+ the maximum grain yield was observed at the higher P levels (Table П) 
[4, 5].

The Brazilian bread wheat production was 6.1 million tonnes in 1987, which 
at that time represented 90% of the country needs. However, in 1993 national 
production was 2 million tonnes, which was only sufficient to cover 30% of internal 
requirements. The reasons for this situation are that Brazil is now importing a great 
deal more wheat from Argentina, private commercialization of wheat and removal

TABLE I. EFFECT OF LIME APPLICATION ON THE GRAIN YIELD OF TWO 
WHEAT CULTIVARS (IAC-5 (TOLERANT TO Al TOXICITY) AND SIETE 
CERROS (SENSITIVE TO Al TOXICITY)) EVALUATED IN ACID SOILS 
USING 30-90-30 kg/ha OF N, P2 0 5 AND K2 0, RESPECTIVELY

Lime
(t/ha)

Grain yield Soil analysis at the surface layer

IAC-5
(kg/ha)

Siete Cerros 
(kg/ha)

pH
Ca

(meq/100 mL)
Mg Al saturation 

(meq/100 mL) (%)

0 1225 57 4.7 0.4 0.2 67

3 1821 267 5.0 0.8 0.6 46

6 1827 520 5.1 0.8 0.6 37

9 1812 641 5.1 0.9 0.9 30

12 1453 761 5.1 1.1 1.0 24

Source: Ref. [3].
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TABLE II. EFFECT OF P FERTILIZATION ON THE 
WHEAT GRAIN YIELD EVALUATED IN TWO 
ACID SOILS WITH LOW LEVELS OF THIS 
NUTRIENT BUT DIFFERENT AMOUNTS OF Al3 +

P20 5
(kg/ha)

I tararé3 
(kg/ha)

Itapevab
(kg/ha)

0 122 1174

60 1200 1770

120 1717 1908

a pH =  
ь pH =

4.9 and 1.6 meq. o f A l3+/100 g of soil. 
5.4 and 0.5 meq. o f A l3+/100 g of soil.

Source: Refs [4, 5].

of most of the taxes for imports. To increase the availability of bread wheat, produc
tion costs should be drastically reduced, thereby making the crop more attractive and 
profitable to farmers. One of the ways of achieving this goal would be to develop 
new varieties that are suitable to different ecological conditions, particularly acid 
soils.

2. ALUMINIUM TOXICITY

2.1. Different responses and genetic control

Because Al is a component of soil clay minerals, toxicity is theoretically possi
ble in most, if not all, soils and can occur when the soil pH is low enough to effect 
decomposition of the clay mineral structures (generally below 5.5, but particularly 
below 5.0). When this point is reached, some of the Al, formerly part of the clay 
particles, migrates to cation exchange sites on the clay surfaces and into the soil solu
tions [6 ].

Different responses to high Al levels among species and among cultivars within 
the same species make it possible to develop tolerant cultivars for regions where 
liming or control of subsoil acidity is difficult [7]. Use of nutrient solutions may 
become more efficient and facilitate screening of Al tolerant plants, since roots, the 
most directly affected plant parts, are easily observed [8 ].
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Modem hydroponic techniques were used to measure the seedling root growth 
responses of several wheat varieties immersed in solutions with different Al concen
trations as an indication of tolerance or sensitivity [9]. In this study, Anahuac 75 was 
very sensitive at all the concentrations and BH-1146 showed tolerance up to 10 ppm 
of Al (Table Ш) [9].

TABLE Ш. AVERAGE ROOT LENGTH (mm) OF SEVEN WHEAT VARIETIES 
GROWN IN NUTRIENT SOLUTIONS FOR 72 HOURS FOLLOWED BY 
48 HOURS IN Al SOLUTIONS WITH VARIOUS CONCENTRATIONS

Cultivars
Al concentrations in solution (ppm)

Reaction to A la
0 2 4 6 8 10

Anahuac 75 62 0 0 0 0 0 VS

Alondra S-46 51 21 0 0 0 0 S

IAC-23 57 27 13 0 0 0 MS

IAC-17 67 46 29 12 0 0 MT

IAC-24 51 34 35 29 14 4 T

IAC-5 52 31 23 23 7 3 T

BH-1146 95 63 48 40 33 27 VT

a VS =  very sensitive; S =  sensitive; MS =  moderately sensitive; MT =  moderately 
tolerant; T =  tolerant; VT =  very tolerant.

Source: Ref. [9].

Most genetic studies demonstrate that tolerance to Al toxicity in wheat is 
governed by one or two dominant genes (Tables IV-VI) [10-13]. High narrow sense 
heritability was estimated for Al tolerance, suggesting that selecting for tolerant 
plants in a segregating population would be efficient in early generations [14]. The 
high level of Al tolerance is conferred by genome D [15]. The dominant gene for 
Al tolerance in the cultivar BH-1146 is located on chromosome 4 of genome D [16].
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A t the Instituto Agronóm ico Cam pinas (IAC), Sâo Paulo, Brazil, three 
approaches w ere used to obtain im proved varieties that adapt to acid soils with high 
levels o f  Al.

In the first approach, crosses w ere made between tolerant and sensitive culti
vars, and the F 2 seeds from  these crosses w ere selected for Al tolerance using 
nutrient solutions. The tolerant seedlings w ere planted in pots in a screenhouse. In 
the F 3- F 6 generations, prelim inary and final yield trials w ere carried  out at different 
locations and under different soil conditions in the State o f Sâo Paulo. The recently 
released cultivars IAC-24 and IAC-60 showed high tolerance to acid soils and a high 
yield potential (Table VII) [17].

2.2. Breeding for Al tolerance

TA BLE IV. G ENETIC RELA TIO N SH IP OF D IFFER EN T W H EA T VARIETIES 
FO R  TO LERAN CE TO 3 ppm  O F Al IN  TH E N U TR IEN T SOLUTION

Crosses3
Expected ratio in F2 

(T:S)b
Pc

Seri x  IAC-60 3:1 0.50-0.20

Anahuac x IAC-227 3:1 0.50-0.20

Siete Cerros x  IAC-227 3:1 0.95-0.50

Siete Cerros x  IAC-24 3:1 0.50-0.20

VEERY ‘S’ x  IAC-60 3:1 0.50-0.20

Anahuac x  IAC-60 3:1 0.95-0.50

IAC-24 x Anahuac 3:1 1.00

Seri x  BH-1146 3:1 0.95-0.50

VEERY ‘S’ x  IAC-227 3:1 0.95-050

IAC-18 x Anahuac 3:1 0.50-0.20

Seri x  IAC-227 3:1 0.50-0.20

Siete Cerros x  BH-1146 3:1 0.50-0.20

IAC-227 x  Anahuac 3:1 0.50-0.20

a Tolerant parents: IAC-60, IAC-227, IAC-24, BH-1146, IAC-18. 
b T =  tolerant; S =  sensitive.
c P =  probability of success between the actual and expected frequencies by the segregation 

hypothesis of one gene pair.
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The backcross m ethod was used as the second approach. H igh yield potential 
cultivars from  M exico (Centro Internacional de M ejoram iento de M aíz y Trigo) that 
showed sensitivity to Al toxicity w ere used as the recurrent parents, with the cultivar 
B H -1146 as the donor parent for Al tolerance. M any inbred lines w ere obtained that 
had the same characteristics as the recurrent variety but exhibited high tolerance to 
Al toxicity (Table VIII).

TABLE V. G ENETIC RELATION SHIP OF TW O W HEAT VARIETIES FOR
TO LER A N C E TO THREE 
SOLUTIONS

CONCENTRATIONS O F Al IN N UTRIENT

Cultivar/cross
Actual ratio3 

(T) (S)
Expected ratio 

(T:S)a
Pb

3 ppm o f Al3+

C3 60 0

Siete Cerros 0 60

C3 x  Siete Cerros (F,) 25 2

C3 x Siete Cerros (F2) 110 37 3:1 0.90-0.95

6 ppm o f A i3+

C3 60 0

Siete Cerros 0 60

C3 x  Siete Cerros (F,) 20 12

C3 x Siete Cerros (F2) 111 69 3:1 < 0.01

1:3 < 0.01

10 ppm o f Al3+

C3 60 0

Siete Cerros 0 60

C3 x  Siete Cerros (F,) 2 16

C3 x Siete Cerros (F2) 30 90 1:3 1.00

a T =  tolerant; S =  sensitive.
b P =  probability of success between the actual and expected frequencies by the segregation 

hypothesis of one gene pair.
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TA BLE VI. G ENETIC RELA TIO N SH IP OF FO U R  W H EA T VARIETIES FOR 
TO LER A N C E TO Al TOXICITY

Crosses
Al concentrations in solution 

(ppm)
Segregation in F2 

(T:S)a

Tordo x  Siete Cerros 2 3:1

BH-1146 x  Tordo 3 3:1

BH-1146 x  Siete Cerros 3 3:1

Atlas-66 x  Tordo 3 15:1

Atlas-66 x  Siete Cerros 3 15:1

BH-1146 x  Atlas-66 6 15:1

BH-1146 x Atlas-66 10 12:4

a T =  tolerant; S =  sensitive.

The third approach was m utation breeding, which included several genotypes 
and had very well defined objectives. As a  result o f  earlier mutagenic treatm ents 
(seed gam m a irradiation o f  260 Gy) in the Anahuac cultivar (sensitive to  A l toxicity), 
28 lines showing tolerance to Al toxicity in soils and in nutrient solutions w ere evalu
ated for grain yield in experim ents carried out at different locations using acid and 
lim ed soils. Some m utant lines showed a high yield potential com pared with the

TABLE VII. AVERAGE GRAIN Y IELD  O F FO U R  W HEAT VARIETIES 
PLA N TED  U N DER SPRINKLER IRRIGA TION  IN  TH E STATE OF 
SÂO PAU LO , BRA ZIL, IN 1985-1988

Cultivars
Acid soil 
(kg/ha)

Limed soil 
(kg/ha)

IAC-24 3893 4906

IAC-60 3584 3919

Alondra-S-46 2625 4084

Anahuac 1029 3379

Source: Ref. [17].
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TABLE VIU. GRAIN YIELD O F W H EA T IN  EXPERIM ENTS CARRIED OUT 
U N DER D IFFER EN T SOIL CONDITIONS IN TH E STATE OF SÂO PAULO, 
BRA ZIL, IN  1992

Acid soil Limed soil
Cultivars ‘upland’ ‘sprinkler irrigation’

(kg/ha) (kg/ha)

BH-1146 2454 3889

Siete Cerros 963 4102

Anahuac 843 5102

Anahuac tolerant3 2371 4218

a ((Anahuac x  BH-1146) X Anahuac) x  Anahuac.

original Anahuac cultivar in both types o f  soil (Table IX). Lines that com bined excel
lent agronom ic characteristics, such as sem idw arf plant type, Al tolerance and
resistance to diseases, w ere obtained by selections in a  population submitted to seed
gam ma irradiation (275 Gy) in the F4 generation o f  the interspecific hybrid o f
B H -1146 (Triticum aestivum  L .) and Anhinga ‘S ’ X  W inged ‘S ’ (Triticum durum  L .)
(Table X).

TABLE IX. GRAIN YIELD M EANS OF W H EA T GENOTYPES IN  EX PERI
M ENTS CARRIED O UT U N DER D IFFER EN T SOIL CONDITIONS IN  TH E 
STATE O F SÂO PAU LO , BRA ZIL, IN  1994

Acid soil Limed soil
Genotypes3 ‘upland’ ‘sprinkler irrigation’

(kg/ha) (kg/ha)

Anahuac 347 3847

Anahuac mutant 1 1625 4271

Anahuac mutant 2 1646 4482

Anahuac mutant 3 1570 4479

IAC-24 1311 3771

a Mutant lines that originated from selections made in the original Anahuac submitted 
to seed gamma irradiation (260 Gy).



IAEA-SM-340/5 329

TABLE X. GRAIN Y IELD  M EANS OF W H EA T GENOTYPES IN EX PERI
M ENTS CARRIED O U T U N D ER D IFFER EN T SOIL CONDITIONS IN TH E 
STA TE O F SÂO PAU LO , BRA ZIL, IN  1990-1992

Genotypes3
Acid soil 
‘upland’ 
(kg/ha)

Limed soil 
‘sprinkler irrigation’ 

(kg/ha)

BH-1146 1917 2975

Yavaros ‘S’ 148 2513

Line 1 2352 4218

Line 2 2139 3581

Line 3 2463 4025

a Lines that originated from selections made in a population submitted to seed gamma irradi
ation (275 Gy) in the F4 generation of the interspecific hybrid of BH-1146 (Triticum 
aestivum L.) and Anhinga ‘S’ x  Winged ‘S’ (Triticum durum L.).

TABLE XI. A V ERA GE ROOT LENG TH  OF SIX W H EA T CULTIVARS 
M EA SU RED  A FTER  10 DAYS O F G ROW TH IN N U TR IEN T SOLUTIONS 
W ITH  VARIOUS M n CO NCENTRATIONS

Mn concentrations in solution (mg/L)
Cultivars ------------— ------------ — ------------Ш ~  ba Reaction to Mnb

(mm) (%) (mm) (%) (mm) (%) (mm) (%)

BH-1146 179 100 129 73 96 54 37 21 - 0.12 S

I AC-21 156 100 129 83 94 60 36 24 - 0.10 s
IAC-18 183 100 143 78 105 58 36 20 - 0.12 s
Siete Cerros 148 100 122 83 103 70 69 48 -0 .0 6 T

IAC-24 106 100 119 113 102 97 71 68 -0 .0 3 T

C3 132 100 95 72 90 69 66 51 -0 .0 5 T

a Regression coefficient. 
b ¡S =  sensitive; T =  tolerant.

Source: Ref. [20].
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Very recently, the w heat breeding program m e at I  AC has used the doubled 
haploid technique to accelerate the breeding cycle, and some prom ising DH lines 
have been obtained.

3. M A N GA N ESE AND IRON TOXICITIES

Iron absorption is related to the ability o f  the root to reduce F e 3+, and reduc
tion appears to be obligatory before the Fe can be absorbed [18]. In acid soils, there 
are generally sufficient amounts o f  Fe and M n in the soil solutions to supply the 
p lan t’s needs. In highly acid soils, toxicity problem s can occur as a result o f  an 
excess o f  these elem ents in association with A l toxicity, which is frequent under these 
conditions [19].

Several w heat cultivars w ere studied for their tolerance to Fe and M n in 
nutrient solutions. Tolerance was evaluated on the basis o f  the m ean root length o f 
each cultivar after a growth period of 10 days in nutrient solutions with different Fe 
o r M n concentrations (Tables X I, XII) [20, 21].

Broad sense heritability estimates w ere high in wheat for A l, M n and Fe toler
ance, so selection for tolerance to  these elements in early generations after crossing 
should be effective. N o genetic obstacles to transferring A l, M n and Fe tolerances 
w ere found, taking into consideration crosses between B H -1146 (tolerant to Al toxic
ity and sensitive to M n and Fe toxicities) and Siete Cerros (sensitive to Al toxicity

TABLE ХП. A V ERA GE ROOT LENGTH OF FO U R W H EA T CULTIVARS 
M EASURED A FTER  10 DAYS OF G ROW TH IN NU TR IEN T SOLUTIONS 
W ITH  VARIOUS Fe CONCENTRATIONS

Fe concentrations in solution (mg/L)
cuiuvars

0.56 5 10 20
D кеасиоп to r e

(mm) (%) (mm) (%) (mm) (%) (mm) (%)

BH-1146 177 100 124 70 100 57 73 41 -4 .9 5 S

IAC-24 100 100 76 76 66 66 47 47 -2 .5 5 MS

CNT-8 157 100 124 79 112 71 115 73 - 1.86 MT

Siete Cerros 126 100 102 81 110 87 104 83 -0 .81 T

a Regression coefficient.
b S = sensitive; MS =  moderately sensitive; MT =  moderately tolerant; T =  tolerant.

Source: Ref. [21].
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TABLE ХШ . GRAIN YIELD M EANS O F W H EA T GENOTYPES IN  EX PERI
M ENTS CARRIED OUT IN  ACID AND LIM ED  SOILS IN TH E STATE OF 
SÂO PAU LO , BRA ZIL, IN  1990-1992

Genotypes3
Acid soil 
‘upland’ 
(kg/ha)

Limed soil 
‘sprinkler irrigation’ 

(kg/ha)

BH-1146 2195 3357

Siete Cerros 824 3912

Line 1 2935 3329

Line 2 2361 3512

Line 3 1944 3667

a Inbred lines that originated from selections made in the hybrid BH-1146 x  Siete Cerros 
and showed tolerance to Al, Mn and Fe toxicities in nutrient solutions.

and tolerant to M n and Fe toxicities) [22, 23]. Twenty inbred lines that originated 
from  these crosses and showed tolerance to Al, M n and F e toxicities in nutrient solu
tions under acid soil conditions had a high grain yield com pared with the controls. 
In lim ed soils, no differences in yield w ere observed among all the genotypes 
studied, which showed that there was no association between low yield and Al toler
ance under these conditions (Table ХШ ) [24].

The conditions and inform ation essential to establishing a breeding program m e 
for M n tolerance [25, 26], which w ere adapted for the three abiotic stresses under 
discussion, are that: ( 1 ) screening techniques are available for identifying tolerance;
(2) there is a reasonable range in variability w ithin the species to be bred; (3) the 
character is heritable and some estim ates o f  heritability are available; (4) there are 
no strong, undesirable genetic correlations with tolerance; and (5) an estimate can 
be made o f the level o f  im provem ent attainable in the field.

4. CONCLUSIONS

To reduce the negative effects o f  the A l, M n and Fe toxicities present in acid 
soils on the grain yield o f bread wheat, the following approaches can be used:
( 1 ) cropping only in favourable environm ents, thereby avoiding metal toxicities, 
nutrient deficiencies, etc.; and/or (2 ) selecting for tolerance to different stresses.
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A b s t r a c t

THE SEARCH FOR MOLECULAR MARKERS LINKED TO ALUMINIUM TOLER
ANCE IN CEREALS.

Protein expression was examined in an isogenic system of wheat (Triticum aestivum L.) 
to determine if proteins can be used as molecular markers of Al tolerance. This system con
sisted of a dominant gene transferred from Maringa (Al tolerant) to Katepwa (Al sensitive) 
and was isolated in the near isoline Alikat (Al tolerant). Studies, including L-[35S]- 
methionine incorporation, showed that protein synthesis increased in the root tips of all three 
lines. Katepwa showed a lack of protein accumulation in the root tips relative to the increased 
root tip dry weight with Al stress. This lack of protein accumulation was associated with an 
increase in proteinase activity in Al sensitive Katepwa. Maringa and Alikat showed normal, 
relative changes in the root tip dry weight and protein content and no increase in the proteinase 
activity following Al stress. Root tip polypeptide profiles showed that Al tolerance in Maringa,

* This paper reports the results of research only. Mention of a proprietary product does not
constitute an endorsement or a recommendation for its use by the United States Department
of Agriculture or the University of Missouri.
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Alikat and Al tolerant F2s was a constitutive response; there were marginal quantitative 
changes in the polypeptide profile following Al stress. In contrast, Katepwa showed numerous 
polypeptides that were either enhanced or reduced in quantity, following Al stress. It was con
cluded that changes in gene expression may be deleterious to Al tolerance in wheat and are 
associated with Al sensitivity. This isogenic system is also being used to isolate DNA markers 
that со-segregate with the Al tolerance phenotype. Two restriction fragment length polymor
phism markers recently isolated by C. Riede at North Dakota State University, Fargo, United 
States of America, are located on chromosome 4DL. These markers are being mapped in an 
F2 population derived from Katepwa x Alikat. The current status and progress of this 
research are discussed.

1. IN TROD U CTIO N

A m ajor factor that lim its crop production w orldwide is the presence o f acid 
soils. A cid soil is infertile prim arily because o f  the high toxic levels o f  aluminium 
that becom e available to plants when the rhizosphere is at a low pH  (4 .0 -5 .0 ) [1]. 
W hen plants are subjected to artificial A l stress, the prim ary effect is inhibition of 
root tip growth, with subsequent stunted root developm ent (for a  review , see 
Refs [1, 2]). W e are o f the opinion that a detailed understanding o f the genetics and 
physiology o f Al tolerance will lead to m ore efficient developm ent o f im proved Al 
tolerant cultivars. A lso, identification o f m arkers for selecting and pyram iding Al 
tolerance genes may be very beneficial for developing Al tolerant cultivars.

W e initiated a study to search for changes in protein expression that may co- 
segregate with and identify the Al tolerant phenotype. A num ber o f recent reports 
have described changes in gene expression and protein synthesis in wheat under the 
influence o f Al stress. These reports focus on the root tips, as well as on the soluble 
and insoluble cellular fractions present in the root tips.

Several proteins induced in both Al sensitive and Al tolerant wheat cultivars 
have been identified [3]. A  single protein was unique to the Al tolerant cultivar. 
Sim ilarly, 42 changes in protein synthesis between Al sensitive and Al tolerant wheat 
cultivars w ere identified on two-dimensional gels [4]. O f these, only three soluble 
fraction proteins w ere uniquely expressed in the Al tolerant cultivar. The microsomal 
cell fraction o f  the wheat root tips was examined and a 51 kD polypeptide family 
identified that accum ulates to higher levels in an Al tolerant cultivar relative to an 
Al sensitive cultivar [5] . 1 F inally, five proteins expressed in an Al tolerant line 
w ithout Al stress w ere identified that increased in expression with Al present [6 ]. 
The same five proteins also increased in expression in an Al sensitive line with Al 
stress. The trend from  these studies suggests that there are few specific changes in 
protein synthesis that are related to Al stress. In addition, owing to a lack o f direct

1 1 dalton =  1 u (unified atomic mass unit)
=  1.66 x  10"27 kg.
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genetic evidence, these studies do not conclusively show that A l induced changes in 
protein synthesis со-segregate with the Al tolerant phenotype within a single 
population.

Research that makes use o f  near isogenic pairs is valuable for analysing traits 
controlled by a few genes. Backcross breeding makes it possible for individual genes 
to be identified in near isogenic sister lines. Considering that Al tolerance has been 
partially attributed to changes in protein synthesis, our objectives w ere to use these 
wheat genotypes to exam ine Al tolerance and to look for quantitative differences in 
protein synthesis within the root tips and the cellular fractions. This isogenic system 
is also being utilized to identify DNA m arkers that со-segregate with the Al tolerance 
phenotype.

2. M ATERIALS AND M ETHODS

2 . 1 .  P l a n t  m a t e r i a l

A n Al tolerant Brazilian wheat (Triticum aestivum L. cv. M aringa) was crossed 
with an Al sensitive wheat (Triticum aestivum L. cv. Katepwa). There was recurrent 
selection for Al tolerance and recurrent parent phenotypic traits for three backcross 
(BC) generations. Selected BC^Fj sister lines w ere selfed for three or four genera
tions at the U niversity o f  A lberta, Edm onton, Canada [7]. A  BC 3 isoline (Alikat) 
showed strong Al tolerance and was indistinguishable from  Katepwa under non
stress conditions. An F2 segregating population was derived by crossing Katepwa X 

A likat and selling the F[ seed at the U niversity o f M issouri, Colum bia, United 
States o f Am erica.

2 . 2 .  E x p e r i m e n t a l  p r o c e d u r e s

Seedlings w ere grow n in hydroponic m edium  containing Al or zero Al for 3 d 
to subject the plants to Al stress. A l tolerance scores w ere determ ined by measuring 
the final seminal root length o f  the seedlings following Al stress. The root tolerance 
index (RTI) was determ ined by com paring the roots grown in Al relative to the roots 
grow n in zero Al [8 ].

Protein synthesis was evaluated by m easuring the degree o f  incorporation o f 
L -[35S]-methionine into protein. Protein synthesis was expressed by com paring 
incorporation o f  L -[3 5S]-methionine from  the Al stressed roots with that from  the 
non-stressed roots

TCA  precipitated dis/m in (X /¿g/mL A l)/total dis/m in (X /tg/m L Al)

TCA  precipitated dis/m in (0 /¿g/mL A l)/total dis/m in (0 /¿g/mL Al)



TA BLE I. ANALYSIS O F L -[3 5S]-met. INCO RPO RATIO N, PRO TEIN  A CC U M U LA TIO N  A N D  PRO TEIN A SE ACTIVITY  IN 
TH E ROOTS O F A LL THREE W HEAT GENOTYPES G ROW N IN  0 O R 1 g /m 3 A LUM IN IUM

Distribution of
Distribution

Proteinase
L-[35S]-met.
incorporation

indexa

L-[35S]-met. TCA 
precipitated proteins 

(% of crude)3

Dry weight3 

(mg)

Protein
activity3 

(ДА 574 nnV/tg 
protein)

Al genotype 
(g/m3)

content3

(Mg)

of protein3 
(mg/g dry weight)

wUJ
00

Whole roots Root tips Soluble Insoluble Soluble Insoluble

0 Katepwa 1.0 ± 0.14 1.0 ± 0.06 65.4 ± 3.3 30.2 ± 1.8 1.13 ± 0.06 317.6 ±  15.6 250.0 ± 2.5 32.2 ± 2.2 0.029 ± 0.002

Alikat 1.0 ± 0.09 1.0 ± 0.04 65.8 ± 3.7 31.9 ± 1.4 1.17 ± 0.02 317.4 ± 7.9 240.5 ± 2.1 31.5 ± 4.1 0.034 ± 0.001

Maringa 1.0 ± 0.12 1.0 ± 0.06 62.8 ± 4.0 30.7 ± 1.7 1.43 ± 0.04 263.3 ± 20.6 156.7 ± 12.8 27.8 ± 2.1 0.045 ± 0.001

1 Katepwa 1.67 ± 0.05 2.02 ± 0.22 36.1 ± 3.6 53.4 ± 2.2 2.39 ± 0.09 300.0 ±  15.5 99.0 ± 8.0 27.4 ± 3.5 0.049 ± 0.004

Alikat 1.49 ± 0.09 1.72 ± 0.19 36.9 ± 2.2 47.4 ± 3.1 2.41 ± 0.16 440.5 ±  34.9 153.7 ± 13.2 31.0 ± 6.5 0.028 ± 0.004

Maringa 1.38 ± 0.10 2.21 ± 0.28 42.2 ± 4.3 50.5 ± 9.5 2.08 ± 0.13 393.1 ±  3.5 151.6 ± 4.9 37.8 ± 5.0 0.047 ± 0.007

ся
О

Я
ce

Seedlings of each wheat genotype were grown for 3 d in hydroponic solution containing 1 g/m 3 or zero Al. Roots of the intact seedlings were submerged in the final 
hydroponic solution containing L-[35S]-met. for 2 h. Whole roots or root tips were excised and the proteins isolated from the crude cell lysate, and the soluble and 
insoluble cell fractions. The quantity of TCA precipitable radiolabel in each cell fraction was determined. Alternatively, the cellular fractions from non-35S labelled 
plants were assayed for protein content and proteinase activity.

3 All values are derived from three replications of root tips from five seedlings combined.
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w here X  represents the various Al concentrations. This norm alized the incorporation 
index values to 1.0 in 0 /tg/m L Al.

Cell fractionation was perform ed via ultra-centrifugation o f the whole cell 
lysate (crude) fraction. Pelleted m aterial was considered to be the microsomal 
(insoluble) fraction and the supernatant was considered to be the cytoplasmic 
(soluble) fraction [9].

The root tip protein content was established [10] and the proteinase activity 
determ ined colorim etrically using resorufin labelled casein (Boehringer M annheim , 
Germ any). E lectrophoresis o f the radiolabelled polypeptide samples was perform ed 
according to Ref. [11].

3. RESULTS AND DISCUSSION

3 . 1 .  R o o t  g r o w t h

Following Al stress in 1 /xg/mL, the Brazilian wheat (M aringa), which was the 
donor o f  the Al tolerant gene(s), and the isoline (Alikat) had the longest roots over 
the 3 d experim ent, w ith RTI values o f 0 .9  and 0 .75 , respectively. The Katepwa (Al 
sensitive) roots stopped growing and levelled off at 0 .2  RTI, which showed that the 
plants w ere Al sensitive, yet grew  m arginally in Al. Experiments with haematoxylin 
staining clearly showed that the root tips o f  Al sensitive wheat stop growing in the 
presence o f Al [12, 13]. This m arginal growth was probably due to residual cell 
expansion and not cell division at the root tip.

3 . 2 .  L - [ 3sS ] - m e t h i o n i n e  i n c o r p o r a t i o n

Proteins are implicated as a possible means o f  defence in Al toxicity [14]. To 
examine this concept further, we assessed the level o f protein synthesis following Al 
stress in both the whole cell and the subcellular fractions o f the root tips. Aluminium 
stress induced an increase in the level o f  incorporation o f L -[35S]-met. (Table I), 
which was m ore enhanced in the root tips. The total pool o f  L -[35S]-met. rem ained 
unchanged in concert w ith an increase in the TCA  precipitable L -[35S]-met. o f the 
root tip, whole cell lysates o f  0 and 1 /tg/m L Al (Table I). Therefore, the higher 
levels o f  L -[35S]-met. incorporation, o r increased protein synthesis, were not an 
artefact caused by changes in the L -[35S]-met. pool (Table I).

3 . 3 .  C e l l u l a r  d i s t r i b u t i o n  o f  p r o t e i n s

The subcellular distribution o f  TCA  precipitable radiolabelled protein was 
sim ilar for all three genotypes at 0  ¿¿g/mL Al (Table I). The distribution was reversed 
during Al stress o f 1 /¿g/mL and the majority o f the TCA  precipitable radiolabelled
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proteins was found in the insoluble fraction, with the rem ainder in the soluble frac
tion (Table I). Since the overall level o f incorporation in this root tip experim ent 
increased by approxim ately twofold (Table I), the newly incorporated L -[35S]-met. 
could be directed prim arily tow ards the m icrosom al fraction proteins.

M aringa and Alikat showed sim ilar increases in protein content, whereas 
Katepwa showed no increase during Al stress. The soluble protein accumulation, 
based on dry w eight, was severely reduced in Al in Katepwa. The apparent increase 
in m icrosom al L -[35S]-met. labelled proteins in both Katepwa and Alikat was prob
ably due to the reduction in soluble protein accum ulation (Table I). The increased 
proportion o f  L -[35S]-met. labelled microsom al proteins in M aringa, with the in
crease in accum ulated m icrosom al protein concentration, suggested that the newly 
synthesized proteins w ere directed to the microsom al fraction and can be exuded as 
a m echanism  o f  Al defence (Table I) [5, 15].

3 .4 . P ro te in ase  activ ity

O ur experim ents revealed that the lack o f protein accum ulation in Katepwa was 
associated with an increase in the proteinase activity, suggesting that the newly syn
thesized protein did not accum ulate because o f  increased protein degradation 
(Table I). Recently, Al induced cD N A s homologous to a proteinase inhibitor were 
identified in the Al sensitive wheat W arigal [16, 17].

W e have presented evidence here that suggests Al induced high proteinase 
activity in Al sensitive w heat, which may prohibit protein accum ulation in the root 
tips. W e suggest that the ability o f  Al tolerant wheat to m aintain proteinase levels 
in equilibrium  during Al stress may be another physiological condition for tolerating 
Al. The high proteinase levels in the Al sensitive wheat Katepwa w ere not present 
in the near isoline A likat, which suggests that the recurrent selection pressures for 
Al tolerance elim inated this characteristic in transferring Al tolerance from  M aringa 
to Katepwa. The m olecular com ponents o f physiological pathways may be consid
ered to be candidates for tagging Al tolerance. F or exam ple, alleles that assist in 
maintaining protein accum ulation during Al stress m ay identify Al tolerant types.

3 .5 . A lum in ium  stress p ro te in s

Six F2 bulks w ere chosen from  a segregating population derived from  
Katepwa x  Alikat. The population segregated at a 3:1 ratio (X 2 =  1.11; 0 .25 <  
P <  0.5) (Fig. 1). The polypeptides extracted from  the root tips o f  these F2 seed
lings w ere separated by electrophoresis to ascertain what influence Al stress may 
have on protein expression and whether alterations in the polypeptide profiles could 
act as m olecular m arkers for A l tolerance. F igures 2 and 3 represent the polypeptide 
profiles from  the root tip, and the crude and insoluble cell fractions, respectively.
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FIG. 1. Frequency histogram o f the F2 population showing segregation o f root lengths after 
3 d o f growth in 1 fig/mLAl. The root lengths o f each parental line are indicated. The popula
tion segregated at a 3(Al tolerant):l(Al sensitive) ratio, X 2 = 1.11; 0.25 < P < 0.5.

W e observed that there w ere no polypeptides up regulated in Al tolerant M aringa 
or A likat which w ere associated with Al tolerance. The prim ary changes w ere poly
peptides expressed at higher levels in Katepwa and the Al sensitive F2 bulks 
associated with Al sensitivity. There w ere a  few constitutive polypeptides expressed 
in M aringa, A likat and the Al tolerant F 2 bulks that w ere decreased in the Al sensi
tive types. These polypeptides are associated with Al tolerance.

Therefore, Al tolerance in wheat may be influenced by extrem ely limited 
changes in protein expression but was not associated with the expression o f large 
quantities o f any individual polypeptide families o r increased expression o f  multiple 
polypeptide families. The ability to maintain norm al, constitutive gene expression 
and to avoid possible deleterious changes in gene expression appeared to be strongly 
associated with Al tolerance [18]. W e are currently searching for m olecular m arkers 
for A l tolerance that may include cD N A  clones from  constitutively expressed 
mRNAs.

3 . 6 .  c D N A  m a r k e r s  l i n k e d  t o  A l  t o l e r a n c e

W e have investigated the possibility that there are changes in gene transcription 
which play a role in Al tolerance in wheat and rye. Use o f differential display poly
m erase chain reaction (PCR) [19] has allowed us to assay for differences in mes
senger RNA pools. W e have com pared the mRNAs o f Al stressed and unstressed
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FIG. 2. The 1-D SDS-PAGE profile o f whole cell lysate polypeptides extracted from wheat 
root tips following Al stress. The seedlings were grown in solutions with 0 or 1 ixg/mL Al for  
3 d and the polypeptides were labelled with L-[33S]-met. Equal amounts o f radioactivity were 
loaded in each lane. The numerals on the left are Mr markers (x  10~3 kD) and those on the 
right indicate the M,s o f  polypeptides o f interest. The Al stress treatments are indicated as 0 
or 1 ¡xg/mL below the lanes. The sample designations are Katepwa (K); Alikat (A); Maringa 
(M); Al sensitive F2 (F2 sen.) and Al tolerant F2 (F2 toi.) bulks.

rye root tips; we have also assayed Al tolerant and sensitive wheat, F6 single seed 
decent (SSD) sister lines subjected to Al stress. In both cases, our findings have sup
ported the hypothesis that A l tolerance was not the result o f  new gene induction in 
Al tolerant genotypes. R ather, we speculate that Al tolerance may represent either 
the partial down regulation o f mRNAs coding for gene products that are Al sensitive, 
o r up regulation o f  genes that are constitutively expressed.
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FIG. 3. The 1-D SDS-PAGE profile o f microsomal polypeptides extracted from wheat root 
tips following A l stress. The seedlings were grown in solutions with 0 or 1 ng/mL Al for 3 d 
and the polypeptides were labelled with L-[33S]-met. The microsomal polypeptides were iso
lated by ultracentrifugation o f the whole cell lysates. Equal amounts o f radioactivity were 
loaded in each lane. The numerals on the left are Mr markers (X 10~3 kD) and those on the 
right indicate the M,s o f polypeptides o f interest. The A l stress treatments are indicated as 0 
or 1 ¡ig/mL below the lanes. The sample designations are Katepwa (K); Alikat (A); Maringa 
(M); A l sensitive F2 (F2 sen.); and A l tolerant F2 (F2 toi.) bulks.

3 .7 . R F L P  m a rk e rs  linked  to  A l to le rance

Recently, a collection o f F5 SSD lines derived from  BH1146 (Al tolerant) X 
Anahuac (Al sensitive) w ere scored for Al tolerance in our hydroponic system at the 
U niversity o f M issouri. These lines w ere subsequently used to  identify two restric
tion fragm ent length polym orphism  m arkers from  w heat chrom osom e 4D L [20]
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which detected alleles that со-segregated with the Al tolerance phenotype [21]. The 
m arkers are o f barley and oats origin and are 1 and 10 m ap units, respectively, from  
the m ajor gene controlling good root growth in Al. W e are currently mapping the 
distance o f  these m arkers from  the major Al tolerance gene accurately in Alikat by 
scoring an F 2 population o f  270 individuals derived from  Katepwa x  Alikat. U lti
m ately, we will test the m arkers with several germ plasm  collections for their ability 
to detect the m ajor Al tolerance allele in wheat. W e also intend to  identify wheat 
DNA m arkers associated with the m ajor allele on 4D L and possibly m inor genes 
linked to Al tolerance. These m arkers may reveal unique sequences which could be 
used as ‘sequence tagged sites’ (STS m arkers) to detect Al tolerance alleles via PCR.
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A b s t r a c t

GENETIC CONTROL OF SALT TOLERANCE IN BARLEY.
Genetic control of salt tolerance is discussed with particular reference to the genes on 

chromosomes 4H and 5H. A multidisciplinary approach has been taken involving 
cytogenetics, genetic fingerprinting, genetic mapping, alternative splicing, induced mutation, 
ecology, physiology and stable isotope discrimination. Genes with effects on chromosome 4H 
include the vernalization gene, sh, and the Rubisco activase gene, Rea. Mutations at the ari-e 
locus on chromosome 5H were found to have positive effects on tolerance to salt. Whereas 
the effects of sh and ari-e are thought to be pleiotropic and constitutive, evidence for environ
mental influences on the splicing of Rea was found.

1. INTRODUCTION

The subtribe, the triticeae, contains some o f  our m ost im portant cereal crops. 
These include m acaroni and bread wheats, barley, rye and the w heat-rye hybrid, 
triticale. Genetic control o f salt tolerance in the triticeae is known to be controlled 
by several genes, and all seven hom oeologous chrom osom e groups o f the triticeae 
have been implicated in carrying the genes that influence response to salt stress [1]. 
W e first studied the genetic control o f  salt tolerance in barley by com paring the per
form ance o f w heat-barley chrom osom e addition lines grown in hydroponic cultures 
with and without the addition o f salt (NaCl) [2]. The addition to bread wheat o f chro
mosomes 6H and 7H o f barley had the effect o f increasing plant vigour, and hence 
im proved the yield com ponents in both the control and the stressed treatm ents rela
tive to other chrom osom e addition lines. The addition o f chrom osom es 4H and 5H 
showed a genotype x  treatm ent interaction and both w ere effective in increasing the 
relative perform ance o f  these two additions in salt stress, with chrom osom e 4H  
having the greater effect. Although these early studies confirm ed that salt tolerance

* Research carried out in co-operation with the IAEA under Technical Co-operation
Project No. 7860/TC.
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in barley was polygenic, with four o f the seven barley chrom osom es having effects, 
chrom osom es 4H  and 5H appeared to have large effects [2]. Chrom osom es 4H  and 
5H repeatedly showed effects in subsequent studies o f abiotic stress tolerance in 
barley and these are described in the following sections.

2. CHROM OSOM E 4H

In collaboration with E. Nevo o f the Institute o f  Evolution, Haifa, Israel, we 
examined genetic fingerprints o f  27 populations o f Hordeum spontaneum. These 
w ere chosen to represent the range of habitats o f the species in Israel. The genetic 
fingerprints w ere com pared with site o f origin ecological and geographical data [3]. 
O f the restriction fragm ent length polym orphism , random  am plified polymorphic 
DNA and isozyme data, one genetic m arker was found to have a strong association 
with drought environm ents. The genetic m arker was the isozyme /З-amylase; o f the 
seven isoform s o f /З-amylase, the G phenotype was found to be restricted to low rain
fall areas o f the Negev D esert and areas west o f  the Dead Sea. In addition, over 78% 
o f the variation in frequency o f this phenotype could be correlated with rainy days 
and mean January tem peratures. The results suggested that the region o f the genome 
around the /З-amylase gene has strong effects on the adaptation o f  barley to its 
environm ent. W e subsequently mapped the /З-amylase gene, Bm yl, to the long arm  
o f  chrom osom e 4H [4]. Although these correlations w ere with drought param eters 
and not salinity, they do have relevance, since salt stressed plants suffer from  water 
shortage as well as sodium toxicity.

The Bmyl gene o f barley is tightly linked to the vernalization gene, sh, on the 
long arm  o f chrom osom e 4H  (4 cM) [4] . 1 The sh gene is a m ajor developmental 
gene in barley and has a strong effect in determ ining both the tim ing and the rate 
o f  generative growth in response to vernalization. It is interesting to note that single 
chrom osom e recom binant lines for alternate alleles o f vernalization genes have been 
found to have effects on salt tolerance in other species in the triticeae [5]. Evidence 
suggests that vernalization genes have effects, either directly or indirectly, on abiotic 
stress tolerance, o r that they are tightly linked to other genes with such effects.

O ur ecological studies on wild barley populations developed further to include 
stable isotope analyses o f carbon. By m easuring the ratio o f the two stable isotopes, 
l2C and 13C (denoted as 0 I3C), in plant tissues it is possible to rank response to 
stress [6 ]. Because ô l3C provides an integrated record o f almost all the plant phys
iological processes regulating growth it can be used to m easure plant response to any 
stress. W e w ere therefore interested in using ô 13C as a general m easure o f plant

1 cM =  centimorgan. Morgan is a unit of relative distance between genes on a chro
mosome. One morgan represents a crossover value of 100%; a crossover value of 1% is a
centimorgan.
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response to a range o f  abiotic stresses, but it was first im portant to m easure genetic 
variation for carbon isotope discrim ination in non-stressed conditions. Twenty wild 
barley populations from  Israel w ere selected which represented a wide range o f sites 
o f  origin. Plants w ere grown in a ventilated poly tunnel under equal conditions of 
am ple w ater, light and nutrients; the plants w ere harvested 6  weeks after sowing 
whilst still vegetative. The 1 3C: 12C isotope ratios o f  the shoots w ere m easured using 
a continuous flow -isotope ratio m ass spectrom eter (C F-IR M S). V ariation for <5 13C 
discrim ination was found and the results w ere analysed with respect to the 
ecogeographical data o f  the various sites o f origin. The most significant correlations 
w ere found with w ater availability, e.g . annual rainfall, num ber o f  rainy days and 
Thornthw aite’s m oisture index [7]. The most negative ô 13C values w ere found in 
desert populations, while m ore positive <5 ,3C values w ere characteristic o f high 
rainfall sites. In addition to wild barley populations, we also examined carbon iso
tope discrim ination in w heat-barley chrom osom e addition lines grown under the 
same non-stressed conditions. Only one barley chrom osom e was found to have a sig
nificant effect on <5 l3C, chrom osom e 4H . The results supported our previous con
clusions that chrom osom e 4H  carries genes im portant for plant adaptation to stress.

A pproxim ately 99% o f the carbon in atm ospheric carbon dioxide (C 0 2) is 
1 2C, while about 1% is 1 3C. C arbon dioxide is fixed in plants by the enzyme 
Rubisco, which has a preference for the m ore abundant isotope, 1 2C. In non- 
stressed conditions when plant stom ata are open, w ater is transpired, air enters the 
plant relatively freely and 12C is preferentially fixed. Plants experiencing stress, 
how ever, close their stomata. One effect o f  this is to deplete the concentration of 
1 2C 0 2 (by the continued activity o f  Rubisco) and to increase the relative partial 
pressure o f  1 3 C 0 2. Under these conditions, m ore 1 3 C 0 2 is fixed, causing a shift in 
the <513C value o f  plant tissues, which can be detected using m ass spectroscopy. 
There are two main plant factors that determ ine carbon isotope fixation: (1) stomatal 
aperture; and (2) Rubisco activity. W e are currently engaged in physiological and 
genetic studies o f  both, but o f  the tw o, Rubisco activity has proved the m ore 
interesting.

Rubisco is the m ost abundant protein in the w orld; much o f the Rubisco in plant 
leaves is present as a storage protein and only a small fraction is in the active state. 
Activation o f Rubisco is controlled by the enzym e Rubisco activase and this has 
becom e a subject o f  some o f our recent studies. Sequence data [8 ] o f the Rubisco 
activase gene have revealed two interesting features: ( 1 ) it contains a microsatellite 
sequence; and (2) it is alternatively spliced. The m icrosatellite sequence has been 
exploited to map the Rubisco activase gene, Rca\ it maps to chrom osom e 4H  [9]. 
A lternative splicing is well docum ented in anim als, w here it is known to be involved 
in tissue specific expression and regulation o f  developm ental processes such as sex 
determ ination in Drosophila [10, 11]. There are only a handful o f plant genes 
reported that exhibit alternative splicing, Rubisco activase being one o f them. 
Rubisco activase has a 5 ' alternative splice site that involves a fram e shift [12]. The
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Rubisco activase proteins produced from  alternatively spliced pre-m RN A  vary both 
qualitatively and quantitatively. W e have looked at alternative splicing o f Rubisco 
activase pre-m RN A  in salt stressed barley. Three wild barley genotypes were 
selected: two extrem e types, one from  the desert w ith a m ore negative <513C signa
ture and one from  a swamp region with a m ore positive <5I3C signature; and one 
interm ediate type. These w ere grown in hydroponic cultures with and without the 
addition o f  salt. RNA was extracted from  leaf m aterial after 4 weeks o f  stress and 
reverse transcription carried out. F rom  the published DNA sequence we w ere able 
to devise prim ers that flanked the two upper 5 ' splice coding sequences and the 
3 ' splice sequence. Subsequent polym erase chain reaction (PCR) revealed both 
products o f alternative splicing in all three genotypes, dem onstrating that alternative 
splicing had occurred. W e w ere also able to dem onstrate, using quantitative PCR, 
that a significant shift in the ratio o f the two alternative products occurred in the 
two extrem e genotypes when salt stressed. W ork on alternative splicing in relation 
to stress tolerance has just begun, and in order to assess the role o f  alternative splic
ing in stress tolerance we need to conduct m ore rigorous experim ents, to estimate 
the enzym e activity o f  the two alternative proteins, and to assess whether stress 
affects the overall abundance o f Rubisco activase isoforms.

3. CHROM OSO M E 5H

In some o f  our prelim ary studies on salt tolerance in barley we found a strong 
effect o f  the m utant gene GPert. The GPert m utation was produced by plant breeders 
in the 1950s in an attem pt to produce short, stiff strawed cultivars that respond well 
to high fertilizer inputs. M aythorpe was a tall, malting quality barley; after gamma
ray irradiation o f  the seed, short (erectoides type) malting quality lines w ere selected.
One mutant line, 759/4, was developed directly into Golden Prom ise, which was an
extrem ely successful cultivar; it becam e the dom inant m alting quality barley in Scot
land in the 1970s and mid-1980s and is still grown today under com mission by some 
m alters. The Golden Prom ise erectoides mutant gene, GPert, is recessive and is the 
only mutation in G olden Prom ise known to date. The phenotype is characterized by 
erect juvenile grow th, sem i-dwarf stature, short awns and relative insensitivity to 
gibberellic acid. The GPert m utation has been mapped to chrom osom e 5H [13] and
is present in many m odern European barley cultivars.

W hen Golden Prom ise was exposed to salt stress it was found to contain sig
nificantly less sodium (N a +) in its shoots than M aythorpe [14]: the ability to restrict 
sodium uptake is highly correlated with salt tolerance in the Triticeae. Since the only
genetic difference between Golden Prom ise and M aythorpe is the GPert m utation,
this m ust be responsible for the observed salt tolerance. Com parisons w ere then 
m ade between various barley lines carrying the GPert mutation and closely related
lines that do not carry the mutation. O ver 42 lines w ere tested and the leaf sodium
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contents m easured. W hen these lines w ere ranked in order o f salt tolerance (low to 
high leaf sodium contents) it was found that the eight most tolerant lines w ere all 
GPert types and that the eight w orst lines w ere all non-GPert types. This reinforced 
our findings that the GPert m utant has pleiotropic effects on salt tolerance. W ork by 
Franckow iak [15] has shown that the GPert gene is allelic to the short awn gene, 
ari-e, on 5H. Four mutations exist a t the Ari-e locus: arie-e.l was produced by fast 
neutrons, arie-e.l 19 by X rays, ari-e. 156 by propyl methanesulphonate and 
ari-e.228 by N -m ethyl-N -nitrosourea. The arie-e.l mutation was produced in the 
cultivar Bonus, while ari-e.119, ari-e.156 and ari-e.228 w ere produced in the 
cultivar Form a [16]. The mutants and their parental lines were tested and com pared 
with Golden Prom ise and M aythorpe under salt stress. In addition, we also tested 
the sem i-dw arf m utant cultivar D iam ant and its parent Valticky; D iam ant carries the 
denso dwarfing gene located on 4H , but it is not allelic to ari-e. A part from  Diam ant, 
all the mutants showed a significantly better response (ô l3C signature) to salt stress 
than their parental lines, and the response o f all the ari-e mutants was sim ilar to that 
o f  Golden Prom ise. Diam ant, on the other hand, proved to be m ore susceptible to 
salt stress than Valticky, i.e. it showed a reverse trend com pared with the other 
m utant lines. The results suggest that ari-e mutants are better suited to abiotically 
stressed environm ents than denso sem i-dw arf types. The ari-e mutants, including 
GPert, produce sim ilar phenotypes, and all are recessive. The five mutants have all 
been produced by different m ethods and it is likely that the wild type gene has been 
rendered inoperable through various changes (point mutations to large deletions). 
The positive effects on stress tolerance may be due to relative insensitivity to 
endogenous gibberellins (although insensitivity to gibberellins has not yet been tested 
in all the ari-e lines).

4. DISCUSSION

It would be convenient to speculate that there is a cluster o f  genes on chrom o
some 4H , including sh and Rea, which act together in response to salt stress. This,
how ever, is unlikely to be the case. F irst, although sh and Rea are both located on
4H , evidence so far does not indicate tight linkage; the position o f sh is established
to be distal on 4H L, while Rea has not linked to any 4H L m arker and is probably
located on the short arm  o f 4HS. Second, whereas there is evidence in barley for
an interaction between salinity and gene expression for Rea, no such interaction has
been found for vernalization genes, although here the evidence com es from  wheat
and not barley. The dom inant alleles, Vm l and Vm3, in bread wheat code for spring
habit (vernalization insensitivity) and provide the plant w ith greater protection from  
salinity relative to the genotypes carrying the recessive alleles, vm l  and vm3, 
respectively; this is achieved through restricted sodium uptake [17]. The sodium
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exclusion mechanism  operates at very low salt (non-stress) levels as well as in high 
salt concentrations, and is therefore constitutive.

M utations at the Ari-e locus on 5H , which produce plants o f  short stature and 
short awn length, have been shown to have pleiotropic effects on salt tolerance. This 
was not a general effect o f dw arf types, since the denso dwarfing mutation (located 
on 4H) showed a completely different effect to stress. It is suggested that Ari-e 
m utations have potential in breeding barleys for abiotically stressed environm ents.

5. CONCLUSIONS

(1) Studies o f whole chrom osom es have identified four o f  the seven barley chro
mosom es as having effects on salt tolerance, i.e. 4H , 5H, 6 H and 7H. Once 
the vigour effects are rem oved, 4H and 5H have the greatest effects.

(2) The Bmyl gene on the long arm  o f 4H  is linked to genes for adaptive response 
to environm ent.

(3) Vernalization genes in the triticeae have been found to have effects on salt 
tolerance, and in barley the m ajor vernalization gene, sh, is located on 4HL 
close to the Bmyl locus.

(4) Preferential splicing o f  Rubisco activase pre-m RN a occurs in salt stressed 
barley.

(5) M utations at the Ari-e locus have positive effects on salt tolerance.
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A b strac t

TRANSGENIC CROPS: PROCESSES, PRODUCTS AND PROBLEMS.
Transgenic crops are a natural extension of plant breeding technologies, offering new 

opportunities for increasing the productivity of agriculture and reducing the cost of food 
production, for increasing the appeal, nutritional content and quality of fresh and processed 
foods, and for reducing the environmental damage of agricultural practices. These new trans
genic traits will be combined with continuing improvements in the latest varieties developed 
via breeding technologies, spurring investment in both. These technologies are inherently 
compatible with and necessary for meeting the challenges now facing the world, namely, eco
nomic growth and development, environmental protection and remediation, and human needs 
for food, shelter and a decent quality of life. The first products from genetically engineered 
crops are beginning to enter commerce. This is a critical time for issues that will shape public 
acceptance and for adoption of regulatory and trade policies that encourage rather than dis
courage investment in and use of this technology. Further investment in the tools for trans
forming crops and in the basic and applied sciences that will provide a pipeline of new genes 
is also needed.

1. PROBLEM S AND O PPORTUNITIES

A griculture is the foundation o f the economy o f m ost countries and is a prim e 
factor influencing the degree o f poverty, hunger and m alnutrition that currently 
exists worldwide. D espite past breakthroughs in agricultural productivity that have 
brought some m easure o f prosperity and food security to  many countries, many of 
the practices used to produce today’s food are not sustainable or desirable in the 
future. The challenge and opportunity for the future are to im prove on w hat is cur
rently being done on a per acre and on a per capita basis, rather than to maintain 
the status quo.

The opportunity is twofold: to im prove how food is produced, as well as to 
increase how much food is produced. N ot only do we w ant to  increase the per capita
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production o f  food in  the near future, but we m ust be seen to  be doing it in ways 
that will allow continued production o f enough food on a sustainable basis into the 
distant future. The big issues on this front seem to be preservation o f fertile produc
tive top soil from  erosion and urban sprawl, sustainable use o f w ater resources, 
reduced dependence on non-sustainable energy inputs, preservation o f natural 
habitats, ecosystem  services and biodiversity, and reduction in pollution and 
exposure to toxic com pounds.

Econom ic grow th, the principle means o f  alleviating poverty, is built on 
agricultural productivity, a functioning m arket place and institutions that foster 
investm ent, com petition and innovation. As soon as food needs are taken care of, 
the attention o f  people turns to education, health care and other key com ponents o f 
a decent quality o f  life. H istorically, as the standards o f living, education and health 
care im prove, the population growth rates decline. This suggests a double benefit 
from  increasing the productivity o f agriculture and ensuring sustainability o f the 
methods used.

Thus, w e have a m ultifaceted challenge to  shift the m eans o f agricultural 
production tow ards m ore efficiency and sustainable technologies, while also boost
ing the output/intensity o f agriculture.

The agricultural technologies needed for the future must:

(1) Continue to low er the cost o f  food production, as m easured by a full cost 
accounting method that- includes m easurem ent o f resource consumption, 
environm ental dam age, human health issues and loss o f soil and water 
resources;

(2) Reduce the risk o f exposure of w orkers, w ildlife, ecosystem s and the food 
supply to toxic com pounds, both natural and m anufactured;

(3) Increase the intensity o f agriculture on good lands in o rder to reduce or reverse 
expansion into m arginal lands and im portant natural habitat/w ildlife preserves;

(4) M aintain and enhance the resource base for agriculture, m ost notably fertile 
land and clean water;

(5) Reduce the non-sustainable energy dependence o f  agricultural systems;
(6 ) Ensure access to adequate food for all people.

2. G ENETIC PRODUCTIVITY

Transgenic crops are a natural extension o f  plant breeding technologies, offer
ing new  opportunities for increasing the productivity o f  agriculture and reducing the 
cost o f  food production, for increasing the appeal, nutritional content and quality of 
fresh and processed foods, and for reducing the environm ental dam age o f  agricul
tural practices. These new transgenic traits will be com bined with continuing 
im provem ents in  the latest varieties developed via breeding technologies, spurring
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investm ent in both. Those technologies are inherently com patible w ith and necessary 
for meeting the challenges now facing the w orld, nam ely, econom ic growth and 
developm ent, environm ental protection and rem ediation, and human needs for food, 
shelter and a decent quality o f  life.

Genetic im provem ents, developed through breeding o r through biotechnology, 
provide great leverage for increasing the agricultural wealth o f the human species. 
These im provem ents m ust change the design and efficiency o f  agricultural produc
tion systems, rather than ju s t the magnitude or energy intensity o f the systems. 

The key contributions o f  genetic technologies have been and will be several
fold:

(1) Producing m ore food on existing productive farm land, thus reducing the p res
sure to expand into w ildernesses, rain  forests o r m arginal lands;

(2) Reducing post-harvest losses o f food and im proving the quality o f fresh and 
processed foods, thus boosting the realized nutritional yield per acre;

(3) D isplacing resource and energy intensive inputs, such as fuel, fertilizers, pesti
cides or processing/packaging costs, thus freeing these resources so that they 
can be used for other purposes o r be conserved for the future;

(4) Encouraging a reduction in environm entally dam aging agricultural practices 
and the adoption o f sustainable practices.

F or exam ple, application o f biotechnology for incorporating new insect 
resistance genes into crop plants will elim inate part o f the need to convert petroleum  
resources and energy into pesticides, packaging and distribution o f chemical 
products, as well as disposal o f  the wastes generated in the process. In addition, the 
farm er will not have to drive a tractor o r fly an aircraft over a field multiple times 
during the growing season to apply the product. Since only those insects that eat the 
im proved crops will be affected, beneficial insects which would have been killed by 
a broad spectrum  insecticide will survive. In some cases, these beneficial insects may 
provide control o f other insect pests o f  the crop, resulting in a double benefit. It is 
likely that genetic im provem ents will provide better than average pest control and 
reach m ore acres than current products, thus also increasing the overall yield per 
acre o f crops. Risk o f  accidental poisoning and environm ental contamination are also 
reduced or elim inated. All these benefits are possible w ithout capital investm ent or 
ongoing resource consum ption for m anufacturing, since they will com e built into the 
seed without significant additional production costs.

3. TR A N SFO RM A TIO N  TECH N OLO G Y

Since the first precision engineered tobacco and petunia plants w ere trans
form ed in 1983, w ork around the w orld has advanced the state o f transform ation 
technology to  cover m ost o f  the im portant food crops, as well as a num ber o f
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ornam ental and model species. Agrobacterium  mediated transform ation has been the 
m ost widely used m ethod for transform ing many dicotyledonous crops. It will most 
probably rem ain the m ethod o f choice in plant species within the host range o f the 
bacterium  because o f  the ease and precision o f  gene transfer to regenerable explants. 
Recent reports o f successful Agrobacterium  mediated transform ation o f rice and corn 
suggest that this m ay soon becom e the m ajor method for introducing new genes 
into plants [1]. H ow ever, at the m om ent particle bom bardm ent is m ore practical and 
in wide use for transform ing cereals. The technology o f particle bom bardm ent has 
proved itself by reproducibly facilitating the production o f fertile, transgenic maize 
plants. Silicon carbide fibre mediated DNA uptake is attractive because o f its 
simplicity in achieving stable cell transform ation, but it m ay pose a health hazard to 
laboratory w orkers for the same reason as asbestos. These methods are all able to 
introduce genes into intact, regenerable tissues. Protoplast transform ation methods, 
although shown to be feasible, are lim ited by the technical difficulties in reproducibly 
achieving regeneration from  the protoplasts o f m ost cereal genotypes and by the 
higher rates o f mutation in regenerated plants.

For practical applications and scientific studies alike, it is im portant to produce 
a large num ber o f independent transgenic lines for each vector containing the genes 
to be studied. This is because each transform ation event results in unpredictable 
modulation o f  the inherent properties o f the gene construction itself. Thus, some
how , the newly introduced DNA is influenced by its position in the genom e, result
ing in each transgenic line showing a different quantitative and qualitative level and 
mode o f  expression. Although less frequent, it is also possible for different portions 
and/or multiple copies o f the vector to be introduced and, for tissue culture related 
m utations, to  occur during the transform ation or regeneration process. Any one 
transgenic line cannot be representative o f the inherent properties o f a given gene 
construction because o f  all the different ways in which its expression and perfor
mance may be effected. G enerally, at least 10-20 lines are needed to evaluate a given 
vector o r gene construction, and as many as 2 0 0  lines or m ore may be im portant to 
produce a final transgenic product aim ed at crop improvement.

4. A PIPELIN E OF PRODUCTS AROU ND TH E W ORLD

Over 40 products currently in developm ent o r in various stages o f regulatory 
approval are presented in Table I [2]. W ithin the next 1-2 years, the world will have 
to choose between broad acceptance or lim ited tolerance o f  the products o f  geneti
cally engineered crops. D uring this critical period it is especially im portant for the 
scientific community at large to be inform ed and pro-active in discussions and 
debates w ith opponents o f  the technology, with the press and the public, and with 
governm ent policy m akers. W e are on a positive track for public acceptance in the 
United States o f  Am erica and in an increasing num ber o f  developing countries. 
Europe, Japan and many other countries are still in the process o f  form ing their 
policies.
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One example o f  a gene for insect resistance is the insect control protein gene 
from  Bacillus thuringiensis. This m icrobe produces a special protein that is active 
against a very narrow  spectrum  o f insects and is non-toxic to other organism s [3]. 
D ifferent strains o f Bacillus produce different proteins w ith different insect control 
activities. The m ost com monly used Bacillus strain produces a protein with activity 
against many caterpillars. This type o f  Bacillus has been available com m ercially for 
over 30 years as a dry pow der o f  bacterial spores. W hen dusted on to the surface 
o f plant leaves, caterpillars eating a sufficient quantity will be killed or controlled. 
U nfortunately, use o f  this product is severely constrained by its rapid degradation 
and because it cannot control caterpillars that burrow  into the plant rather than eat 
the leaves on which the pow der can be applied. By engineering the gene that specifies 
the insect control protein so that it is expressed w ithin the cells o f a crop, the useful
ness o f this natural pesticide can be greatly expanded by providing continuous pro
tection to the entire plant [4].

In one exam ple, insect protected cotton has been developed using the insect 
control protein gene that kills caterpillars such as the cotton bollw orm  and the pink 
bollw orm  [5]. These voracious pests infest as much as 80% o f all cotton acres. In 
the USA, alm ost US $180 million is spent annually on several million pounds of 
insecticides to  control these pests . 1 Even with the best chem ical control practices 
available today, the losses caused by these insects exceed US $250 million a year. 
W orldw ide insecticide use and loss o f cotton harvest are four to five tim es greater 
than the US estimates. Im proved cotton varieties that protect themselves against 
these serious pests are in the stage o f  advanced field testing across the cotton growing 
regions o f  the U SA, and could reach the m arket within the next 2 years [6 ].

A  different strain o f Bacillus thuringiensis produces a protein that controls 
many beetles. The gene for this beetle control protein has been engineered to protect 
potatoes against the Colorado potato beetle. A lm ost one million pounds o f insecti
cides, costing close to US $100 million annually, are currently used each year in the 
USA to protect potatoes from  the Colorado potato beetle. Insect protected potatoes 
are currently being used in extensive field testing across the USA in each o f the m ajor 
potato growing regions, and show excellent control o f  the pest [7]. These improved 
potatoes prom ise to reduce the need for insecticides and should provide com parable 
o r better control o f  the Colorado potato beetle than is currently being provided by 
the best insecticides available. In a m anner sim ilar to the protein that protects cotton, 
this protein is very narrow  in its spectrum  o f activity, is non-toxic to other organism s 
and is harm lessly digested within seconds if  consumed. It also biodegrades rapidly 
in the environm ent without posing a threat to earthw orm s, honeybees or other forms 
o f  life [8 ].

5. INSECT CONTROL

1 1 lb =  0.4536 kg.
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TABLE I. GLOBAL REGULATORY APPROVALS FOR GENETICALLY 
M O D IFIED  FOOD CROPS UNDER D EVELO PM EN T (5 M AY 1995) [2]a

Trait/crop
Organization/
company

Approval(s)
First
sales

Delayed softening tomato Calgene, USA USA, Canada 1994
Virus resistant tomato CHINA, China China 1994
Delayed ripening tomato DNAP, USAb USA 1995
Virus (I) resistant squash Asgrow, USA USA 1995
Delayed softening tomato Zeneca, USA USA, UK 1995
SeedLink™ hybrid canola PGS, Belgium0 UK 1995
Bromoxynil tolerant cotton Calgene, USA USA 1995
Roundup Ready™ soybean Monsanto, USA USA, UK, Canada 1995
Laurate canola oil Calgene, USA USA 1995
Insect protected potato Monsanto, USA USA 1995
Insect protected cotton Monsanto, USA USA 1995
Insect protected com Ciba-Geigy France 1995-

1996
Gluphosinate tolerant canola AgrEvo Canada, USA, UK 1996
Delayed ripening tomato Monsanto, USA USA 1996
Roundup Ready canola Monsanto, USA Canada 1996
SeedLink™ hybrid BEJO Saaten, 1995-1996“

red chicory Netherlands
Modified starch potato AVEBE 1995-1996“
Low phytate oilseed rape MOGEN/

Gist Brocades
1995-1996“

Virus (П) resistant squash Asgrow, USA 1995-1996
Virus resistant cantaloupe Asgrow, USA 1995-1996
Flavour enhanced pepper DNAP, USAb 1995-1997
Insect protected corn Monsanto, USA 1996-1997
Fungal protected tomato MOGEN 1996-1997
Virus resistant tomato Keygene 1996-1998
Improved com Dow Elanco 1997-1998
Fungal resistant potato MOGEN 1997-1998
Virus resistant Petoseed 1997-1998

squash/melon
Nematode protected potato MOGEN 1997-1998
Roundup Ready™ sugar beet Maribo 1998-1999
Virus resistant sugar beet Maribo 1999-2000
Fungal resistant sugar beet Maribo 1999-2000
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TABLE I (cont.)

Trait/crop Organization/company

Virus resistant tomato NIARe- 8

Virus resistant rice NARCf' 8

Virus resistant rice Plant Tech, Japan8

Virus resistant melon NIARe’ 8

Increased starch potato FritoLay

Improved oil soybean DuPont, USA

Sulphonylurea tolerant cotton DuPont, USA

Virus resistant alfalfa Pioneer Hi-Bred

Virus resistant com Pioneer Hi-Bred

Nutritionally improved soybean Pioneer Hi-Bred

Bromoxynil tolerant tobacco Rhône-Poulench

Bromoxynil tolerant oilseed rape Rhône-Poulenc

Glufosinate tolerant com AgrEvo

Glufosinate tolerant soybean AgrEvo

Virus resistant melon Limagrain

Virus resistant tobacco Japan Tobacco, Japan

Low amylose rice Mitsui Toatsu, Japan

Low protein rice Kakoumai, Japan

Low allergen rice Mitsui Toatsu, Japan

Vims resistant potato Hokkaido Greenbio, Japan

a The information in the table was compiled by S.G. Rogers, Monsanto Company, St. Louis, 
MO, United States of America, from published reports or from company representatives 
[2].

b DNA Plant Technology Corporation, Oakland, CA, USA.
0 Plant Genetic Systems NV, Gent, Belgium. 
d Under consideration in the Netherlands.
e National Institute of Agrobiological Resources, Ministry of Agriculture and Forestry and 

Fisheries (MAFF), Tokyo, Japan. 
f National Agricultural Research Centre, MAFF, Tokyo, Japan.
8 Indicates completion of four tiered field trials.
h EU 90/220 Environmental Approval, European Union, Brussels, but the company does not 

plan to commercialize.
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These and other insect control proteins w ill also be useful in  a num ber o f other 
crops [9]. C om  has already been im proved to the extent that it is resistant to  the 
European com  borer, another caterpillar type pest. Tom atoes, apples and other fruits 
and vegetables suffer from  a variety of caterpillar pests that could be controlled w ith ' 
these insect control genes.

6 . VIRUS RESISTANCE

A nother m ajor use o f  insecticides is to control pests that, by them selves, would 
not cause significant crop dam age. Acting as vectors to transm it plant viruses, they 
lead to severe agricultural losses. Since there are few ways o f controlling viruses 
directly, insecticides are used to keep the insects that spread the viruses in check. 
It has been possible to confer genetic resistance to viruses by incorporating a gene 
from  the virus into crops [10]. F or example, viral genes that produce the protein coat 
surrounding v iral particles have been used to confer resistance to  a variety o f viruses. 
Plants that make a small am ount o f the viral coat protein are resistant to infection 
by the virus.

This virus resistance trait w as developed from  studies o f  a natural phenom enon 
known as viral cross-protection. It has long been observed that a plant infected with 
one strain o f  a virus is resistant to infection by a second strain o f the same virus. 
It was discovered that coat protein is able to confer resistance by itself, w ithout caus
ing any o f  the viral disease symptoms or loss o f yield [11]. V iruses cause m ajor 
losses in crop yield worldwide. Engineering virus resistance is one o f the top p riori
ties o f many international agricultural research program m es aim ed at developing 
countries. A  few examples include potatoes in M exico that are resistant to potato 
virus X and potato virus Y [12], squash in Costa Rica with resistance to both 
w aterm elon m osaic v irus- 2  and zucchini yellow m osaic virus [13], and research on 
developing virus resistant sweet potatoes for A frica [14]. These and other virus resis
tant crops under developm ent should displace significant amounts o f insecticides and 
boost yields o f crops that form erly suffered from  chronic viral infections.

7. CON SERVA TION  TILLA G E AND HERBICID E TOLERANCE

Ploughing is prim arily a method for controlling weeds, but since the soil is dis
turbed along with the weeds, the soil is exposed to wind and w ater erosion on a sig
nificant scale. The m andate to adopt conservation tillage practices is aimed prim arily 
at reducing the m assive soil erosion resulting from  ploughing. Loss o f  top soil 
reduces the productivity and sustainability o f  crop production and is considered to 
be one o f  the m ost serious threats to  the sustainability o f the w orld food supply [15, 
16]. Loss o f soil carbon, soil com paction, loss o f  the w ater absorbing soil structure,
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loss o f surface w ater, dam aging runoff and silted waterways are also accelerated by 
conventional tillage methods.

W hen crop residues are left on the land with their roots in place, erosion is 
greatly reduced. H erbicides are one way o f controlling weeds without m assive dis
placem ent o f  soil, and mechanical drills provide a means o f planting seeds in 
unploughed ground. As no till and other conservation tillage practices expand, a 
larger portion o f organic m atter from  crop residues has been shown to accum ulate 
in the soil. The com bination o f higher organic m atter and undisturbed soil 
encourages the activity o f  earthw orm s and creates a better soil structure, w ith greatly 
im proved w ater holding capacity and aeration.

Conventional weed control practices rely on a com bination o f conventional til
lage and incorporated herbicides, resulting in significant expenditure o f fossil fuels 
and release o f  carbon to the atm osphere from  the diesel fuel used by tractors to pull 
the plough, from  the soil stored carbon that is released to the atm osphere after 
ploughing, as well as the fuel consumed and the carbon released during the m anufac
ture and applicationn o f  herbicides. K ern and Johnson [17] estimate that current 
weed control and planting practices in the USA alone will release over 200 million 
tons o f carbon to the atm osphere by the year 2 0 2 0  if  practices rem ain unchanged . 2 

H ow ever, if  conservation tillage and no till practices are expanded from  one-quarter 
to three-quarters o f  US farm land by 2020, release o f carbon dioxide will drop dra
matically and storage o f carbon in soil organic m atter will rise dram atically, resulting 
in a net sink o f over 240 million tons o f  carbon in the soil o f US farm s. Energy con
sumption will be reduced as well, since herbicide use with m inim um  tillage opera
tions uses only about half o f the total energy consum ed by conventional ploughing.

H erbicide resistant crops will help to accelerate the adoption o f no till practices 
by providing better m ethods for post-em ergence weed control. This will further 
reduce the cost o f weed control by shifting the spectrum  o f herbicides used to better 
and m ore cost-effective chem istry, w ith low er use rates as well as low er toxicity and 
m ore benign environm ental properties. Energy consum ption will also decline, both 
from  reduced fuel usage and from  the shift to low er use rate chem istry. Farm ers will 
also have the flexibility o f using the best post-em ergence herbicides only w here and 
w hen they are needed, and at the minimal dose rate that will control the weeds 
present. F inally, herbicide resistant crops will solve some tough weed control 
problem s that are currently o f  m ajor concern [18].

One exam ple that the M onsanto Com pany is pursuing is tolerance to the herbi
cide R oundup™  [19]. The active ingredient in R oundup™ , glyphosate, is an excel
lent exam ple o f  a new generation o f herbicides that is very effective, user friendly 
and environm entally friendly. G lyphosate is an efficient inhibitor o f a single enzyme 
in arom atic amino acid biosynthesis, which is a pathway that humans and many

2 1 short ton =  9.072 x 102 kg.
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animals do not have but w hich is essential for plants. Once applied to a field, glypho- 
sate binds to soil particles and does not leach into water. It biodegrades into simple 
elements in the soil, with a half-life o f only a few weeks.

Glyphosate is very effective at controlling weeds, but since it would also 
dam age the crop, its use today is restricted to preplant applications. Soybean, com , 
cotton and other crops that have been engineered to be tolerant to glyphosate will 
offer farm ers a m ore flexible, m ore effective and low er cost post-em ergence weed 
control option [2 0 ].

G lyphosate tolerant soybeans will be com patible with all weed control prac
tices and m ake new  practices possible. Farm ers will choose how best to incorporate 
the new  soybean varieties into their favoured planting, tillage and herbicide regimes 
in ways that conserve their soil and give them  an economic return on their investment 
o f tim e, land and m oney. Tolerant crops do not require use o f the herbicide, but 
rather allow the herbicide to be used if and when weeds are to be controlled, before 
the crop canopy closes. This flexibility fits well w ith the trend tow ards m ore careful 
m anagem ent o f  crop production factors in order to  reduce costs, to boost yields and 
to conserve the soil. Tolerant beans are also com patible with any crop rotation pat
tern, since the herbicide has no residual activity and biodegrades between growing 
seasons.

8 . O TH ER G ENETIC IM PROVEM ENTS

As the knowledge base in plant biology continues to be expanded through a 
variety o f  gene tagging and genom e mapping techniques, we can expect to see 
biotechnology solutions for a variety o f other pest problem s, including control o f 
nem atodes and fungal diseases. Recent isolation o f  the several key genes involved 
in the p lant’s natural defence response to fungal pathogens is particularly encourag
ing [21]. Estim ates o f post-harvest losses o f food vary w idely, ranging from  10 to 
40% or m ore, and are difficult to m easure accurately [15]. A m oderate figure such 
as 2 0 % still highlights the trem endous net loss o f  agricultural productivity to 
spoilage, inefficient handling, inefficient processing, or destruction by insects or 
rodents. A  significant portion o f these losses may be reduced by genetic im prove
ments in the crops themselves. The same insect control proteins that protect the crop 
in the field may also protect stored grains from  dam aging insects. Genes that slow 
down ripening and, hence, the post-ripening senescence and rotting processes, can 
lead to a longer shelf-life for fruits and vegetables [22]. This technology should also 
reduce losses o f im portant staple foods such as starchy bananas and plantains, which 
currently suffer huge post-harvest losses. Genetic improvements in processing effi
ciency may also reduce losses and energy consumption in a variety o f ways [23]. 
Advances in the understanding o f  carbon and nitrogen pathways may provide the 
basis for direct enhancem ent o f crop yield. C learly, an im portant target for the future
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is the ability to  modify the production o f secondary products in o rder to produce 
novel fatty acids, oils and other biom aterials that have industrial applications. The 
recent dem onstration o f  production o f  polyhydroxybutyrate, a  biodegradable plastic 
polym er, in plants highlights the potential for using plants for producing specialty 
materials.

9. PUBLIC A CC EPTA NC E

Public acceptance is one of the last m ajor hurdles for the first wave o f products 
o f agricultural biotechnology. As with any new technology, and especially with food 
products, people are naturally cautious about change. Several groups or regulatory 
agencies have explored the scientific issues at great length over the past 1 0  years. 
The Food and D rug Adm inistration published their analysis and recom m ended 
procedures several years ago [24]. Issues under consideration, argum ents being for
m ulated and debated, and requests for regulatory approvals are published in the Fed
eral Register to allow public com m ent. Recent actions include approval o f  the Flavr 
S avr™  tom ato developed by Calgene Inc ., Davis, USA, and its initial sale in the 
USA in the spring o f 1994.

Scientific dem onstrations o f food safety and review  by governm ent agencies 
will play a critical role in gaining public acceptance for the products o f  this science. 
H ow ever, other factors will also be critical. Among these are the role that credible 
experts will play in com municating the issues and results o f tests to the public. 
University and governm ent scientists will be seen as m ore credible than those who 
w ork for com panies that will profit from  the new products, o r individuals who w ork 
for advocacy groups that raise their money by opposing new technology.

Clear and understandable consum er inform ation is also a very im portant part 
o f  the acceptance process. This is, unfortunately, often confused with the issue of 
labels on the food products them selves. Labelling is one o f several ways o f providing 
inform ation to consum ers, but one w hich would effectively block many uses o f  the 
technology because the cost o f  separate storage, transport, processing, distribution 
and m arketing would be higher than the savings that would otherw ise accrue. Labels 
have traditionally been used to  educate consum ers on the nutritional content or ingre
dients known to be a problem  for certain people. Since the products under develop
m ent today do not change the nutritional content o r wholesomeness o f the food, it 
should not be necessary to im pose a label requirem ent. R ather, the inform ation can 
be m ade available to consum ers through brochures or other educational means that 
still protect the public’s right to know.

T here are several other potential barriers to full utilization o f this im portant 
and necessary new technology for the benefit o f humanity. These include restrictions 
on international trade, adequate incentives for investing in continuing discovery, 
developm ent and m arketing o f  new products, and unnecessary delays in launching 
products or m isinform ed public debate, resulting in loss o f public confidence.
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GENETIC TRANSFORMATION IN CROP IMPROVEMENT: RESULTS AND LATEST 
TRENDS.

Gene transfer into important crop species and evaluation of large numbers of transgenic 
plants in the greenhouse and in the field are beginning to unravel issues that need to be 
addressed in depth prior to the wider release of transgenic products on to the market. In terms 
of basic research, the fundamental principles of DNA integration and expression, including 
transgene inactivation, silencing or deletion, are beginning to be better defined. Such studies 
will lead to a better understanding and appreciation of gene fidelity in transgenic crops. Over 
the past few years, direct DNA transfer methods resulted in the effective engineering of many 
important crops, including what were once considered to be recalcitrant cereals and legumes. 
Engineering of organized tissue, as well as the redesigning of Agrobacterium based vectors, 
are bringing down barriers to the introgression of foreign genes into plants. New methodolo
gies continue to appear, and it is very likely that techniques which are now considered to be 
optimal for the transfer of foreign genes into plants will become less important as new method
ology is developed. The objective of this review is to examine in detail some of the results 
that are beginning to emerge as the performance of large numbers of transgenic plants is being 
observed in the field. A comprehensive analysis of agronomic performance and gene stability 
and expression over a number of generations is presented for elite rice and soybean varieties. 
This will serve as a framework for discussing in more detail some of the essential requirements 
that need to be satisfied in order to produce transgenic germplasm suitable for commercial 
release. The area of metabolic pathway engineering, particularly in the secondary products 
field, is also addressed.
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Intensive research in the m olecular and cellular biology o f im portant crop spe
cies has resulted in the developm ent o f effective gene transfer procedures, with sub
sequent recovery o f  engineered plants. Development o f direct DNA transfer methods 
has resulted in the efficient recovery o f many independently derived transgenic plants 
from  im portant com m ercial cultivars. W ith the creation o f large num bers o f trans
genic crops, it is now possible to study in detail the fine structure and function o f 
transgenes. In addition, we are witnessing an increasing num ber o f  program m es for 
studying gene expression and regulation, ultimately leading to the safe deployment 
in the field o f  transgenic crops expressing several im portant traits. It is generally 
accepted that the goal o f applied plant biotechnology is twofold: ( 1 ) m odification of 
the qualitative and quantitative traits o f plants, leading to enhanced agronomic per
form ance, for exam ple, resistance/tolerance to biotic o r abiotic stress and modifica
tion o f  the nutritional factors (protein, oil, starch, vitamins) in the seed; and (2 ) novel 
utilization o f transgenic crops, prim arily in industrialized countries, to eliminate 
unwanted surpluses and to adopt m ore environm entally friendly agronomic proce
dures. In this review , we exam ine the im portant aspects o f crop genetic engineering 
in term s o f the direct DNA transfer procedures, as well as m olecular and genetic 
characterization o f transgenic plants. Select data from  field trials o f transgenic crops 
are presented w here available, and future targets are identified.

W ith traditional breeding m ethods, the available gene pool is restricted by the 
sexual incompatibility o f many interspecific and intergeneric crosses [1]. As plant 
breeding involves selection o f  desirable useful traits from  sexual offspring derived 
from  crosses between parent plants, one or both parents alm ost always possess(es) 
undesirable traits that will need to be rem oved by extensive breeding program m es 
involving backcrossing and recurrent selection. Genetic manipulation provides a 
m eans for the gene pool to be substantially broadened by allowing transfer o f the 
specific genes controlling well defined traits from  one organism  to another, thus 
im proving crops in a less haphazard way. By avoiding backcrossing program m es, 
which in som e cases may take years, considerable tim e and financial resources can 
be conserved.

In any biotechnology program m e, the im portance o f w orking directly with 
elite varieties is crucial. Variety developm ent is dynam ic and subject to constant 
change because o f  the way in w hich pathogens m utate. Agronom ic advances also dic
tate the constant evolution o f  im proved cultivars. W orking with model systems 
am enable to laboratory technologies may appear to be attractive in the early stages 
o f any research program m e. H ow ever, short term  gains will be offset by the need 
to transfer all the technology from  the model system to the elite cultivars [2]. In 
developing genetic engineering processes to im prove plants it is im portant to estab
lish firm  criteria for integrative transform ation. It is essential to realize that neither 
phenotypic nor physical data alone are acceptable. Potrykus [3] developed a series

1. INTRODUCTION



IAEA-SM-340/34 373

o f criteria to confirm  stable transform ation in putatively transform ed plants; these 
include rigorous m olecular and genetic characterization o f prim ary transform ants 
and progeny.

The tools for genetic manipulation o f  plant species have been refined to a very 
advanced degree. In parallel w ith research in plant m olecular biology, traditional cell 
culture procedures and the general philosophy behind research in this area have been 
changing rapidly to reflect the need for adopting practical approaches to crop 
im provem ent through biotechnology. W e are witnessing a decreasing num ber o f 
theoretical studies in this field, w ith a concom itant increase in m ore applied and 
practical experim ents. As a result o f the establishm ent o f m ultidisciplinary research 
team s and significant resource allocation in term s o f  capital investm ent and skilled 
personnel, research on im portant crop species has progressed very rapidly. Suc
cesses in the genetic engineering o f im portant crops such as soybean, cotton, peanut, 
m aize, rice, wheat and barley have been spectacular. Some o f the m ore significant 
experim ents and breakthroughs that resulted in the developm ent o f efficient methods 
for the genetic engineering o f im portant crops are highlighted. Technological 
advances are discussed and the critical issues hindering further advances are 
identified.

Effective engineering o f most crops becam e possible as a result o f  the develop
m ent o f particle bom bardm ent based methodology. M onocotyledonous species 
exhibit natural resistance to infection by Agrobacterium. Even in situations where 
such resistance was overcom e, problem s inherent to  low efficiencies, host specifici
ties and tissue culture induced mutations, including the infertility o f recovered 
plants, have prevented the w ider adoption o f  Agrobacterium based vectors. A recent 
report on use o f  Agrobacterium  for the transform ation o f rice appears to be the 
exception [4]. Sim ilar difficulties have been encountered with protoplast systems 
(electroporation or polyethylene glycol (PEG) mediated DNA transfer), the m ajor 
problem s being the lim ited success o f  regenerating plants from  protoplasts and 
infertility.

M icroprojectile bom bardm ent em ploys high velocity metal particles to deliver 
biologically active DNA into plant cells that can be regenerated to whole plants. The 
concept has been described in detail by Sanford [5]. The ability to deliver foreign 
DNA into regenerable cells, tissues or organs appears to provide the best method, 
at present, for achieving truly genotype independent transform ation in cereals, 
bypassing Agrobacterium host specificity and tissue culture related regeneration 
difficulties. Owing to the physical nature o f  the process, there is no biological lim ita
tion to the actual DNA delivery, thus genotype is, but should not be, a lim iting fac
tor. Com bining the relative ease o f DNA introduction into plant cells w ith an 
efficient regeneration protocol, avoiding protoplast o r callus culture, we appear to 
have the most optim um  system in place for cereal transform ation. Indeed, the most 
im portant breakthrough that resulted in cereal transform ation was the development 
o f  bom bardm ent based m ethods which led to the recovery o f  transgenic maize,
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w heat, barley, oats, sorghum  and sugar cane, in addition to rice. Engineering of 
m aize via electroporation o f partially digested tissues [6 ] may also be applicable to 
other cereals. The technique may offer an alternative to bom bardm ent based 
methodologies.

F or a gene transfer system to be effective it is im portant to develop selectable 
o r screenable m arkers that distinguish between transform ed and wild type cell popu
lations. Com m on selectable m arkers include the aminoglycoside antibiotics kanamy- 
cin, neom ycin, geneticin (G418) and hygrom ycin, bleom ycin, m ethotrexate, and 
metabolic inhibitors such as phosphinothricin, glyphosate and sulphonylureas, to 
nam e a few. A num ber o f chemicals in the latter group are very potent herbicides. 
Screenable m arkers include genes expressing /З-glucuronidase (GUS), luciferase, 
green fluorescent protein and opines. The fundamental differences between 
dicotyledonous and monocotyledonous species had to be taken into consideration in 
the developm ent o f  efficient m arkers for genetic transform ation. The hope is that 
engineered cells will be capable o f  proliferation when plated on m edia enriched with 
the selectable m arker. Frequently, selection w orks as expected. H owever, it is possi
ble that selective agents are ‘leaky’, thus perm itting growth o f  a certain proportion 
o f non-transform ed cells. In experim ents in which m ulticellular targets are utilized 
it is possible that transform ed cells may cross-protect wild type cells, resulting in 
m ixtures o f  actively growing transform ed and non-transform ed populations. The 
possibility o f developing mutations that will exclude uptake o f the selective agent by 
the wild type cells also needs to be considered very carefully in developing an overall 
strategy for the transform ation o f a particular species. Resistance to a selectable m ar
ker should not by itself be considered evidence o f transform ation. It is merely an 
encouraging first step in a long process to prove that stable transform ation has been 
achieved. In addition, co-transform ation and co-expression o f the m arker gene and 
the gene(s) o f interest, o r co-suppression, need to be considered carefully, since a 
num ber o f these issues still rem ain unresolved. As transform ation technology 
becomes routine and large num bers o f transgenic plants are generated it is important 
to address the potential problem s o f gene expression and stability as early as possible 
in o rder to develop a com prehensive understanding o f the function and regulation of 
the gene in transgenic crops.

2. TRANSGENIC RICE

Im m ature em bryos o f rice from  diverse cultivars w ere subjected to electric dis
charge particle m ediated transform ation [7]. Continuous selection o f the proliferating 
tissue on Hgm  containing m edia (50 m g/L) resulted in the appearance o f a trans
form ed em bryogenic callus. T ransfer o f this em bryogenic callus to appropriate 
media resulted in the developm ent o f plants expressing m arker genes, in addition to 
antibiotic/herbicide resistance genes. Stable transform ation in R0 plants and their 
progeny was confirm ed by extensive m olecular, biochemical and genetic analyses.
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W hen progeny from  transgenic rice plants carrying the bar gene w ere sprayed with 
the herbicide bialaphos, they w ere shown to express total resistance to the herbicide 
at levels o f  2000 ppm . Transgenic rice tissues or plants from  the varieties Gulfmont, 
Lem ont, IR26, IR36, IR54, CM  101, S201, IR72 and others w ere recovered in these 
prelim inary experim ents.

Co-integration, copy num ber, co-expression and inheritance o f these genes 
have been analysed. A near 100% co-integration frequency was confirm ed by 
Southern blot analyses o f Rq plants. The majority o f transgenic plants contained 
between 1 and 10 copies o f exogenous DNA; m olecular and genetic analyses o f the 
progeny indicated that all copies in alm ost all the Rq plants w ere inherited as a sin
gle dom inant hem izygous locus. Co-expression o f unselected genes ranged from  30 
to 6 6 % for gus/hmr constructs, depending on the prom oter used, and up to 90% for 
bar/hmr constructs. All the recovered plants w ere clonal in nature, dem onstrating 
their derivation from  a single cell o r a small num ber o f  cells [8 ].

To determ ine if  copy num ber plays a role in the observed variations in co
expression, the num ber o f  functional copies o f  transgenic inserts per family was esti
m ated by the num ber and relative intensity o f bands on Southern blots, w ith no dis
tinction being m ade between full length and broken gene inserts [9]. As the num ber 
o f gus transgenes exceeded 10, the frequency o f co-expression o f GUS in hygrom y- 
cin resistant families was reduced significantly, from  about 57 to 13%. W hen com 
piling data from  35S driven gus alone, even though these families had a higher rate 
o f co-expression than Arab ssu, none o f the families with > 1 0  integrated copies 
expressed GUS. H ow ever, 35S BA R /H M R co-expression dem onstrated the opposite 
relationship, with the co-expression rate increasing with copy num ber, from  80% for 
one or two copies to  100% for >  10 copies. This trend was m irrored in nine families 
that had both bar and gus transgenes, w here bar was found to  be expressed in all 
nine and gus in only five families. These findings are consistent with the interpreta
tion that GUS expression may be m ore susceptible to negative effects related to  copy 
num ber. It is possible that the difference in co-expression between gus and bar is 
due to a preference for integrative fragm entation in or near the gus gene.

Segregation analysis from  this and other systems has shown that the vast 
m ajority o f loci o f multiple integration events are genetically linked. D irect gene 
transfer systems often produce fragm ented and rearranged multiple transgenic 
integrations at a single genetic locus [10-12]. This analysis shows that a majority o f 
the multiple inserts in high copy transgenic plants are not tandem  concatameric 
arrays and have multiple genom ic DNA borders. Although the transgene inserts are 
genetically linked, plasm id fragm ents containing an active hmr gene may integrate 
far enough away from  the bulk o f  transgenic integration to avoid negative position 
effects.

D N A  méthylation has been correlated with 35S prom oter inactivation in trans
genic plants by Linn et al. [13]. Fourteen o f 34 GUS expressing families were 
engineered with 35S gus constructs and all 20 o f  the BAR expressing families



TABLE I. AGRONOM ICALLY U SEFUL GENES IN TR O D U CED  INTO  RICE

Trait Gene Date Method Tissue Genotype Refs

Insect resistance bt 1992 Electroporation Protoplasts Nipponbare [14]

Insect resistance bt 1993 Electroporation Protoplasts Nipponbare [15]
Starch modification udp glucose (wx) 1992 Electroporation Protoplasts Nipponbare [14]

Herbicide resistance Actl/35S bar 1992 Bombardment Suspensions Taipei 309 [16]

Herbicide resistance 35S Bar 1993 PEG Protoplasts IR54 [17]

Herbicide resistance 35S Bar 1991/1992 Bombardment Immature embryos IR26, IR54, IR72, 
Gulfmont, Koshihikari

[7, 8]

Herbicide resistance 35S Bar 1992 PEG Protoplasts IR72 [18]

Herbicide resistance ubi-bar 1992 Electroporation Protoplasts Yamahouchi [19]

Virus resistance cp-rsv 1992 Electroporation Protoplasts Nipponbare,
Kinuhikari [20]
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analysed w ere driven by the CaM V 35S prom oter. Thirteen o f the 20 35S BAR con
structs had a m aize adh 1 intron in their 5 ' untranslated region; how ever, no correla
tion could be m ade between the expression o f BAR and the presence or absence o f 
the intron. Since all the hmr genes tested w ere driven by the 35S prom oter, the selec
table m arker gene expression may also have been affected by putative position 
specific méthylation. I f  the m echanism  o f negative position effects is based on the 
DNA m éthylation o f prom oters, and the genes tested have the same prom oter, it fol
lows that a  loss o f co-expression requires an independent hmr gene to escape m éthy
lation, presum ably by integrating at a separate, but genetically linked, position.

The general conclusion from  this analysis is that the m olecular and genetic 
properties o f transgenic rice plants derived through particle bom bardm ent experi
ments are very sim ilar to those o f plants obtained through alternative direct DNA 
transfer procedures. H ow ever, the rice system appears to be superior in that there 
is near 100% co-integration and 73-80%  co-expression o f the selectable m arker gene 
and the gene(s) o f interest, at least when the gus gene is used in com bination with 
a selectable m arker. It is im portant to note that the co-integration frequency o f input 
genes on со-integrate vectors is close to  100% . This represents a unique opportunity 
for the engineering o f useful non-selectable/screenable genes using such vectors. The 
majority o f transgenic rice plants recovered through particle bom bardm ent using 
A cc e ll®  technology have one to three, and less frequently up to 10, copies o f the 
input gene per haploid genom e.

Because o f the relative ease w ith which transgenic rice plants can be created, 
m any experim ents have been Carried out to  evaluate the functionality and properties 
o f various sequences in transgenic plants. Studies exam ining gene function and 
organization as well as cell, tissue and organ specific expression have been very well 
docum ented. In this respect, rice has served as the model system for m onocots, in 
m uch the same way as Solanaseous plants served for dicots. Table I [7, 8 , 14-20] 
sum m arizes the agronom ically useful genes that have been introduced into rice.

2 . 1 .  E x p r e s s i o n  o f  g e n e s  o f  a g r o n o m i c  i n t e r e s t  i n  r i c e

The coat protein gene o f  the rice stripe virus was introduced into two japónica 
varieties by electroporation o f the protoplasts [14-20]. Transgenic plants expressed 
the coat protein at high levels and exhibited a significant level o f resistance to virus 
infection. Plants derived from  selfed progeny o f  the prim ary transform ants also 
expressed the coat protein and showed resistance to the virus, indicating stable trans
mission o f the gene to  the next generation. The virally encoded stripe disease specific 
protein was not detected in transgenic plants expressing the coat protein 8  weeks after 
inoculation, dem onstrating protection prior to viral m ultiplication.

Tw o groups used PEG  m ediated DN A gene transfer to introduce the bar gene
[17] and a sulphonylurea resistance gene from  Arabidopsis thaliana [21] into rice 
protoplasts. In the form er case, transform ed calli generated through PEG mediated
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DNA transfer into protoplasts from  em bryogenic cell suspension culture (cultivar 
Radon) regenerated the plants, the transgenic nature o f which was confirm ed by 
m olecular and genetic analyses. Rice protoplasts from  the variety Nipponbare were 
transform ed with a mutant acetolactate synthase gene (als) isolated from  sul- 
phonylurea herbicide resistant Arabidopsis thaliana [21]. Transgenic plants contain
ing the als gene w ere recovered, but fertility problem s w ere encountered. Future 
analysis will determ ine w hether fertility problem s will be an issue in subsequent 
generations.

The bar gene was incorporated into elite varieties o f rice, resulting in  trans
genic plants that exhibited resistance to the herbicide B a sta ® in the greenhouse and 
in the field. Particle bom bardm ent was used to introduce the gene into im m ature rice 
em bryos from  which transgenic plants w ere recovered 4 -6  weeks after bom bardm ent
[7]. Cao et al. [16], using suspension culture cells, also generated herbicide resistant 
plants expressing bar. They used the herbicide as a selectable m arker, thus confirm 
ing earlier results that phosphinothricin can be as effective as hygrom ycin for select
ing transform ed cells.

Toki et al. [19] created bialaphos resistant rice plants using electroporation of 
the protoplasts. They used a chim eric gene consisting o f  the prom oter, first exon and 
first intron o f a m aize ubiquitine gene {Ubi-1) and the coding sequence o f  the bar 
gene [19]. Bialaphos resistant rice plants expressing a bar gene under the control o f 
the m aize ubiquitine prom oter w ere com pletely protected from  symptomatic infec
tion when inoculated with m ycelia o f Rhizoctonia solani, the organism  that causes 
sheath blight, and subsequently treated with the herbicide [22]. Substantial suppres
sion o f the disease was also observed when bialaphos was applied to the transgenic 
plants infected with R. solani 2 days before herbicide treatm ent. A num ber o f  factors 
need to be examined very carefully prior to establishing w hether this w ill be a viable 
strategy for com bating sheath blight in rice. Bialaphos is an expensive chem ical and 
it is not know n w hether it w ill persist in the field following spraying. If  persistence 
is not an issue in term s o f combating the disease, it could be an issue from  a 
regulatory standpoint. H ow ever, the experim ents described in this paper [22] are 
interesting and may lead to the development o f alternative strategies for disease 
management.

Insect pests are im portant targets for rice biotechnology. In experiments 
targeted at the developm ent of insect resistant rice, Fujim oto et al. [15] reconstructed 
the crylA  BT gene based on the codon usage o f rice genes. Transgenic plants effi
ciently expressed the modified gene at both the m RNA and protein levels. Bioassays 
using R2 generation plants with two m ajor rice insect pests, the striped stem borer 
(Chilo suppressalis) and the leaffolder (Cnaphalocrosis medinalis), indicated that 
transgenic plants expressing the CryIA(b) protein w ere m ore resistant to these pests 
than the wild type control plants.
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Davey et al. [23] and Lynch et al. [24] described the phenotypic characteristics 
and m olecular analyses o f protoplast derived transgenic rice plants (cultivar Taipei 
309) fo r prim ary and first generation transform ants. They regenerated 38 green and 
two albino plants from  400 kanam ycin resistant colonies from  the protoplasts elec
troporated with a plasm id carrying the npt II gene under the 35S CaM V prom oter. 
Twenty o f  the green plants w ere transferred  to the greenhouse, w here three flowered 
after 7 m onths. O f the 15 plants analysed by DNA hybridization, all carried the npt II 
gene, but only two o f  the 11 plants assayed for N PT II activity expressed the gene. 
One transgenic Ro plant produced 59 seeds following self-pollination. The seed 
progeny produced by self-pollinating three Rj generation transgenic plants carrying 
the npt II gene w ere grown under field conditions at the M aricopa A gricultural 
Experim ent Station, Arizona, United States o f Am erica [25]. Transgenic plants were 
generally sm aller, with shorter flag leaves, took longer to  flow er and had reduced 
fertility when com pared with wild type plants. The npt II gene was present in all the 
transgenic plants, but the NPT II enzym e was not detected in any o f  them.

Battraw and Hall [26] also reported results on the expression o f a chim eric nptII 
gene in first and second generation transgenic rice plants. Following introduction 
o f  the npt II gene into the protoplasts using electroporation, the highest frequency 
o f  resistant callus form ation was obtained following selection for resistance to 
kanam ycin. H ow ever, exposure to kanam ycin interfered with the regeneration o f 
norm al plants. G418 was found to  be m ore suitable for selection, in term s o f  the final 
recovery o f  norm al transgenic plants. M olecular analysis indicated that m ost o f  the 
plants w ere transform ed w ith a low copy num ber o f  the npt II gene. Analysis o f 
second generation plants confirm ed that the npt II gene was inherited in a M endelian 
fashion and that its expression was m aintained in the progeny o f  the original 
transform ant.

Transgenic rice plants from  the cultivars Gulfm ont, Koshihikari and IR72 
engineered with the bar gene w ere evaluated in the field at the Louisiana State 
U niversity Rice Experim ent Station at Craw ley, Louisiana, USA. Prim ary transfor
m ants from  all the lines tested in the field w ere sprayed in the greenhouse with the 
herbicide in order to ascertain their levels o f  resistance. Seventeen independently 
derived Rj and R2 populations from  five Gulfmont, six Koshihikari and six IR72 
lines w ere planted in the field and sprayed with the herbicide ‘Ignite’ (containing 
phosphinothricin) at 8  days post-planting. The application rates w ere 1 and 2 lb of 
active ingredient per acre . 1 All the wild type controls exhibited severe dam age and 
died w ithin 1 week. F igure 1 shows the effects o f herbicide application on the trans
genic and wild type control plants. It can be seen that the transgenic plants are, in

2.2. Evaluation of transgenic plants (greenhouse and field)

1 1 lb =  0.4536 kg; 1 acre = 4.047 x  103 m2.
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FIG. 1 The herbicide Basta®, as the commercial formulation Ignite, was applied at rates o f  
1 and 2 lb o f active ingredient per acre, 8 days post-emergence. The graph indicates the per
centage injury sustained by the transgenic and wild type control plants.

general, highly resistant to very high rates o f herbicide application, whereas the con
trols are very sensitive. Y ield, milling quality and other agronom ic characters in the 
transgenic and wild type plants were com parable. F igure 2 indicates that, 2 weeks 
after herbicide application, only the transgenic lines w ere left standing in the field.

Biotechnological applications to rice im provem ent program m es are now possi
ble. A milestone in rice genetic engineering is the successful field trial o f herbicide 
resistant elite varieties. Among the issues that need to be addressed now are environ
mental concerns, particularly those associated with the use o f herbicide resistant rice 
and utilization o f gene transfer technology to introduce genes encoding multigenic 
traits.

2 . 3 .  T a r g e t s  f o r  t r a n s g e n i c  r i c e

Table П lists, in order o f  im portance, the targets for rice biotechnology, at least 
as viewed by The Rockefeller Foundation [27]. In term s o f  nutritional quality 
im provem ent, a num ber o f investigators focused on modifying the amino acid con
tent o f the seed originally utilizing cell biological approaches. Starch modification 
is also a feasible target, since a num ber o f branching enzymes and structural genes 
have been cloned.

H ybrid rice will have the same effect on the developm ent o f  the seed industry 
in developing countries that hybrid com  had in North A m erica and hybrid sugar beet
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FIG. 2. Rice field trial, at the Rice Experiment Station, Crawley, Louisiana, USA, performed 
by M. Braveman and S. Linscombe. Note the effect o f the herbicide on the wild type controls 
in lanes 1 and 4. The transgenic plants were unaffected by the herbicide.

had on seed industry developm ent in Europe. Sehgal [28] pointed out that the general 
perception is that rice is not suited to developing world agriculture. H ow ever, the 
analysis he presented strongly supports the notion that developm ent o f hybrid rice 
is crucial to the developing w orld. The International Rice Research Institute, M anila, 
Philippines, has identified hybrids that give a yield increase o f 15% or m ore over 
the best available varieties. In China, m ore than 30% increases have been mentioned 
as a result o f heterosis. If  these results can be confirm ed repeatedly, the private sec
tor may be attracted to hybrid rice seed production. Hybrid seed is priced normally 
at 10 to 30 tim es the value o f the crop ’s commodity price. Sehgal [28] again points 
out that w ith a 5 t/ha yield base and 25% heterosis, the farm er’s benefit can be four 
tim es his investm ent in seed, m aking it an attractive option for both farm ers and seed 
com panies. C urrent hybridization technologies are very tedious and inefficient. 
H ow ever, w ith the m olecular techniques for creating hybrids now being tested, it is 
reasonable to expect that the very encouraging results obtained with other crops such 
as tobacco, brassica and maize will be applicable to rice as well.
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TABLE II. TARGETS FO R  RICE IM PROV EM EN T [27]

Resistance Agronomic trait Tolerance

Tungro virus Cytoplasmic male sterility Drought

Yellow stemborer Apomixis Submergence

Gall midge Lodging

Brown planthopper Waterlogging

Ragged stunt virus Cold

Leaffolder Saline conditions

Sheath blight 
Storage pests 
Bacterial blight 

Blast
Striped stemborer 
Whitebacked planthopper

Acid sulphate soil

In applying recom binant DNA m ethods to rice im provem ent it is im portant to 
consider the potential risks that transgenic rice plants expressing a given trait may 
pose to the environm ent, to the fanner o r to the consum er. One o f  the m ajor issues 
that needs to be addressed in the case o f rice is its weedy relative red rice. Red rice, 
w hich is also Oryza sativa, is found commonly in the southern USA and also in many 
other rice growing areas around the w orld. It gets its nam e from  the red colour o f 
the pericarp caused by anthocyanin pigm entation. The red colour is an undesirable 
agronom ic trait that reduces the value o f the rice crop and has to be rem oved by extra 
m illing. This, in turn, results in extensive grain breakage and grade reductions. Con
sequently, in addition to com peting with cultivated rice for essential resources and 
reducing crop yields, red rice reduces the quality o f the harvested product. It shares 
many m orphological, physiological, biochemical and other traits, which make it very 
difficult to  control in cultivated rice. In situations w here herbicide resistance is a tar
get for rice im provem ent, the real possibility o f pollen transfer from  cultivated to 
red rice needs to be studied very carefully in order to gain a good understanding and 
to adopt sound weed m anagem ent practices for safe cultivation. This potential trans
fer o f  herbicide resistance from  cultivated to red  rice should be studied very carefully 
in order to assess whether it is safe to target herbicide resistance as a feasible goal 
for rice im provem ent. I t should be possible to  devise an optim um  window for herbi
cide application by gaining as much understanding as possible on the pollen disper
sion and outcrossing rates between cultivated and red rice. Transgenic rice plants
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with easily scorable characteristics will provide some o f  the answers that are needed 
to m ake a critical assessm ent o f  the risks and benefits o f targeting herbicide 
resistance as a goal in rice im provem ent program m es.

3. TRANSGEN IC SOYBEAN

The versatility and usefulness o f  particle bom bardm ent is illustrated by the 
developm ent o f a genotype independent transform ation protocol for soybean 
[29, 30]. Starting w ith isolated em bryonic axes, a sim ple protocol perm itting 
recovery o f transgenic plants from  elite varieties was developed. The overall trans
form ation frequency can be as high as 15%, with germ line transform ation frequen
cies approxim ating 0 .2 5 -0 .5 % , based on the num ber o f  bom barded explants. Both 
chim eric and clonal plants can give rise to transform ed progeny, with the majority 
o f transgenic families segregating in a M endelian fashion in the Rj and R2 genera
tions [30]. H undreds o f independently derived soybean plants transform ed by this 
m ethod have maintained the foreign genes for many generations. Elite soybean varie
ties expressing resistance to the herbicides B asta®  and R oundup®  engineered 
through particle bom bardm ent using electric discharge, are currently undergoing 
large scale field evaluation.

4. CONCLUSIONS A ND FU TU R E PROSPECTS FOR TRANSGENIC CROPS

Rapid progress in the recovery o f  transgenic crops has been the result o f  using 
organized and regenerable tissues such as im m ature em bryos in com bination w ith the 
particle bom bardm ent technology. This has been the case for rice, maize, w heat and 
barley. Em bryogenic suspension and callus cultures w ere utilized initially, particu
larly w ith m aize and w heat, but the severe constraints imposed by genotype and 
sterility in regenerated plants lim ited the utility o f  these systems. A review o f the 
literature dem onstrates that m ost o f the experim ents have been perform ed on rice. 
This is because o f its plasticity and other favourable in vitro characters, very unusual 
am ong cereals. Effective m aize engineering followed, and now small grain cereals 
such as wheat, barley and oats appear to be within reach.

It is apparent that plant genetic engineering is now at a crucial crossroad. The 
gene transfer constraint appears to have been removed from  a num ber o f im portant
cereals. Technical problem s still rem ain, but they are not insurm ountable. The atten
tion o f the scientific com m unity is gradually shifting to other areas, such as identifi
cation and cloning o f  the gene families responsible for m ultigene traits and studies 
on gene expression and regulation, particularly in the field over a num ber o f genera
tions. One area that should not be neglected encompasses issues o f  public perception 
and environm ental risk assessm ent o f  the products derived from  recom binant DNA
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technology. The first transgenic plants w ere recovered in 1983. It is indeed rem ark
able that in ju st over one decade the tools o f recom binant DNA technology and 
m olecular cell biology are now at the disposal o f plant breeders. Im portant issues 
can now be addressed and this will result in increased agricultural productivity, 
enabling developing countries in particular to sustain increasing populations. In 
addition, alternative uses for surplus crops resulting from  recom binant D NA  technol
ogy have the potential to provide new resources for industry and the consum er, thus 
expanding the economic basis in industrialized countries.

5. EN GIN EERIN G  OF SECONDA RY M ETABOLIC PATHW AYS
IN PLANTS

M odulation o f secondary plant metabolic pathways has been one o f the goals 
o f classical phytochem istry. H ow ever, despite successes in enzym e purification and 
characterization it was only relatively recently that recom binant DNA methodology 
was utilized in this field. The reasons for this deficiency are many: a lim ited under
standing o f  the basic plant biochemical processes in term s o f  secondary m etabolite 
biosynthesis, and the com plete absence o f gene transfer technology for engineering 
medicinal and arom atic plants. Successes in the m olecular biology and genetic 
engineering o f  crop plants are now beginning to have an im pact on secondary 
metabolite biochem istry.

D iversity in the structure and function o f secondary plant products and the fact 
that a large proportion o f prescribed pharm aceuticals are small organic m olecules of 
plant origin make these com pounds an obvious target for metabolic engineering. T ar
gets include rate lim iting steps in plant metabolic pathways, o r the complete 
introduction o f  m ultigene enzym e cascades in medicinal plants o r in model systems. 
M echanisms include redirecting the m etabolite flow in ram ified pathways or increas
ing the enzym e concentrations that control the rate lim iting steps.

DeLuca [31] sum m arized as follows the problem s that have to be addressed 
in the expression o f  heterologous genes in medicinal plants: heterologous protein 
m ust avoid proteolysis; proper folding is required for activity; an assembly for m ulti
ple subunits m ay be required; prosthetic groups, if required, m ust be accessible; and 
appropriate com partm ents m ust be targeted for substrate use.

5 . 1 .  I l l u s t r a t i v e  e x a m p l e s  o f  a l t e r e d  m e t a b o l i c  s e c o n d a r y  p a t h w a y s  i n  p l a n t s

The tropane alkaloids hyoscyam ine, its racem ic form  being atropine, and 
scopolam ine are being used medicinally as anti-cholinergic agents that act on the 
parasym pathetic nervous system. Because they differ in their actions on the central 
nervous system, currently there is a tenfold higher com m ercial dem and for scopola
mine than there is for hyoscyamine and atropine com bined. Yun et al. [32] cloned
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the enzym e that converts hyoscyam ine to 6 /З-hydroxyhyoscyam ine and introduced 
it into A tropa  plants using Agrobacterium  tumefaciens. One transgenic plant and its 
progeny w ere found to produce alm ost exclusively scopolamine as the prim ary 
alkaloid in leaf tissue. Thus, by introducing the cloned gene hyoscyamine 6 /3-hydro- 
xylase from  H yoscyamus niger  into hyoscyamine rich Atropa belladonna, the 
alkaloid com position o f transgenic plants was altered dramatically.

The dim eric indole alkaloids vinblastine and vincristine, produced in 
Catharanthus roseus plants, have been the target o f  metabolic engineering for 
decades because o f their medicinal value and rarity. Biosynthesis o f indole alkaloids 
in Catharanthus is com plicated. The pathway is long and com plex, w ith m ore than 
25 enzymatic steps. It is highly regulated and is tissue, developm ent and environm ent 
specific. Enzym ology and protein purification is difficult and cloning o f  genes for 
m onom eric alkaloids is ju st being com pleted. The absence o f  an effective means to 
create transgenic Catharanthus plants has delayed gene expression and regulation 
studies in homologous systems. H ow ever, very interesting results w ere obtained 
when tryptophan decarboxylase, which is responsible for the conversion of 
L-tryptophan to tryptam ine, was introduced and expressed in tobacco plants [33]. 
Transgenic plants expressed very high levels o f the product, dem onstrating that 
secondary metabolic pathways could be affected dram atically as a result o f genetic 
manipulations.

As a first step in the engineering o f medicinal plants, we developed a system 
for the engineering o f  Catharanthus. Particle bom bardm ent was shown to be very 
effective in delivering foreign DN A to Catharanthus organized tissue. The 
/З-glucuronidase gene was used as a m arker to m onitor the developm ent and optim i
zation o f the transform ation procedure [34]. T ransient activity could be detected in 
many different explants, some o f which w ere shown to be regenerable. Stably trans
form ed cells w ere recovered under selection. Regeneration and m olecular characteri
zation o f such plants is currently under way. Follow ing optim ization o f  this system, 
a screening program m e will be undertaken to identify and evaluate transgenic plants 
expressing a num ber o f genes involved in indole alkaloid biosynthesis.
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Abstract

GENETIC MODIFICATION OF CEREAL CROPS BY DIRECT GENE TRANSFER.
On the basis of efficient in vitro culture and regeneration systems, reproducible trans

formation methods for different cereal crops were developed. Scutellar tissue of the immature 
embryos of hexaploid wheat and maize were used as targets for microprojectile mediated gene 
transfer. Bombardment of haploid microspores resulted in homozygous, transgenic and fertile 
barley plants. Each target was the subject of individual optimization processes of bombard
ment conditions by analysing the transient /З-glucuronidase activity. Furthermore, phosphino- 
thricin resistance conferred by the bar gene turned out to be a suitable selectable marker for 
regenerating transgenic crop plants. Summarizing the results of independent transformation 
experiments for wheat and maize led to a transformation efficiency of one transgenic plant 
per 83 and 230 bombarded immature embryos, respectively. For barley, the average of all 
the experiments was one transgenic plant per 2.8 x  106 bombarded microspores. Primary 
transformants and progeny were analysed for the enzyme activity of the two marker enzymes 
introduced and integration of the corresponding genes by Southern blot experiments. Stable 
integration of the foreign DNA and its inheritance by progeny were demonstrated. All the 
transformed plants showed normal morphology and their development and flowering were 
comparable with those of seed derived plants.

1. INTRODUCTION

Successful strategies in plant breeding to produce a higher yield, increased 
disease resistance, better quality and other beneficial properties are based on the
available diversity of genetic resources. Established processes of plant breeding,
such as specific crossing and selection, have been broadened by biotechnological 
methods over the past two decades. The potential o f in vitro culture and recombinant
DNA technology lies in the feasibility of combining new characteristics more pre
cisely and of transferring a defined character directly as an isolated gene to an
already well bred crop plant. The fundamental requirements for use of this potential
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are strategies for the delivery of DNA into plant cells, and the successful selection 
and regeneration of fertile, transgenic plants. Generally, the method of choice for 
the delivery of genes to dicotyledonous species and a minority of agronomically 
important crops is use of the Agrobacterium mediated transformation system. 
However, cereals do not belong to the natural host range of Agrobacterium  and 
research activities focus on the development of alternative gene transfer methods. To 
date, three methods have been found suitable for obtaining transgenic cereal plants: 
polyethylene glycol (PEG) mediated DNA transfer into totipotent protoplasts (for a 
review, see Ref. [1]), microprojectile mediated DNA transfer to regenerable tissue 
cultures (for a review, see Ref. [2]) and tissue electroporation [3].

Direct DNA transfer into isolated protoplasts, induced by PEG or electric 
pulses, is a successful method for obtaining transgenic cell lines. However, a limiting 
factor in transgenic cereal production is the efficiency of plant regeneration. Further
more, in most cereals totipotent protoplasts can only be isolated from morphogenic 
suspension cultures, and to establish and maintain these cultures is highly genotype 
dependent and time consuming. Furthermore, the regeneration capability has been 
observed to decline gradually during cultivation in cereal suspension cultures [4] and 
the risk of somaclonal variation increases. Only in rice [5, 6], maize [7, 8] and, 
recently, barley [9] has it been possible to obtain fertile transgenic plants using this 
method.

As an alternative, microprojectile mediated gene transfer [10] or tissue elec
troporation [3] has the potential to overcome these restrictions. Application of the 
biolistic method is the most efficient and promising technique, since successful 
regeneration of several transgenic cereals such as maize [11], rice [12], wheat [13], 
oats [14], sugar cane [15] and barley [16] could be achieved. For these experiments, 
regenerable suspension or callus cultures were used as the target tissue. Such cultures 
have been affected by the difficulties mentioned above, and phenotypic abnormalities 
such as albinism or reduced fertility have been described for transgenic maize [11], 
wheat [13], oats [14] and barley [16].

However, particle bombardment and tissue electroporation have the capability 
of circumventing these limitations by directly targeting tissues or cells with a high 
regeneration capacity. In cereals, scutellar tissue of the immature embryos, imma
ture inflorescences or microspores are appropriate primary explants. The additional 
advantages of using primary explants for transformation are the decreased risk of 
somaclonal variation, since the period of in vitro culture is reduced to a few weeks, 
and the low input of time necessary for preparation of the target cells. To date, 
scutellar tissue of rice [17], maize [18, 19], wheat [20, 21] and triticale [22], imma
ture inflorescences of Tritordeum [23] and barley microspores [24] have been used 
successfully to obtain fertile transgenic plants.

In this paper we report on the progress made in our laboratory on biolistic 
DNA transfer into scutellar tissue of the immature embryos of wheat and maize, and 
also into the microspores of barley. Transgenic plants were obtained using the bar
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gene as a selectable marker and the uidA gene as a visual marker. The inheritance 
of the two introduced marker genes was analysed in the following generations.

2. MATERIALS AND METHODS

Details of the materials and methods have been described by Becker et. al. [21] 
and Jâhne et al. [24].

3. RESULTS

The primary requirement for a successful transformation system is a reliable 
and efficient in vitro culture system for the tissues or cells receiving exogenous 
DNA. In our experiments, scutellar tissue of wheat and maize embryos and barley 
microspores were used as targets for microprojectile mediated gene transfer. Each 
target was the subject of individual optimization processes to improve the conditions 
for particle bombardment. The intention of these experiments was to enhance DNA 
uptake by minimizing tissue or cell damage, which is directly correlated with a 
reduced regeneration capacity. Optimization of bombardment conditions was based 
on analysis of the transient /З-glucuronidase (GUS) activity. The results o f these 
experiments showed that the regeneration capacity of the bombarded explants 
depends on the particle density and acceleration pressure used for DNA transfer. For 
example, two different amounts of the gold particles used per bombardment were 
tested by transient gene expression analysis in the scutellar tissue of wheat. Surpris
ingly, both particle densities produced the same number of blue spots, indicating 
expression of the uidA marker gene. However, only the lower particle density gave 
the same frequency of plant regeneration as that observed in the non-bombarded 
controls, while in using the higher particle density somatic embryogenesis was 
greatly reduced. In comparison, the viability of barley microspores was not affected 
by the same quantity of particles. This result demonstrates that the optimal density 
of particles has to be determined for each cell type individually. No negative effects 
on the number of transient transformation events or regeneration capacity were 
observed using a relatively wide range of acceleration pressure. Lower or higher gas 
pressures resulted in a reduced number of transient GUS signals and, in the case of 
higher pressures, the viability of barley microspores and somatic embryogenesis of 
wheat embryos decreased. Under optimal conditions, an average of 100 transient 
transformation events per embryo was enumerated in wheat [21]. In barley, about 
1 % of the bombarded miscrospores expressed the uidA gene in the histochemical 
assay [24].
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Establishment of an efficient transformation system requires appropriate selec
tion of transgenic tissues and plants. For grasses, antibiotics such as kanamycin, 
G418 and hygromycin were successfully used to select transgenic plants [23, 25]. 
In addition, herbicides such as phosphinothricin (PPT) or chlorsulphuron were 
predominantly used as selective agents. The advantage of herbicide selection is the 
probability of selecting plants not only in vitro but also in vivo at each stage of 
development by a simple spray test.

For our transformation experiments, the PPT resistance conferred by the bar 
gene was demonstrated to be a suitable selectable marker for the regeneration of 
transgenic wheat, maize and barley plants. Effective application of PPT selection is 
influenced by the cell type and developmental stage of the somatic embryos. Conse
quently, the selection conditions have to be optimized individually. The plasmid 
pDBl [21] used in these transformation experiments contained the bar gene as a 
selectable marker and, in addition, the uidA gene as a visual marker. The present 
results for transformation of wheat, maize and barley are summarized in Table I.

3.1. Selection and transgenic plant regeneration

TABLE I. TRANSFORMATION OF CEREALS MEDIATED BY 
MICROPROJECTILE BOMBARDMENT

Species Target tissue or cell Marker genes Transformation efficiency Status

Wheat Immature scutellar issue gus, bar One plant per 83 embryos T3
hemizygot,
homozygot

Maize Immature scutellar tissue gus, bar One plant per 230 embryos T3

Barley Isolated microspores gus, bar One plant per 2.8 x  106 
microspores

T2
homozygot

In summarizing the results o f seven independent, initial transformation experi
ments it was found that 59 wheat plants were regenerated, 12 of which showed 
enzyme activity for both the marker genes. The average transformation efficiency 
of all the experiments was one transgenic plant per 83 immature embryos bom
barded. This estimation of stable transformation frequency is substantially higher 
than the one to two plants per 1000 bombarded embryos reported by Weeks and co
workers [20]. This variance in transformation frequency could be elucidated by the
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different genotypes, preculture treatments or the bombardment conditions used in the 
two systems.

The régénérants were PPT selected during the callus induction and plant 
regeneration phases, combined with spraying the régénérants with an aqueous solu
tion of the herbicide Basta. One week after herbicide application, the plants were 
analysed and only those that were also GUS positive remained green, confirming the 
functional activity of phosphinothricin acetyltransferase. No T0 plants were detected 
that contained only one of the marker activities. Southern blot analysis indicated that 
all the plants with a detectable activity of both the marker enzymes contained intact 
copies of the coding region of the two genes. The integration pattern was, in most 
cases, very complex. From the appearance of larger and smaller fragments, the con
clusion was drawn that deletions, rearrangements and/or méthylation at restriction 
sites had occurred. A correlation between the integrated copy number and the level 
o f resistance against PPT or GUS enzyme activity was not observed. All the trans
formed plants showed normal morphology and their development and flowering 
were comparable with seed derived wheat plants. Mature pollen grains were stained 
histochemically to analyse segregation of the GUS enzyme activity. All the plants 
tested showed 1:1 (GUS +  :GUS—) segregation of the uidA gene [21].

Scutellar tissue of the immature embryos is also an appropriate target for maize 
transformation (Table I), and the results are analogous to the work being done with 
wheat [19].

Barley microspores have been noted as a very attractive target tissue for 
particle bombardment because they are unicellular and can easily be regenerated to 
homozygous, dihaploid plants [26], which is significant for breeding purposes.

Independent transformation events resulted in the regeneration of, on average, 
about one transgenic barley plant per 2.8 X 106 bombarded microspores. In total, 
12 plants were recovered from nine successful transformation experiments. In all the 
plants, the activity of one or both marker enzymes was detectable, as described 
above. Again, selection of transgenic plants using the herbicide PPT proved to be 
very successful. A concentration of 3 mg/L of PPT, applied during the callus induc
tion and regeneration phases, was sufficient to completely inhibit the growth of the 
non-bombarded control calli. All the selected plants were subjected to Basta spraying 
after vernalization. Using this or higher concentrations, we only selected plants that 
were later confirmed as transformants.

An important advantage of the microspore system is that the time of in vitro 
culture was highly reduced. Régénérants could be transferred to soil approximately 
7 -8  weeks after bombardment, whereas regeneration of barley plants from 
microspore derived embryos takes about 7 months [16]. In our experiments, we have 
never observed albinism or morphological abnormalities such as those reported by 
Wan and Lemaux [16]. This underlines the fact that application o f primary explants 
as targets for transformation has several advantages over using suspension or callus 
cultures as targets for bombardment.
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Southern blot analysis of the T0 plants indicated the presence of the 
introduced genes. All the selected plants showed intact copies of the bar gene, which 
is also expressed and confers PPT resistance. However, only 4 o f 12 plants exhibited 
GUS enzyme activity as assayed by the histochemical or fluorometric technique. 
Apart from detecting larger and smaller restriction fragments of the uidA gene by 
Southern blot analysis, most plants contained intact copies of the marker gene. This 
phenomenon may have resulted from méthylation or mutation in the promoter or 
coding region, as has already been reported for transgenes (for a review, see 
Ref. [27]).

However, on average, one to five integration sites were detected, and up to 
now about 30% o f the transgenic plants showed single copy integration of the trans
formation construct. Integration of only one copy is advantageous for practical 
genetic engineering in order to elude potential problems of silencing phenomena 
caused by multiple gene integration [28]. All the transformed plants were 
phenotypically normal and self-fertile. The GUS positive T0 plants produced pollen 
grains that exhibited enzyme activity, indicating the homozygous state of the 
transformants [24].

3.2. Analysis o f progeny

Progeny from four wheat transformants that showed 1:1 segregation of the 
uidA gene in pollen grains were analysed for the activity of the two marker enzymes 
introduced. The results obtained were consistent with the 3:1 segregation ratio of a 
dominant single copy gene. Therefore, we assumed that both plants contained only 
one active copy of the two genes, or that the active copies were closely linked. 
In addition, segregation of one or both of the introduced marker genes in a 
non-Mendelian fashion was observed in further progeny analysis of primary 
transformants.

In barley, the introduced marker genes were inherited by all the progeny, 
indicating the homozygous genotype of the transformed plants.

The progeny plants were further examined by Southern blot analysis. Wheat 
and barley progeny showing enzyme activities for one or both marker enzymes con
tained DNA fragments that corresponded to the correct size of the coding regions 
of the gene. Furthermore, these plants had the same integration pattern as the cor
responding parental line. This indicates close linkage of the introduced marker genes 
and their inheritance as a genetic unit.

4. CONCLUSIONS

The transformation systems described above allow the generation of fertile 
transgenic wheat, maize and barley plants. Transformants derived from independent
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TABLE П. PROJECTS CURRENTLY BEING STUDIED

395

(1 ) Development o f resistance against:

(a) Viruses3

Strategy: cross protection 
Genes: BaYDV coat protein

BaMMV coat protein 
BaSTMV coat protein

(b) Fungib

Strategy: growth inhibition 
Gene: stilben synthase

(c) Herbicides 

Strategy: inactivation
Gene: phosphinothricin acetyltransferase

(2) Modification o f plant substances for industrial use in wheat:

(a) Starch0

Strategy: seed specific antisense and overexpression 
Genes: granule bound starch syntase 1/П

branching enzyme/debranching enzyme

(3) Modification o f brewing characteristics in barley:

(a) Maltingd

Strategy: tissue and developmental specific expression 
Gene: heat stable (1-3, l-4)-|3-glucanases

(4) Isolation o f genes from barley:

Strategy: gene tagging
System: transposable element system Ac/Ds

(5) Studies o f embryogenesis and zygote development in maize:

Strategy: cellular and molecular analysis 
Genes: egg cell, zygote and cell cycle specific

a In co-operation with Max-Planck-Institut fiir Ziichtungsforschung, Koln; Bundesanstalt
fur Ziichtungsforschung, Aschersleben; Commonwealth Scientific and Industrial Research 
Organization, Canberra, ACT. 

b In co-operation with Bayer AG, Monheim; Saaten-Union GmbH, Hannover.
0 In co-operation with L. Willmitzer, Berlin.
d In co-operation with D. von Wettstein, Copenhagen.
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transformation events can be reproducibly regenerated in a relatively short time, and 
the integrated genes are stably expressed in and inherited by the progeny plants, 
mostly in a Mendelian fashion. Current activities in our laboratory are focusing on 
further basic reseach, as well as on projects with applied aspects such as disease 
resistance and modification of cereals for non-food industrial purposes. The activi
ties are listed in Table II. However, development of transformation systems creates 
the basis for approaching fundamental questions and it can be expected that 
application of this technology will supplement conventional breeding methods.
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Abstract

HARNESSING ARABIDOPSIS TO THE PLOUGH.
The small crucifer Arabidopsis thaliana (L-) has been widely adopted as a model 

organism for investigations of many aspects of plant growth and development. Increasing 
interest in the organism has fostered the development of many unique and powerful genetic 
methods and resources that greatly facilitate research. Broad exploitation of these resources 
has resulted in many significant advances in the understanding of theoretical and applied 
problems of long standing importance to agriculture and forestry. However, efficient exploita
tion of the information gained by studying Arabidopsis will depend on the development of 
mechanisms for routinely informing scientists charged with the improvement of agricultural 
species on the results obtained from studying Arabidopsis. Similarly, mechanisms must be 
developed to ensure that problems of applied significance are not overlooked by basic research 
scientists studying Arabidopsis.

1. INTRODUCTION

Although most advances in plant improvement to date have not relied on a 
detailed mechanistic understanding of the molecular mechanisms underlying the 
traits associated with a particular improvement, many biologists look forward to a 
time when it will be possible to approach the development of a new cultivar in the 
same way as an engineer approaches the construction of a new mechanical device, 
process or structure. This idyllic scenario will require knowledge of the structure and 
function of most or all of the genes in a plant as well as knowledge of how the genes 
interact with each other and the environment. Acquisition of such comprehensive 
knowledge is not imminent, but the rate of progress towards this ideal has recently 
accelerated significantly because o f the widespread adoption o f Arabidopsis as a 
model plant for basic research. A comprehensive summary of the information avail
able on all aspects of the biology of Arabidopsis has recently been published [1].

This paper summarizes the current technical, infrastructural and informational 
resources available for Arabidopsis that are facilitating rapid progress towards the 
resolution of many basic problems in plant biology. Substantial co-operation and 
co-ordination among researchers involved in Arabidopsis research have been
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required to develop and nurture these resources [2]. It is an opportune time to 
consider ways in which better intellectual and personal bridges can be developed 
between the communities of scientists performing basic research studies with 
Arabidopsis and colleagues with basic or applied interest in other plant species.

2. GENETIC RESOURCES

2.1. Mutations

Most mutations in Arabidopsis have been generated using ethylmethane- 
sulphonate as the mutagen, although many other mutagens are known to be 
effective [1]. Because of the rapid rate at which new loci are being discovered, it 
is not known how many independent loci have been marked by mutation. However, 
as of December 1993, more than 800 gene symbols had been registered with the gene 
nomenclature curator, D. Meinke, at the Oklahoma State University, Stillwater, 
United States of America [3]. Since each symbol may refer to many genes of related 
function (e.g. fad2, fad3, fad4  ...) , it seems likely that the number of loci marked 
by mutation is now approaching several thousand. The vast majority of these muta
tions have phenotypes that can be detected without reference to a particular genetic 
background. However, increasingly, mutations are being identified that can only be 
observed in the presence of another mutation. For instance, the fad8  gene of 
Arabidopsis encodes a chloroplast localized fatty acid desaturase. Mutations at this 
locus have no phenotype in a wild type background because of the presence of a 
functional isozyme encoded by the fa d 7  locus. However, in the presence of a fad7  
mutation the effects of a fad8  mutation on leaf fatty acid composition are readily 
apparent [4]. It seems likely that, as it becomes increasingly difficult to detect novel 
phenotypes in a wild type background, many researchers will identify additional loci 
by identifying mutations that are only apparent in the presence of one or more other 
mutations. The relative ease with which mutagenized populations can be prepared 
(because of the small seed size, small plant stature and rapid generation time) greatly 
facilitates this kind of ‘second generation’ genetics.

Because of the small genome size of Arabidopsis, interest has been shown in 
the concept of cloning genes that have been identified by deletion mutations. The 
feasibility of this approach has been demonstrated by Sun et al. [5], who cloned the 
GA1 gene of Arabidopsis by subtractive hybridization using DNA from a mutant line 
that had previously been shown to carry a deletion in the gene by conventional 
genetic criteria. A portion of the gene was highly enriched by several successive 
rounds of hybridization of small fragments of DNA from the wild type with 
bio tiny lated DNA of the mutant, followed by removal of the DNA hybrids by
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chromatography on an avidin matrix. The main limitation to the utility of this 
approach is the difficulty associated with producing and identifying small deletions 
in higher plants. Therefore, broad interest has been shown in the possibility of 
identifying conditions of mutagenesis that would routinely produce a high proportion 
of small deletions. In one instance where gamma ray induced mutations in the nitrate 
reductase (nia2) gene were examined, all three alleles were found to be deletions of 
the nia2 gene [6]. However, a fast neutron induced allele of flavone isomerase (chi) 
was shown to be a complex inversion-translocation, and an X ray induced allele of 
dihydroflavonol reductase (dfr) was found to contain two deletions and an inversion 
in and around the dfr gene [7]. Thus, although it is apparent that deletions are not 
rare, they may also be associated with complex rearrangements that may substan
tially complicate the analysis of cloned fragments. What is needed is a systematic 
study of the proportion of induced mutations at a cloned locus that corresponds to 
deletions. Since cloned genes are available for several loci that produce readily 
scored mutant phenotypes, there does not appear to be any technical problem in 
completing such an analysis.

Some of the most important genetic loci being studied in Arabidopsis did 
not arise by mutagenesis but were identified in screens of natural variation present 
in wild populations from diverse geographical sites. An example is the recent 
identification of alleles that confer resistance or susceptibility to various plant 
pathogens [1, 8, 9]. Useful variation has also been observed in traits such as 
flowering time, dormancy and morphology. Arabidopsis has been identified at many 
ecologically diverse sites around the world and it appears that the amount of natural 
genetic variation for many traits is high. Large collections of Arabidopsis ‘ecotypes’ 
from around the world are maintained in two Arabidopsis stock centres located at 
the University of Nottingham, Nottingham, United Kingdom, and at the Ohio State 
University, Columbus, USA [2].

Many of the mutations under study in Arabidopsis have been generated by 
insertional mutagenesis using the T-DNA of Agrobacterium tumefaciens as the muta
genic agent [10, 11]. The relative ease with which tagged genes can be cloned has 
greatly facilitated the isolation of many genes that are demonstrably involved in 
regulating a wide range of aspects of plant growth and development. The current 
limitation to this approach is that only about 8000 lines are publicly available. Thus, 
the current collection does not contain an insertional mutation for every gene.

Recent improvements in the methods for transforming Arabidopsis [12] have 
substantially reduced the amount of effort required to produce large numbers of 
transgenic plants by Agrobacterium  mediated transformation. Several groups are 
using the improved methods in an attempt to create a collection of T-DNA 
mutagenized plants that is large enough to ensure a high probability of finding a 
mutation in every gene. It has been estimated that Arabidopsis contains less than
20 000 genes [13]. This estimate was made on the basis o f preliminary evidence 
indicating that there is one gene for every 4 kb of genomic DNA (excluding centro-



404 SOMERVILLE

meric and ribosomal genes) [13]. Since the average gene is about 2.4 kb in size 
(including introns and promoter) [13], the probability that a random insertion will 
be within a gene is about 60%. Thus, it is estimated that fewer than 50 000 indepen
dent insertions will be adequate to saturate the genome. Although it is probably 
possible to produce 50 000 transgenic lines, the amount o f effort required to maintain 
and screen the lines for mutations may prove to be insurmountable. Even if a com
prehensive collection of insertions were available, it seems unlikely that more than 
a few thousand genes could be identified by T-DNA tagging because in many 
instances mutations may not produce a readily apparent phenotype in a wild type 
background.

An alternative to T-DNA tagging is the use of a transposable element. Several 
laboratories have demonstrated that the maize transposable element Ac/Ds is active 
in Arabidopsis [14, 15]. Highly modified derivatives of the native transposable ele
ment have been developed that permit selection for transposition events and facile 
tracking of the transposon by insertion of convenient markers into the element. 
Although these elements could be used to generate large numbers of transpositions, 
much of the work to date has focused on exploiting the elements for special situations 
where the transposons offer advantages over other systems.

One such situation arises when it is desirable to create an insertional mutation 
in a known gene. The Ac/Ds element transposes preferentially to closely linked sites. 
Thus, in order to identify a transposon induced mutation in a known gene, the first 
step is to identify a line of Arabidopsis in which an Ac/Ds derivative is located near 
the gene of interest. By selecting for excision of the transposable element, the 
probability of finding an insertion in a nearby gene is significantly enhanced. If the 
phenotype of an insertional mutation is not known, it should be possible to identify 
a particular insertion by screening pools of plants with polymerase chain reaction 
(PCR) primers based on nucleotide sequences from the transposon and the target 
gene. Although this approach has not yet been used, it may be very helpful in under
standing the function of cloned genes of unknown function. Since, as noted later, 
partial sequence information is available for more than 10 000 Arabidopsis cDNAs, 
this approach may be expected to become an increasingly important component of 
the Arabidopsis repertoire.

A second use of both the transposable elements and T-DNA tagging is to create 
‘promoter traps’ or ‘gene traps’ that identify genes on the basis of their pattern of 
expression [16-18]. The essential concept is that when a promoterless reporter gene, 
such as /З-glucuronidase, inserts downstream of an active promoter, transcription and 
translation of the reporter gene will frequently take place under the developmental 
or environmental constraints of the interrupted gene. An elegant refinement of the 
approach employs an intron splice site at the 5 ' end of the reporter so that insertion 
of the reporter into introns generates productive fusions [16]. Using these methods 
it is possible to identify genes that are expressed under specific conditions and to 
simultaneously create a mutation in the gene. In those instances where the



IAEA-SM-340/55 405

homozygous mutation would normally cause lethality or other deleterious effects, the 
mutation can be maintained as a heterozygote (assuming that it is recessive). 
Although this approach has only recently been implemented, it has been used to 
identify at least one essential gene for a cell cycle component [16].

3. GENETIC MAPS

3.1. General procedures

In the context o f Arabidopsis genetics, genetic maps have two principal uses: 
association of a gene or a phenotype with a genetic locus, and gene isolation by map 
based cloning methods. In addition to a map of visible mutations [1-3], several 
restriction fragment length polymorphism (RFLP) maps have been constructed 
[19, 20] which now contain approximately 312 markers distributed over the five 
chromosomes. Since the total DNA content has been estimated to be as low as 
70 000 kb [1], the average distance from any gene to the nearest RFLP marker is 
about 225 kb. This is comparable to the average insert size of about 160-250 kb in 
the several yeast artificial chromosome (YAC) genomic libraries that are available 
for Arabidopsis [13]. In addition, a random amplified polymorphic DNA (RAPD) 
map has been described [21] and two populations of recombinant inbred lines are 
available for placing cloned genes on the genetic map [21, 22].

Because of the ease with which PCR based markers can be used for mapping, 
most genetic mapping in Arabidopsis is currently performed using these markers. 
Fortunately, a relatively small number of Arabidopsis accessions are in common 
use — most mutants are available in either the Columbia or the Landsberg races. 
A set of 18 pairs of oligonucleotide primers that generate polymorphic PCR products 
on certain combinations of races (called CAPs markers) are in widespread use as 
molecular markers for mapping in these ecotypes [23, 24]. The CAPs markers are 
PCR products that contain a polymorphic restriction endonuclease site when cleaved 
with a restriction enzyme. A somewhat more convenient and robust method employs 
primers that generate simple sequence length polymorphism (SSLP) markers [25]. 
These have an advantage over other kinds of markers in that they do not require use 
of restriction enzymes and are polymorphic in crosses between a large number of 
different races of Arabidopsis. Both sets of oligonucleotide primers are commer
cially available [23-25]. Typically, the DNA from a single leaf is enough to complete 
the analysis of all the PCR based markers required to map a gene at high resolution. 
Although most Arabidopsis mutations are not yet mapped, interest in mapping has 
increased recently and it seems likely that information on the map position of a new 
locus will become an obligate part of the information on a new class of mutations.
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The strategy in map based cloning is to genetically map an allele of a target 
gene near previously isolated DNA fragments, typically RFLP markers or PCR 
based markers. Then, the region of the genome containing the gene is isolated, and 
subfragments or cDNA clones are used to complement the mutation. Arabidopsis is 
the most suitable plant for the application of map based cloning methods because, 
in addition to suitable genetic characteristics, it has a uniquely small nuclear DNA 
content which is almost devoid of interspersed highly repetitive DNA [1].

A general requirement for map based cloning is the existence of complete YAC 
libraries. Several such libraries are available from the Arabidopsis Resource Center 
at the Ohio State University (reviewed in Ref. [13]). The most extensively character
ized YAC library has been produced by Ecker and colleagues at Pennsylvania 
University, Philadelphia, USA. Although a publication describing this resource is 
not yet available, map and hybridization data are available via the World Wide Web 
at the following universal resource locator (URL): http://cbil.humgen.upenn. 
edu/"atgc/ATGCUP.html. This library, which contains YACs with an average 
insert size of about 250 kb, has been extensively characterized. Approximately 60% 
of the Arabidopsis genome is currently covered with mapped YACs and the size of 
each clone has been determined.

Examples of the general utility of these resources is the map based isolation 
of a gene which complements a mutant (fad3) o f Arabidopsis deficient in omega-3 
fatty acids [26] and the abi3 gene that participates in the regulation of abscisic acid 
sensitivity [27]. In the first instance, a YAC covering the region of the chromosome 
where the fad3  gene mapped was used to probe a cDNA library prepared from a 
tissue in which the biological information had suggested that the fad3  transcript 
would probably be moderately abundant. The YAC encoded only one moderately 
abundant cDNA. Production of transgenic plants that expressed this cDNA resulted 
in genetic complementation of the fad3  mutation, thereby establishing the identity of 
the gene. In those instances where the pattern of expression of the target gene is not 
known or not useful, it is necessary to subclone the YACs and to transform the 
mutant with a series of overlapping subclones in order to find the complementing 
fragment. This was essentially the approach used to clone the abi3 gene [27]. 
Although it remains somewhat tedious to isolate genes by this approach, it seems 
likely that with the development of a completely ordered set of YACs for the 
Arabidopsis genome it will become much easier to implement this approach.

4. NUCLEOTIDE SEQUENCE INFORMATION

Because of rapid proliferation of the amino acid sequence information deduced 
from cloned genes o f known function and from purified proteins, it is now frequently

3.2. Map based cloning

http://cbil.humgen.upenn
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possible to infer the probable function of a newly isolated gene solely on the 
basis o f nucleotide or deduced amino acid sequence homology to genes or gene 
products of known function. This fact, in conjunction with the commercial availabil
ity of reliable automated DNA sequenators capable o f very high throughput, has 
led to large scale partial sequencing of anonymous cDNA clones or ‘expressed 
sequence tags’ (ESTs) from humans and several model organisms [28]. Several 
groups have used this method to produce partial sequence information on approxi
mately 17 000 Arabidopsis cDNAs [29, 30]. The Arabidopsis ESTs were obtained 
from a number of different libraries representing mRNA expressed during floral 
development, embryogenesis, seed maturation, development of etiolated plants and 
cell culture. Approximately 30% of the ESTs had significant probable matches to 
known genes from Arabidopsis or other organisms. These sequences, which are 
available from public databases such as dbEST, represent a valuable resource for the 
facile identification of plant genes. Indeed, their number is expected to grow by 
tens o f thousands over the next few years. Because o f the magnitude and rate of 
growth of these sequence databases, it is expected that most of the sequences will 
not be reported in the published literature and will be available only by database 
analysis. A summary of the methods used to obtain access to the EST databases has 
been presented by Newman et al. [30]. This article describes the cDNA libraries 
used, provides an example of the kind of information obtained by EST analysis, 
outlines some of the pitfalls associated with using ESTs, and summarizes how to 
exploit these resources.

One implication of EST projects is that within the foreseeable future the 
sequences of most or all of the genes in Arabidopsis and, possibly, in rice will be 
available in public access databases. Thus, much of the effort that is currently being 
expended on cloning genes by various criteria may be obviated by methods based 
on database analysis. In view of this, it would be prudent for anyone embarking 
on a project to isolate a new gene to first evaluate the possibility that it could be 
identified by some criterion in a database. Conversely, since we can now envision 
a day when all the cDNA sequences of several plants will be available in databases, 
it may become increasingly worthwhile to simply pick an anonymous cDNA, which 
is not homologous to any known sequence, and to design experiments to deduce the 
function of the corresponding gene. Although this approach may seem radical at 
present, it is not fundamentally different to solving the chemical structure o f a 
metabolite and then designing experiments to deduce the role of the metabolite.

From preliminary results [29, 30] it is apparent that the function o f approxi
mately 70% of the Arabidopsis genes cannot currently be deduced solely by sequence 
analysis. Although the proportion of unidentified genes will continually decrease 
because of the progress made in identifying the function of plant and non-plant genes 
by other means, additional developments will be required to provide information on 
gene function. One way of adding information to large numbers of ESTs is to corre
late the genetic map position of the ESTs with the map locations of mutations. More
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than 800 genetic loci have been marked by mutation in Arabidopsis and the list of 
registered locus names is growing rapidly [3, 4]. The ESTs can be genetically 
mapped using one of the sets o f recombinant inbred lines that are available from the 
Arabidopsis stock centres [21, 22] or, in some cases, by hybridizing the ESTs to 
genetically mapped YACs containing Arabidopsis DNA. Although not all the 
Arabidopsis YACs have been aligned with the genetic map as yet, this approach 
avoids the necessity of identifying a polymorphism for each EST and is, therefore, 
suitable for large scale mapping of all the ESTs. Indeed, the very act of hybridizing 
large numbers of ESTs to the YAC libraries will lead to the identification of a 
complete set o f overlapping YACs that span the genome and are anchored to the 
genetic map.

The final component of genome technology that will be required to fully 
exploit the ESTs is the ability to use an EST to create a mutation that eliminates 
the function of the corresponding gene. Use of antisense technology is a useful 
step in this direction and development of facile new transformation techniques for 
Arabidopsis [11] has made the creation of antisense plants very simple. However, 
because of the limitations of antisense technology, high priority should be placed on 
the development of facile methods for directed gene disruption.

5. CONCLUSIONS

Because of the large number of scientists working with Arabidopsis and the 
inherent advantages of the small genome, unique and powerful genetic tools are now 
available for the dissection of a wide range of problems in plant biology. One of the 
important challenges ahead is to improve the mechanisms associated with the transfer 
of information and resources from the Arabidopsis community to plant biologists 
with a primary interests in other plants. Because of public databases [2, 3], reference 
books [1], brochures [2, 3] and stock centres [2, 3], there does not appear to be any 
impediment to the flow of information or materials between scientists. However, it 
may be an appropriate juncture to enquire if the problems that have received the 
most attention by Arabidopsis researchers are of relevance to colleagues with 
applied interests. Are there important aspects o f basic or applied plant biology that 
are ignored by Arabidopsis researchers? If  so, a useful mechanism to alert the 
Arabidopsis community to the opportunities now exists in the World Wide Web 
journal ‘Weeds W orld’ (http://nasc.nott.ac.uk:8300). This electronic journal, which 
is devoted to Arabidopsis research, would welcome letters from the broader commu
nity pertaining to this and related issues.

http://nasc.nott.ac.uk:8300
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Abstract

UTILITY OF T-DNA INSERTION MUTAGENESIS IN ARABIDOSIS FOR CROP 
IMPROVEMENT.

T-DNA insertion mutagenesis in Arabidopsis is an efficient and expedient method for 
isolating genes that may have agronomic importance in crop plants. More than 14 000 trans
formants, with an average of 1.5 inserts per transformant, have been generated in the labora
tory at the University of Arizona, Tucson, United States of America. Assuming that the 
genome of Arabidopsis is 100 Mb and that insertion is random, there is a greater than 50% 
probability that any particular gene has been tagged in this population. These transformed lines 
have been screened for any visible alteration in phenotype. In addition, they have been 
screened under numerous selective regimes such as cold tolerance, auxin and ethylene 
resistance or sensitivity, and nitrate utilization, among many others. Twenty per cent of these 
transformants segregate for some type of mutation. Approximately 40% of these are due to 
T-DNA insertion. Genes have already been cloned from various developmental and bio
chemical pathways, including flower, root and trichome morphology, light and ethylene 
regulated growth, fatty acid desaturation and epicuticular wax (EW) production. Some of the 
isolated genes are being introduced into agronomic species in an attempt to improve specific 
traits. For example, two genes important in EW production have been introduced into 
Brassica oleracea (broccoli) to modify the nature of the EW such that engineered plants will 
show greater resistance to herbivorous insects. Similarly, genes involved in fatty acid 
desaturation, male sterility, height or nitrogen metabolism, to mention only a few, could also 
be utilized to improve certain crop traits via genetic engineering. Several of these examples 
are described.

1. INTR OD U CTIO N

W hile m any biotechnological strategies have been developed to isolate genes 
from  plants, such procedures still rem ain too prim itive to m ake it practical to 
im prove m ost im portant crop species using their endogenous genes. The two excep
tions to this m ight be Oryza sativum (rice) and Zea mays (maize). In rice, both 
random  cD N A  sequencing and tagging strategies are being developed sim ultane
ously. There are also efficient transform ation protocols for rice. W hile it is possible 
to isolate a variety o f  genes from  m aize utilizing transposon tagging, it still rem ains 
very laborious and expensive to reintroduce engineered genes.

411
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A plant model system such as Arabidopsis thaliana, a small cruciferous plant, 
could serve as an ideal tool for isolating genes that might be useful in im proving a 
variety o f agronom ic plant species. Arabidopsis possesses a rapid life cycle 
( ~ 6  weeks), is self-fertilizing, highly am enable to tissue culture and transform ation 
protocols, contains the smallest am ount o f  nuclear DNA am ongst the higher plants, 
m aking it relatively facile to clone genes [1], has well developed genetic maps and, 
m ost im portantly, it is the subject o f  investigation by thousands o f researchers w orld
wide. In fact, large scale cDNA and genom ic sequencing projects are under way in 
the United States o f Am erica and Europe. To date, partial sequence data has been 
m ade available for m ore than 14 000 cDNAs [2].

2. ARABIDOPSIS TRANSFORM ATION PROTOCOLS

A rabidopsis found popularity as a model for tissue culture studies in the 1970s. 
H ow ever, really efficient regeneration procedures w ere not developed for this spe
cies until the mid-1980s, when Feldmann and M arks [3] transferred the concept o f 
a short preculture from  the common field bindweed (Convolvulus arvensis) [4] to 
Arabidopsis. W ith a 5 -7  day preculture on callus inducing medium  following trans
fer to a shoot inducing medium, 100% o f the tested leaves gave rise to shoots. 
Valvekens et al. [5] followed up on this short preculture concept for transform ation 
and regeneration and, along with others, w ere able to routinely generate large num 
bers o f  transform ants. W hile thousands o f tissue culture derived transform ants have 
now been generated and hundreds of mutants identified, relatively few genes have 
been isolated and characterized from these populations [6]. Presum ably, a large 
percentage o f  these mutants are due to somaclonal variation [7], mutants generated 
as part o f  the tissue culture process.

To circum vent the problem  o f somaclonal variants, we developed a whole plant 
transform ation system for Arabidopsis [8]. Briefly, seeds w ere imbibed for ~  12 h 
and then co-cultivated for 24 h with Agrobacterium . The infected seeds w ere planted 
on soil, grown to m aturity, and the seeds from  selfed plants were collected and tested 
on the selective agent, kanamycin. Individual kanamycin resistant T2 plants were 
grown to maturity and the T3 seeds collected. M ore than 14 000 prim ary transfor
m ants have been selected in this m anner [8-10]. These transform ants are the focus 
o f this paper.

Testing o f  the T3 seeds on kanamycin containing medium showed that there 
was an average o f  1.5 inserts per transform ant. Southern analyses indicated that the 
inserts consisted prim arily of concatam ers of T-D N A s in direct and inverted repeats.

Two additional procedures for whole plant transform ation have revolutionized 
our ability both to reintroduce genes into this model species and to achieve saturation 
m utagenesis. In the ‘in planta’ procedure [11], ju st em erged prim ary inflorescences 
are excised from  the plant with some o f  the axillary buds. A solution o f  A grobac
terium  is placed on the wounded area and the plants are allowed to continue to grow.
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A fter the axillary buds have broken and the inflorescences grown a few centim etres, 
they are excised near the base and A grobacterium  is again applied to the wounded 

surface. The plants are allowed to recover, set seed, and the progeny are collected 
and tested for resistance to the introduced m arker. A nother whole plant transform a
tion procedure, by Bechtold et al. [12], prom ises to be even m ore reliable and effi
cient. Plants that have bolted are vacuum  infiltrated in a solution o f  A grobacterium . 
This treatm ent kills the prim ary inflorescence such that the axillary buds, which are 
now infiltrated with A grobacterium , break. Progeny are collected from  these treated 
plants and selected for the presence o f  the selectable m arker. This procedure has 
been m ore reproducible and has generated higher frequencies o f transform ants per 
infected plant than either the seed infection or the ‘in p lanta’ transform ation proce
dures. This is probably due to the m ore reliable m anner in which the Agrobacterium  
is introduced into the plant.

3. SPECTRUM  O F M UTANTS FROM  TRA N SFO RM ED  POPULATIONS

The transform ants generated via seed infection methods w ere screened under 
two standard sets o f  environm ental conditions: as soil grown plants in the green
house, and on vertically oriented plates containing agar solidified medium. 
Researchers from  many different laboratories helped with these screens and they are 
acknowledged in Ref. [9]. The mutants that w ere isolated fell into seven different 
classes: seedling lethal, size variant, em bryo defective, reduced fertility, pigment, 
dram atic and physiological (Table I) [10].

Seedling lethal mutants are those in which the seeds germ inate but then cease 
development. W hile a very m inor percentage o f these could be due to mutations that 
disrupt the m eristem , m ost are likely to be metabolic m utations. Size variants are 
small weak plants with no obvious alteration in plant architecture. They are also p re
sumably due to lesions in the genes im portant to metabolism. The dwarfs and other 
types o f  developmental mutant that are also small are not included in this class. As 
for the em bryo defective class, they are also presum ably due to the genes whose 
products are im portant to metabolism. H owever, at least some o f these are due to 
mutations in the developmental [13] or light regulatory [14] pathways. M utants 
belonging to the reduced fertility class are those that result from  the production o f 
abnorm al pollen or eggs or failure o f  the pollen to fertilize the egg. The pigm ent 
mutants are m ost likely due to lesions in the genes responsible for chlorophyll 
production, photosynthesis o r other metabolic pathways, where the lesion results in 
the loss o f chlorophyll. D ram atic mutants are those that show a change in organ 
developm ent such as flower, leaf o r root structure, o r in cell development. Trichom e 
and root hair mutants are examples o f  the latter type. Finally, physiological mutants 
are those in which there is a clear idea that a biochemical pathway is perturbed, e.g. 
late flowering and epicuticular wax (EW ) m utants.
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TABLE I. FREQ UEN CY  OF VARIOUS CLASSES OF 
VISIBLE M U TA NT PHENOTYPES OBSERVED 
FROM  TH E SCREENING O F 5000 TRANSFORM ED 
LIN ES3

Phenotype Per cent

Seedling lethal mutants 1.1

Size variant mutants 4.4

Embryo defective mutants 3.6

Reduced fertility mutants 1.1

Pigment mutants 3.86

Dramatic mutants

Flower 1.3

Root 1.1

Trichomes 0.22

Physiological mutants

Flowering time 0.48

Eceriferum 0.24

Other 1.8

Total 19

a Data are drawn from Forsthoefel et al. [10].

M any m ore mutants have been isolated from  this population by doing a variety 
o f screens on selective agents (e.g. ethylene [15]; chlorate resistance [16]) o r by 
brute force screening m ethods (e.g . lipid desaturation [17, 18]).

Interestingly, 1340 tissue culture derived transform ants w ere screened under 
sim ilar conditions; the frequency o f  mutants observed, while somewhat higher than 
the whole plant procedures, had a sim ilar spectrum  o f mutant types [6].

4. T-DN A TA GGED GENES

After it has been shown that a mutation со-segregates with the kanamycin 
resistance m arker in the T-D N A , there are several methods available for isolating 
the plant flanking DNA: (1) generation o f  a lambda library and hybridization with
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TABLE II. GENES ID EN TIFIED  FROM  A POPU LA TION  OF 
TRANSFORM ANTS OF ARABIDOPSIS G ENERATED  BY SEED 
INFECTIO N /TR A N SFO RM A TIO N

Gene symbol Function References

ACT2 Actin [22]

ACT4 Actin [22]

AG Transcription factor — MADS [20]

AUX] Putative G protein coupled receptor [23]

СЕЮ. Novel [24]

CER3 Novel [24]

CHL1 Nitrate transporter [16]

COP1 Transcriptional regulator [14]

CTR1 Serine-threonine kinase [15]

DWF1 None [25]

EMB30 Yeast Sec7 [13]

FAD2 Fatty acid desaturase [17]

FAD3 Fatty acid desaturase [18]

FUS6 None [26]

GL1 Transcription factor — myb [19]

GL2 Homoeo box [27]

HY3 Phytochrome В [28]

HY4 Microbial DNA photolyase [29]

LD Bipartate nuclear localized signal [30]

PAC Novel [31]

SAB None [32]

TSL1 Serine-threonine kinase [33]

sequences hom ologous to the T-D N A  border regions [19]; (2) plasm id rescue [20];
(3) inverse polym erase chain reaction (IPCR) [14]; and (4) therm al asym m etric inter
laced (TAIL) PCR [21].

A  variety o f  genes has been isolated or identified from  this population, includ
ing those that encode transcription factors, kinases, biosynthetic enzymes and novel 
proteins (Table П) [13-20 , 22-33]. Several o f these genes are already being used in 
crop im provem ent program m es.
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FIG. 1. Proposed metabolic pathway for EW biosynthesis in Arabidopsis and proposed loca
tions o f some o f the EW  mutations.-

5. SPECIFIC POSSIBILITIES FO R  CROP IM PROV EM EN T

5.1. Genetic engineering of EW to generate insect resistant plants

5 .1 .1 . E W  composition

All plants contain a coating o f  wax on the surface o f  the cuticle. The wax is 
com posed o f  a m ixture o f  long chain aliphatic com pounds. These com pounds include 
prim ary and secondary alcohols, aldehydes, alkanes, esters, free fatty acids, ketones, 
/З-diketones and triterpenoids (Fig. 1). Scanning electron m icroscopy has revealed 
that in many plant species this EW  consists o f  a variety o f  structures, including 
plates, tubes, rods and dendrites [34, 35]. The particular EW  structures that are 
observed on the surface have sometim es been correlated with their chemical com po
sition. Prim ary alcohols tend to generate plate like structures, secondary alcohols and 
ketones produce tube like structures, and aldehydes create a wax that is filamentous. 
H ow ever, these structures are not always a reliable indicator o f  the wax composition.
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The EW  com ponents m ust travel through many layers, including the cell wall 
and cuticle, to reach the surface o f  the plant. Just under the EW  lie the cuticle, con
sisting o f  a layer o f  cutin em bedded in wax towards the exterior, and a layer o f  cutin, 
wax, pectin and cellulose tow ards the interior. Below the cuticle is the middle 
lam ella, consisting o f  pectic substances. Just inside the m iddle lamella is the prim ary 
cell wall. Just inside the prim ary wall are the plasm alem m a and cytoplasm. W hat is 
known about the biosynthesis and transport o f  EW s has been review ed by Jenks [36]. 
Briefly, the С 16 and C18 fatty acids originate in plastids and cytoplasmic m em 
branes. The fatty acid elongase activity, up to 20 carbon chains, has been localized 
to the endoplasm ic reticulum  in leek seedlings [37]. The C20 fatty acid appears 
to be transferred to the golgi apparatus and then elongated by one or two steps before 
transfer to the plasm alem m a. O ther long chain EW  synthesizing activities seem to 
reside in the cell wall or cuticle layers. Cheesbrough and Kolattukudy [38] suggested 
that decarbonylation activity resided in the cell wall and cuticle fractions. The trans
port o f  EW  com ponents out o f  the cytoplasm  appears to be via exocytosis fusion o f 
an EW  containing vesicle with the plasm alem m a [39]. M echanism s by which the EW  
com ponents are transported across the cell wall and cuticle are unknown. All these 
steps are under genetic control such that isolating various genes in EW  biosynthesis 
o r secretion should allow manipulation o f the EW  constituents.

5.1 .2 . Role o f  E W  in insect behaviour

The role that EW  plays in insect behaviour has been well docum ented (for 
review s see Refs [40, 41]). Chapman and Bernays [41] predict that all the phyto
phagous insects m ake some sensory exploration o f  the leaf surface before biting. For 
exam ple, the whitefly (Parabemisia myricae) rubs its rostrum  over the surface o f  the 
leaf, often just before probing a host plant. This whitefly can distinguish between 
young and old leaves; on young leaves, 90% o f the contacts led to probing, w hereas 
on old leaves only 30% did [42]. A lso, settling o f  the cabbage aphid (Brevicoryne 
brassicae) is stimulated by the presence o f  15-nonacosanone in the EW  layer, while 
some glossy kale cultivars, which lack this com ponent, are known to be m ore 
resistant to this aphid [43]. Thus, elimination o f 15-nonacosanone via antisense 
inhibition o f  the endogenous gene m ay prevent the aphid from  settling on the plant. 
Bem ays et al. [44] have shown that the spotted stalk borer (Chilo partellus), a pest 
o f  sorghum  and m aize in A frica and India, is dependent on the wax structure to 
com plete a norm al life cycle. Adults lay eggs on the base o f  the stalk. A fter em erg
ing, the small larvae climb to the top o f  the sorghum plant, w here they feed on young 
leaf whorls. A lthough phototaxis plays some role in the clim bing, Bernays et al. [44] 
have shown that in some resistant varieties o f  sorghum  a modified wax layer is 
im portant in disrupting the orientation process. There are a large num ber of 
examples o f  differences in susceptibility to insect pests on glossy versus non-glossy 
(wild type) plants. V ery often, the glossy variety is the m ost resistant. F or example,
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Eigenbrode et al. [45] have shown that several glossy varieties o f  broccoli exhibit 
low er larval survival rates and that this greatly reduces dam age by Plutella xylostella 
(diam ondback moth).

W axes also trap the volatile compounds generated by the plant to attract the 
predators o f  phytophagous insects [46]. M odification o f the EW  may influence the 
release o f  these com pounds and aid in the biocontrol o f insect pests.

5.1.3. EW  mutants

M utants with an altered wax layer (eceriferum; cer) can be recognized by their 
glossier, brighter green appearance in com parison to the wild type. In fact, the glossy 
phenotype can be mim icked by rubbing the surface o f  the wild type plant to reveal 
a glossy green subsurface. EW  mutants have been identified from  a num ber o f 
species, including B. oleracea (broccoli and cabbage), B. napus, Pisum sativum, Zea 
mays, A. thaliana and Hordeum vulgare [35, 47].

K oornneef e t al. [35] have isolated 89 cer mutants o f  Arabidopsis that map to
21 loci (cerl-cer20  and tt5). These mutants w ere generated using a variety o f m uta
genic agents. An interesting aspect o f  A rabidopsis EW  mutants is that the glossiness 
is visible on the stems but not on the leaves.

Biochemical analyses o f  one allele at each o f  these loci have shown that the 
most interesting CER genes, w ith genetic engineering in m ind, are cerl-cer6, cer8, 
and cer9 [48-50]. cerl lacks most o f the odd chain length compounds (Fig. 1) such 
that the lesion in cerl is hypothesized to be in the decarbonylation step o f the EW  
biosynthetic pathway. cer2 possesses dram atically reduced levels o f aldehydes, 
alkanes, secondary alcohols and ketones and, in addition, it possesses shorter chain 
length fatty acids and is likely to be a m utation in an elongase. cer3 is sim ilar to cer2, 
except that it also has reduced levels o f fatty acids and prim ary alcohols. cer4 lacks 
nearly all the prim ary alcohols and is hypothesized to be a lesion in the fatty aldehyde 
reductase. cer8 and cer9 have increased fatty acids but reductions in all other EW 
classes.

Screening through the transform ed population resulted in T-DNA tagged 
alleles o f  CER1, CER2, CER3 and CER4 [49]. Two o f  these genes, CER2 and CER3, 
have already been cloned [24].

5.1.4. Genetic engineering o f  the EW

The cloned CER2 and CER3 genes have been introduced into broccoli in 
antisense constructs [51] to generate glossy plants that will be tested for the reduced 
larval survival o f  diam ondback moths. The generation o f  additional transform ants 
with com binations o f  antisense and overexpression constructs with CER2, CER3 and 
other genes involved in EW  biosynthesis/secretion, followed by testing for insect 
resistance, should allow us to generate plants that are agronomically superior, with
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increased resistance to insects. W hat is learned from  Arabidopsis and broccoli can 
be transferred to other crops, w here this approach in an integrated pest management 
system would be useful.

5.2. Modification of fatty acid desaturation in plants to produce
designer seed oils

In the biosynthesis o f polyunsaturated 18:2 (linoleic) and 18:3 (linolenic) fatty 
acids, the second and third double bonds are introduced by the co-6 and oj-3 fatty acid 
desaturases (encoded by the FAD2 and FAD3 genes, respectively [17]). In leaf tissue, 
there are two distinct pathways for the biosynthesis o f  these two fatty acids: one 
located in the m icrosom es and the other in the plastid m em branes. In seeds, the 
m icrosom al pathway predom inates. Because m ost non-plant higher eukaryotes do 
not synthesize these two fatty acids and because they serve as precursors for both 
the m em brane lipids and many signalling molecules in animals, they are essential 
com ponents o f nutrition. As such, the nutritional value o f  seed oils is affected by the 
level o f  these two fatty acids [17].

In an effort to design rapeseed and soybean seeds with targeted percentages o f 
either linoleic o r linolenic acid, the T-DNA population was screened for fad2 and 
fad3  mutants. This was a brute force screen involving gas chrom atography on 
individual samples o f  seeds from  m ore than 11 000 transform ed lines. Fortunately, 
tagged alleles w ere identified for both the FAD2 and FAD3 genes [17, 18]. O ver
expression o f the FAD3 gene in carro t hairy roots resulted in a m ore than sevenfold 
increase in linolenic acid, with m ost o f the linoleic acid being converted to linolenic. 
Additionally, overexpression o f the rapeseed enzym e in wild type Arabidopsis roots 
resulted in a 1.6 fold increase in linolenic acid [52]. By utilizing com binations o f 
antisense and overexpression constructs for FAD2 and FAD3 it should now be 
possible to manipulate specific crop plants to produce m odified vegetable oils. F or 
excellent reviews o f  this subject, see Ohlrogge [53] and Topfer et al. [54].

5.3. Utility of dwarf genes in crop improvement

O ur laboratory has screened the com plete collection o f  14 000 lines for dw arf 
m utants. These are mutants in which the cells fail to elongate such that dw arf plants 
have a robust, dark  green phenotype. Interestingly, all the dw arfs, except those that 
m ap at TWD1, display a dram atically prolonged life cycle. They all have reduced 
fertility because the pollen is shed on to the ovary walls because o f  failure o f  the fila
ments to elongate. W e have identified 16 prim ary dw arf mutants that map to eight 
com plem entation groups (dw fl-dw f7  and tw dl\ [55, 56]). DWF1 has been cloned 
and characterized and defines a novel protein [56]. W e have also tagged alleles o f 
DWF2-DWF4 and TWD1\ these genes are currently being characterized.
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As we clone these dw arf genes, we will test the feasibility o f  utilizing them 
to genetically engineer dwarfism  in im portant agronom ic crops, w here short stature 
m ight be im portant. Such engineered plants will be examined for seed production, 
m ass, etc. These genes may find most utility in the ornam ental industry, w here 
dw arfism  and a prolonged life cycle would be advantageous.

5.4 Other T-DNA tagged genes potentially useful in 
crop improvement strategies

A num ber o f  other genes involved in various metabolic and developmental 
pathways have also been cloned from  these T-DNA tagged lines, e.g . a gene im por
tant in the uptake o f  nitrate, СНЫ [16]. It m ight be possible to introduce this gene 
into an antisense inhibition construction in vegetable crops so that when they are 
grown under w inter greenhouse conditions the am ount o f nitrate taken up by these 
plants will be reduced.

Genes involved in the ethylene signal transduction pathway have also been iso
lated [15, 57]. The engineering o f  these genes and others in the pathway might make 
it possible to generate plants that are m ore resistant to environm ental stresses o r to 
im prove the senescence qualities o f  fruits and the vegetative parts o f plants.
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Abstract

ACTIVATION T-DNA TAGGING: GENE ISOLATION AND MOLECULAR DISSEC
TION OF COMPLEX BIOLOGICAL PATHWAYS.

Activaton tagging is a powerful means of isolating plant genes whose products are 
involved in complex biochemical processes. The dominant mutation produced allows direct 
selection for a defined phenotype. Plasmid rescue can be used to recover both the T-DNA and 
the flanking plant sequences containing the tagged gene. Activation tagging has been used to 
create a number of differing tobacco mutants, including those whose cells are characterized 
by their ability to grow in culture in the absence of auxin in the media. The tagged genes in 
this case are, in effect, cellular proto-oncogenes and are likely to play a role in the auxin 
biosynthetic and perception pathway.

1. INTROD U CTIO N

Advances in plant genetic engineering mean that today we can insert genes into 
the majority o f the w orld’s im portant crop plants and arrange for them to be 
expressed in specific tissues at defined developmental stages. One o f the greatest 
problem s in plant m olecular biology, how ever, is our ability to isolate genes that 
m ight be useful in plant transform ation. A wide variety o f  m ethods are available to 
isolate genes from  plants [1]. One o f  the m ost powerful and flexible o f  these is gene 
tagging, which relies on the insertion o f a specific piece o f  DNA, the tag, into the 
plant genom e, thus creating mutations resulting from  the insertion event. Knowledge 
o f  the sequence o f  the tag allows subsequent isolation o f  the tagged gene.

Gene tags for use in plants can be based on transposable elements, o r the 
T-D N A  derived from  the Ti plasm id o f Agrobacterium tumefaciens. Transposable 
elements can be used as tags in their natural hosts, o r in heterologous hosts following 
T-D N A  m ediated transform ation [2]. Being m ultiple copy, use o f  transposable ele
m ents means that insertion into a specific gene can occur at a relatively high fre
quency. On the other hand, high copy num ber may com plicate m olecular analysis 
o f  the tagged mutants, although genetic instability can be used to define which

425



426 WALDEN et al.

individual element, visualized by Southern analysis, has created the observed pheno
type. Gene tagging with transposable elements in heterologous hosts has been 
reported using the En [3] and the A c/Ds transposable element systems [4]. In con
trast, tagging using T-DNA relies on insertions o f  single, or low copy number, ele
ments. This means that larger mutated populations need to be created in order to 
recover a defined mutation. However, single T-DNA inserts, which are stable within 
the genome, ease recovery o f  the tagged gene. T-DNA tagging has been used most 
fruitfully in isolating genes from the Arabidopsis genome [5, 6].

2. ACTIVATION TAGGING

Gene tagging involves insertion o f the tag into, or near, a gene, thus disrupting 
its expression. This normally creates a recessive mutation, requiring selfing o f  the 
mutant before a phenotype can be observed in homozygous progeny. Mutations 
occur as a matter o f  chance and a large number o f  tagged individuals need to be 
screened in order to recover the defined phenotypes. The idea o f activation tagging 
was formulated with the aim o f creating dominant mutations so that direct selection 
for mutants in a defined developmental or biochemical pathway can be performed.

To carry out activation tagging, we constructed a T-DNA containing a 
hygromycin resistance gene functional in plant cells, sequences from a high copy 
number bacterial plasmid encoding ampicillin resistance and bacterial origin o f  repli
cation. Near the right border sequence o f the tag has been cloned the transcriptional 
enhancer o f  the cauliflower mosaic virus 35S RNA promoter as a head to tail 
tetramer. The idea behind the design o f  such a tag is that, following insertion into 
the plant genome, expression o f  the flanking plant sequences comes under the 
influence o f  the transcriptional enhancers contained within the T-DNA and is deregu
lated. This can create a dominant mutation. We have used this type o f  tag in transfor
mation experiments using Agrobacterium tobacco protoplast co-cultivation. This 
allows generation o f  a large number o f primary transformants with ease. Biochemi
cal selection can be applied to the regenerating protoplasts. Inclusion o f  the bacterial 
plasmid sequences within the T-DNA tag allows recovery o f flanking plant DNA by 
plasmid rescue. This involves cleaving the genomic DNA from the tagged mutant 
with restriction enzymes that do not cut within the T-DNA (several restriction sites 
were deliberately removed during construction o f the tag), religation and transforma
tion of E. coli. An additional advantage o f creating dominant mutations is that func
tional testing o f  the rescued plant DNA, to locate the position o f  the tagged gene, 
can be carried out with relative ease by using rescued plasmids in polyethylene glycol 
mediated protoplast transformation, followed by screening for the original selected 
phenotype.
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We have used activation tagging to create a variety o f  mutants in tobacco [7-9]. 
These include mutants selected for their ability to grow either in the absence o f  auxin 
or cytokinin in the culture media, or in the presence o f selective levels o f inhibitors 
o f polyamine biosynthesis, terpenoid biosynthesis or aluminium. From our studies, 
several relevant points have emerged:

(1) The procedure o f  protoplast co-cultivation generally results, in our hands, in 
single T-DNA inserts. Often, the insert may be a single T-DNA, but head to 
head or head to tail dimers have been recovered.

(2) In nearly all the cases tested, the mutant phenotype is genetically linked to the 
T-DNA insert.

(3) Routinely, during plasmid rescue, we attempt to recover between 5 and 15 kb 
o f the plant DNA flanking the T-DNA insert. Normally, the tagged gene is 
located within this region in whole or in part.

(4) The T-DNA may insert upstream or downstream o f the tagged gene, with the 
enhancers acting over a distance o f at least 10 kb. Expression o f  genes on both 
sides o f the T-DNA insert can be activated.

(5) Transfection o f protoplasts with rescued plasmids, or cognate cDNAs linked 
to constitutive plant promoters, is an effective means o f  identifying the genes 
that produce a required phenotype. However, caution is required with this 
analysis because gene fragments, partial cD N A s and incompletely spliced 
cDNAs may be active in the protoplast assay.

3. USE OF ACTIVATION TAGGING

4. MOLECULAR DISSECTION OF THE AUXIN/CYTOKININ SIGNAL
TRANSDUCTION PATHWAY

A major focus o f our work has been to use activation tagging to create muta
tions modified in the hormone biosynthetic or signal transduction pathways. The 
motivation for this was that, although plant hormones such as auxin and cytokinin 
play a central role in plant development, the molecular basis o f  their synthesis and 
action remains little understood. To address this question, we took advantage o f  the 
observation that protoplasts require both auxin and cytokinin to initiate cell division 
and callus growth in culture [10]. Hence, we carried out protoplast transformation 
with Agrobacterium containing the activation tagging vector and selected for trans
genic cells growing in the absence o f  either auxin or cytokinin in the culture media. 
Wild type protoplasts cultured under these conditions normally fail to divide. Under 
such circumstances, any genes tagged are, in effect, cellular proto-oncogenes and are 
likely to play a role in hormone biosynthesis, or action.
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To date, we have analysed about a dozen mutants that were selected for growth 
in the absence o f  either auxin (auxin independent, axi) or cytokinin (cytokinin 
independent, cyi). Each appears to be independent. Interestingly, o f  the mutants 
studied in detail, each displays differing hormone requirements for protoplast 
growth. Some mutants are auxin or cytokinin independent, yet require either 
cytokinin or auxin, respectively, while others can grow in the absence o f both auxin 
and cytokinin. This leads us to suspect that we have tagged genes that play differing 
roles in hormone action.

4.1. Auxin independent mutants

Plants regenerated from protoplasts selected for growth in the absence o f  auxin 
intriguingly display no obvious morphological differences compared with wild type 
tobacco. However, although still preliminary, the data obtained by studying the 
tagged genes suggest that the genes we have already isolated play key roles, not only 
in controlling auxin induced protoplast division but also in cell division in the intact 
plant.

4.1.1. axil

Protoplasts from this mutant plant line grow not only in the absence o f  but also 
in supra-optimal concentrations o f  both auxin and cytokinin. This suggests that 
mutation uncouples the cell from the normal effects o f  these growth substances and 
that axil acts downstream o f the convergence point o f auxin and cytokinin in trigger
ing cell division. This notion is supported by the observation that transfection o f  
antisense axil constructs into protoplasts stops cell division, demonstrating that its 
expression is necessary for division and that no default pathway circumventing axil 

activity exists in plant cells. Preliminary evidence suggests that entrance to cell divi
sion in protoplasts from axil is advanced by at least 1 day compared with protoplasts 
from wild type plants, axil is a member o f  a small gene family in tobacco and bears 
no significant homology to previously characterized genes. In wild type protoplasts, 
axil expression, which appears to precede cell division by 1 day, requires auxin in 
the media. In intact plants, axil expression is localized to the tip o f the root meristem  
and the pericycle. Transient expression assays indicate that AXI1 is nuclear localized 
and apparently activates not only its own expression but also that o f other auxin 
inducible genes. Preliminary experiments indicate that axil expression is autoregu
lated and that auxin might play a double role in this regulation, serving as a positive 
regulator at low AXI1 levels and as a negative regulator at high AXI1 levels. Cur
rently, antibodies are being made to AXI1. Because we have evidence to suggest that 
AXI1 plays a role in auxin induced gene expression, it will be o f  interest to check 
whether this effect is direct or indirect, for example, by testing whether it is a 
member o f  a transcriptional complex [7, 11].
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Axil is well conserved throughout the plant kingdom. Arabidopsis homologues 
have been analysed and it was found that at least one is functional in tobacco. 
Interestingly, in Arabidopsis, axil homologues are expressed in leaf tissue in 
addition to roots.

4.1.2. axi4

While protoplasts from axi4 grow in the absence o f  and in supra-optimal con
centrations, they require cytokinin in the culture media for division. Assuming that 
auxin and cytokinin act together in triggering cell division, this immediately suggests 
that axi4 acts downstream o f axil. axi4 protoplasts also appear to divide at the 
same time as wild type protoplasts, supporting this notion. Sequencing o f axi4 

reveals that it bears significant homology to ion transporters, which have only been 
described in animals. Currently, we are investigating this in more detail.

4.2. Cytokinin independent mutants

In a manner similar to the above described experiments, we generated tagged 
cell lines that have the ability to grow in culture media in the absence o f  cytokinin. 
One o f these lines regenerates plants that are dwarfed only with difficulty. The 
others, although able to regenerate, are all male and female sterile. This obviously 
precludes genetic analysis, but in three examples the plant DNA flanking the T-DNA  
insert was rescued. Intriguingly, once reintroduced into the protoplasts, cyil and cyi3 

are able to promote growth in the absence o f  both auxin and cytokinin, while cyi2 

requires auxin. Cognate cDNAs have been isolated and are currently undergoing 
sequence analysis.

5. CONCLUSIONS

Mutant generation/analysis is one o f  the most direct ways o f  dissecting a bio
logical pathway. Gene tagging is a means o f  not only creating mutations in a specific 
process but also isolating the genes involved. Mutants created by tagging occur as 
a matter o f  chance. Normally, i f  the mutation is recessive, it may only be observed 
by screening large numbers o f  tagged individuals. Because activation tagging creates 
dominant mutations, we have found a way o f  selecting directly for a specific 
mutation.

We developed activation tagging using T-DNA, but there is no reason to 
suppose that the idea could not also be successful using a tagging system based on 
a transposable element. For example, one might envision a Ds element engineered 
to contain transcriptional enhancers transposing under the influence o f  an Ac ele
ment. Indeed, such a vector has been constructed in which a complete cauliflower
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mosaic virus 35S RNA promoter was cloned into Ds [12]. Such an ‘activating D s’ 
element, following transposition, was found to overexpress the DNA flanking the 
insertion. Likewise, although we used tobacco, our tagging vector could be used in 
any plant amenable to Agrobacterium mediated transformation. To date, it has been 
used with success in the resurrection plant Craterostigma [13] and in Arabi
dopsis [14], and there is no reason to suspect that it.could not be used for saturation 
mutagenesis in model plants such as Arabidopsis or rice.

Central to the successful use o f activation tagging to isolate specific mutants 
is, first, a way o f creating large numbers o f tagged individuals and, second, an effec
tive means o f  selecting mutants. A  variety o f  methods for plant transformation have 
been devised for use with Agrobacterium, including explant, callus and in planta 
inoculation [15]. However, with the possible exception o f seedling inoculation, these 
are all rather labour intensive when applied to activation tagging, simply because o f  
the numbers o f  transgenic individuals that need to be screened in order to recover 
a specific mutant individual. We have favoured the use o f  protoplast co-cultivation 
because it allows the generation o f  large numbers o f  transgenic individuals with ease. 
As our main area o f  research involves the molecular basis o f  auxin action, selection 
for growth in the absence o f  this hormone provides us with a simple entry point 
to the whole process o f  auxin action. Nevertheless, other selection protocols are 
feasible, for example, growth in the presence o f differing selective pressures such 
as biochemical inhibitors [9] or metals [16]. Hence, we feel that the system is only 
limited by the selective pressures that can be applied to isolated protoplasts or calli.

Our initial work on the tagged mutants selected for growth in the absence o f  
auxin indicates that we have isolated genes which are probably involved in transcrip
tional activation and changes in ion uptake. In the short term, our aim is to character
ize the mutants that we have created. In the long term, we aim to determine the 
hierarchy o f  action o f  these genes. Nevertheless, we think that our initial data dem
onstrate the power o f  activation tagging in gene isolation and provide a means o f  
initiating studies that involve the molecular dissection o f  complex biological 
processes.

A C K N O W L E D G E M E N T S

The authors are grateful for the support given by their co-workers, and in 
particular for the technical assistance provided by I. Czaja and E. Bongartz. 
E. Miklashevichs was supported by EMBO and Van Humboldt fellowships,
H. Harling by a Deutsche Forschungmeinschaft (DFG) scholarship (Universitat 
Kôln) and H. Luberow by a DFG ‘Arabidopsis Schwerpunkt’ scholarship.



IAEA-SM-340/182 431

R E F E R E N C E S

[1] GIBSON, S., SOMERVILLE, C.R., Isolating plant genes, Trends Biotechnol. 11
(1993) 306-313.

[2] WALBOT, V., Strategies for mutagenesis and gene cloning using transposon tagging 
and T-DNA, Annu. Rev. Plant Physiol. Plant Mol. Biol. 43 (1992) 49-82.

[3] AARTS, M.G., DIRKES, W.G., STIEKMA, W .J., PEREIRA, A., Transposon 
tagging of a male sterility gene in Arabidopsis, Nature (London) 363 (1993) 715-717.

[4] WHITHAM, S., et al., The product of the tobacco mosaic virus resistance gene N: 
Similarity to toll and the interleukin-1 receptor, Cell 78 (1994) 1101-1115.

[5] FELDMANN, K.A., MALMBERG, R., DEAN, C., in Arabidopsis (MEYERWITZ, 
E.M ., SOMERVILLE, C.R., Eds), Cold Spring Harbor Press, Cold Spring Harbor, 
CN (1994) 137-172.

[6] KONCZ, C., NEMETH, K., REDEI, G., SCHELL, J., T-DNA mutagenesis in 
Arabidopsis, Plant Mol. Biol. 20 (1992) 963-976.

[7] HAYASHI, H., CZAJA, I., LUBENOW, H., SCHELL, J., WALDEN, R., Activation 
of a plant gene implicated in auxin signal transduction by T-DNA tagging, Science 258 
(1992) 1350-1353.

[8] WALDEN, R., et al., Activation tagging: A means of isolating genes implicated as 
playing a role in plant growth and development, Plant Mol. Biol 26 (1994) 1521-1528.

[9] FRITZE, K ., CZAJA, I ., WALDEN, R ., T-DNA tagging genes influencing polyamine 
metabolism: Isolation of mutant plant lines and rescue of DNA promoting growth in 
the presence of a polyamine biosynthetic inhibitor, Plant J. 7 (1995) 101-111.

[10] NAGATA, T., TAKEBE, I., Cell wall regeneration and cell division in isolated 
tobacco mesophyll protoplasts, Planta 92 (1990) 301-308.

[11] WALDEN, R., HAYASHI, H., LUBENOW, H., CZAJA, I., SCHELL, J., Auxin 
inducibility and developmental expression of axil : A gene directing auxin independent 
growth in tobacco protoplasts, Embo J. 13 (1994) 4729-4736.

[12] GREVELDING, C., et al., High rates of Ac/Ds transposition in Arabidopsis suitable 
for gene isolation by insertional mutagenesis, Proc. Natl. Acad. Sci., USA 89 (1992) 
6085-6089.

[13] BARTELS, D ., FURINI, A ., SALAMINI, F ., Max-Planck-Institut fur Züchtungsfor- 
schung, Cologne, personal communication.

[14] KAKIMOTO, T., University of Osaka, Osaka, personal communication.
[15] WALDEN, R., WINGENDER, R., Gene transfer and plant tissue culture, Trends 

Biotechnol. (in press).
[16] WALDEN, R., unpublished data.





BIOTECHNOLOGY IN DEVELOPING COUNTRIES 

(Session 11)

Chairperson

M. ISMACHIN
Indonesia

Co-Chairperson

S.K. DATTA
India





IAEA-SM-340/14

IMPACT OF BIOTECHNOLOGY 
IN THE CENTRAL AMERICAN ISTHMUS*

P. LEON
Centro de Investigación en Biología Celular 

y Molecular y Escuela de Medicina,
Universidad de Costa Rica,
San Pedro de Montes de Oca,
San José, Costa Rica

Abstract

IMPACT OF BIOTECHNOLOGY IN THE CENTRAL AMERICAN ISTHMUS.
The second half of this century has witnessed the rise and development of molecular 

biology and its repercussions on the life sciences, including immunology, cell and develop
mental biology, physiology and biochemistry. The complex molecular techniques that have 
emerged since Watson and Crick’s seminal discovery of the structure of DNA replicate in 
vitro the processes that take place in vivo. Modern biotechnology results from the upscaling 
of many fundamental reactions that occur in nature. Advances in computer science and elec
tronic communications have dramatically reduced the time required for discoveries to become 
widely known and for technological applications to emerge. The increasing speed of commu
nications has fostered scientific productivity but also created major problems of storage and 
retrieval, both for databases and for the human brain. For developing countries, modem 
biotechnology is a major challenge because it requires highly skilled personnel and large capi
tal investments. Nevertheless, some biotechnologies are appropriate for small scale agricul
tural production, are labour intensive and do not require huge investments. For instance, 
micropropagation of crops and ornamentals using plant meristems and other tissues has been 
used successfully by many companies in Central and South America over the past decade. 
Another example is the rapid incorporation of polymerase chain reaction, which has been used 
successfully for diagnosis of medical and veterinary diseases, identification of genetics in 
forensic medicine, identification of cultivars and mapping of disease genes. Prospecting for 
biodiversity is yet another option for tropical countries, although biomedical products for 
human use require very expensive trials before approval. Prospecting for biodegradable pesti
cides, for instance, may be a more feasible and sustainable venture, with smaller investments 
and still very high potential returns. Much effort is needed to consolidate the existing centres 
of excellence involved in training and research. In the biotechnological realm, narrow niches 
where local advantages provide the competitive edge may become the most successful 
approach. For less developed countries, a biotechnologically skilled workforce will be of 
critical importance in carving out market opportunities with competent technologists and 
scientists who can attain and maintain good standards of quality in the global market place.

* Research carried out in co-operation with the IAEA under Technical Co-operation
Project No. COS/5/018 and with the support of the IAEA under Research Contract
No. 8264/RB.
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The state o f  science and technology (S&T) in Latin America has recently been 
reviewed by several authors [1-3]; all agree that it is being increasingly 
acknowledged by all governments in Latin America and some have created research 
councils, academies o f  science and ministries o f  science and technology. Histori
cally, however, investment in education and S&T research has lagged behind [4-6]. 
Apart from a handful o f institutions with a long tradition o f  biomedical research

1. STATE OF BASIC SCIENCE IN LATIN AMERICA

Countries

1Ш %GDP ^Publications/capita

FIG. 1. Governmental investment in research and development in 11 Latin American 
countries as percentage GDP and publications per 106 inhabitants (1991) [1 ]. The data show 
little correlation between investment and production in terms o f publications per capita. The 
countries are: (1) Argentina; (2) Brazil; (3) Chile; (4) Colombia; (5) Costa Rica; (6) Cuba;
(7) Ecuador; (8) Mexico; (9) Peru; (10) Uruguay; and (11) Venezuela.
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(mostly in Argentina, Brazil and Chile), the rest o f Latin America did not include 
S&T in its cultural environment until recently. Most universities, for instance, did 
not incorporate molecular biology into their curricula until the 1970s. Immunology 
and microbiology laboratories were established and successfully utilized for disease 
diagnosis during the 1960s and 1970s. DNA based molecular techniques (i.e. 
hybridization, D N A  cloning, polymerase chain reaction (PCR) and sequencing) 
‘arrived’ in the 1980s in those countries that had acquired them. Investment in 
research and development (R&D) by governments is still meagre: less than 1 % o f  
the Gross Domestic Product (GDP) in all o f  Latin America, compared with 2.9%  
in the United States o f  America and 2.0% within the European Union [1 ,4 ] . In 1991, 
Argentina, Brazil, Costa Rica and Cuba were the only countries that spent more than
0.8% o f their GDP on scientific research (Fig. 1) [1]. Ecuador, M exico, Peru and 
Uruguay, at the other end o f  the scale, invested less than 0.4% . The contribution 
o f Latin America to the scientific literature was accordingly small, amounting to 
about 1% of the total world scientific citation index (SCI) records [4], although 
recently this figure has risen to 1.4% [1]. Interestingly, in terms o f  publications per 
capita, Argentina and Chile hold a strong lead, with only a weak correlation between 
their investment in R&D and the productivity o f  their scientific community (mea
sured as publications per capita). If the data are indeed comparable, then there are 
widely differing degrees o f  efficiency in Latin American countries (Fig. 1). The rea
son for these differences should be o f  interest to policy makers [1].

2. STATE OF BASIC SCIENCE IN THE ISTHMUS

A comparative analysis o f  the state o f  basic science in the Central American 
Isthmus (CAI), published in 1993 [2], reveals the clear superiority o f  Costa Rica in 
contributions to the scientific literature, with Panama and Guatemala following for 
the period 1986-1992. El Salvador, Honduras and Nicaragua trail behind, using this 
criterion for scientific productivity (Fig. 2) [2]. Three research institutions con
tributed slightly more than half o f  all the publications from the region: the University 
o f Costa Rica, the Instituto de Nutrición de Centroamérica y Panamá (INCAP), 
which is the regional institute in Guatemala involved in human malnutrition research, 
and the Smithsonian Institution in Panama, a prestigious US Government supported 
institution involved in tropical ecological and biological research. Most o f the cita
tions are joint publications with scientists from North America: more than half in the 
case o f  Panama and Honduras, and about one-third for Costa Rica, El Salvador and 
Guatemala. Nicaraguan scientists, for historical reasons, have collaborated with 
European scientists to the extent o f  40% o f all citations. The predominant areas o f  

work are biomedical (38%), environmental and biological (33%), and agricultural 
(11 %) research. Advanced training centres for agricultural and industrial biotechnol
ogy in the region (Centro Agronómico Tropical de Investigación y Enseñanza
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FIG. 2. Publications in the science citation index (SCI) by country (1986-1992). Contribu
tions from national universities are also included. During this same period, three regional 
centres published the following: CATIE: 38 citations; ICAITI: 25 citations; and INCAP: 101 
citations. The data are taken from Ref. [2].

(CATIE) and Instituto Centroamericano de Investigación y Tecnología Industrial 
(ICAITI)) have a poor record for SCI contributions (Fig. 2 [2] and Table I).

Within the CAI, training support by the Deutscher Akademischer Austausch- 
dienst has provided scholarships for the Master’s degree (no local doctoral pro
grammes are as yet available) at centres o f  excellence in Costa Rica, Guatemala and 
Panama [6]. University training centres have been opened to students from other 
countries in microbiology, ecology, molecular biology and geology, and several 
other institutions have provided scholarships and organized regional training courses 
(RedBio in botanical training, which is co-ordinated by the Food and Agriculture 
Organization o f  the United Nations, and RELABIOTEC (a biotechnology network) 
and the Swedish Karolinska Institute in advanced training). International training 
centres in Costa Rica and Guatemala have also contributed, but local universities are 
playing an increasingly major role (Fig. 1). The scientific development achieved, 
however, is still weak and several groups are operating with the minimal critical 
mass o f  scientists and little chance o f  employment for young scientists. Other threats 
to biotechnological development are discussed in Section 5.



IAEA-SM-340/14 439

TABLE I. BIOTECHNOLOGY COMPANIES IN CENTRAL AMERICA, 
1992

Name of company
_ No. of employees Sales
Products (researchers) (US $)

Costa Rica
Agrobiotecnologia S.A. Micropropagation of banana, 

plantain, aloe, orchid, ginger
52 (3) 2 500 000

Micropropagaciones Ornamentals: Spathiphyllum, Ficus, 
Syngonium, Calatheas

20 (4) NA

Flora Feliz S.A. Petunia and impatiens seeds 1750 (3) 7 000 000
Flores y Helechos Micropropagation of Anthurium and 20 (2) 115 000

Centroamericanos Scherzerianum
In Vitro Lab. Micropropagation of banana, 

plantain, pineapple
10 (0) NA

Palma Tica (Chiquita Micropropagation of African oil 1750 (1) NA
brands) palm

Bio Belleza Tropical Micropropagation of exotic flowers 16 (5) NA
Biotech.

Cristal Vitro S.A. Micropropagation of ornamentals 7 (1) NA
CORBANA S.A. Micropropagation of banana, plantain NA NA
FARYVET Labs Animal nutrition; bioassays 39 (3) 4 000 000
INCIENSA Diagnostic tests for human disease 160 (?) 130 720
Technological institute: Micropropagation; genetic 13 (?) 26 144

Biotechnology Centre improvement
Ministry of Agriculture Micropropagation of potato, garlic 3 (?) NA
University of Costa Rica:

Clodomiro Picado Snake venom antisera 35 (7) 215 000
Institute

INISA (health institute) Cytogenetic diagnosis 36 (18) 2 000
CIGRAS (seed centre) Quality control; food technology 30 (2) 2 000
LEBI (bioasssay Quality control of medicines 10 (7) 11 000

laboratory)
Centro de Investigación Viral diagnosis; DNA fingerprints; 50 (14) 10 000

en Biología Celular oligonucleotides
y Molecular (Molecular
Biology Centre)

Centro de Investigaciones .Micropropagation; technical 19 (8) 64 000
Agrícolas (Agricultural assistance; organic fertilizers
Research Centre)

Honduras

Honduran Institute of Animal disease diagnosis NA NA
Veterinary Research
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TABLE I (cont.)

Name of company Products No. of employees 
(researchers)

Sales 
(US $)

El Salvador

Forest and Veterinary 
Technology Centre

Fermentation products for human 
consumption; pest control

6 (?) NA

Integrated Agro
chemistries of 
Central America

Production of Bacillus thuringiensis 26 (?) 6 400 000

Guatemala

Biochemical Reagents 
of Guatemala

Diagnostic reagents; kits 
for clinical laboratories

3 (?) 13 714

Agricultural 
Agencies S.A.

Animal and plant insecticides 50 (2) 600 000

LABIND Ltda. Quality control of water and 
food products

18 (?) 100 000

BIOVET Cia. Ltda. Production of veterinary vaccines 7 (3) 100 000
La Pradera Food quality control 150 (3) 3 400 000
Follajes Tropicales Micropropagation of ornamentals 6 (?) NA

3. INVESTMENT IN S&T WITHIN THE CAI

Investment in S&T was absent within the CAI until the 1970s, when public and 
political awareness o f  its strategic importance forced governments to take 
action [5, 6]. During this decade, the first research councils were established and 
scientific research became a ‘legitimate’ function o f national universities. The CAI 
was ravaged by war and internal struggles during the 1980s. The so called ‘lost 
decade’ was indeed detrimental to science in most o f the Isthmus, with countries 
placing a large portion o f  their budgets in maintaining armies and buying weapons. 
As the Esquipulas peace agreements signed in 1988 have taken effect, a new surge 
in scientific growth is taking place, with the establishment o f research councils and 
academies o f  science in Costa Rica, El Salvador and Honduras, and with the inter
connection o f the CAI to Internet.

Investment in biotechnology has been meagre in all countries in the 
region [7, 8]. In 1989, Jaffe and Trigo [9] identified the most important and best
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known agrobiotechnological companies in Latin America and the Caribbean (pre
sumably those making profits), and grouped the countries into three categories, 
according to their level o f  capability. A total o f  62 companies was identified, 46 o f  
which were in the seven countries categorized as biotechnologically the most 
advanced (Argentina, Brazil, Chile, Costa Rica, Mexico, Uruguay and Venezuela). 
Three countries with an intermediate capability (Colombia, Peru and 
Trinidad/Tobago) had 13 companies, while three with an incipient capability 
(Bolivia, Ecuador and Paraguay) had only three companies. At that time, M exico had 
the largest number o f  biotechnology companies (11), while Costa Rica and Chile 
only had three. Companies in other countries in the CAI were not included.

In 1992, the Instituto Interamericano de Cooperación para la Agricultura 
(IICA) elaborated a directory o f  biotechnology companies in Central America [10], 
which is summarized in Table I. From the information in this directory it can be 
gleaned that the most successful institutions (including private companies, public 
universities and research centres) are involved in: (a) micropropagation o f crops 
(banana, African oil palm, pineapple, plantain, tubers, strawberries) and ornamen
tals (orchid, geranium, impatiens, ginger, petunia, ferns and euphorbias); (b) direct 
diagnostic services; or (c) production o f  immunological reagents (venom antisera and 
immunodiagnostic kits). The highest earnings are reported by a few large companies 
involved in the micropropagation o f  crops and ornamentals, which are owned by 
foreign investors. Several medium sized companies, with medium sized earnings 
(US $100 000-U S $1 million in 1992) and which are locally owned, are fulfilling 
specific demands such as the production o f  Bacillus thuringiensis as a pesticide, diag
nosis o f plant and animal diseases, production o f  snake venom antisera and quality 
control o f  food products and water. Unfortunately, many o f  the companies do not 
report their earnings, so further conclusions cannot be drawn.

4. BIOTECHNOLOGY IN COSTA RICA: A CASE STUDY

During his fourth voyage along the Caribbean coast o f Central America, 
Columbus landed near present day Limón, Costa Rica, noting gold ornaments in the 
native populations “ which they would neither sell, give, nor part with for any con
sideration” [11]. Costa Rica — the Rich Coast — was so named by the early 
conquistadores under the erroneous belief that it had vast gold riches. The coast 
turned out to be poor and rather sparsely populated compared with the metropoles 
o f the Guatemalan and Honduran Amerindian nations. During colonial times, Costa 
Rica was a remote and poor province that received its declaration o f  independence 
from Spain in 1821, 1 month by horseback after it had been signed at the provincial 
capital in Guatemala. After independence, the country established a liberal
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democracy (initially, only landed males were allowed to vote), with the separation 
o f church and state. Modern democracy did not arrive until the 1940s, when civil 
and labour rights and universal suffrage were instituted. Coffee had been the major 
source o f  revenue since the middle o f the 19th Century, later joined by banana, sugar 
cane and cocoa [11, 12]. After abolition o f  the army in 1948, the Costa Rican 
Government increased its commitment to public education and agricultural diversifi
cation [13]. Since then, the country has maintained impressive health and education 
standards [5, 11, 12].

The University o f  Costa Rica, established in 1941, remained until the 1970s 
a typical liberal arts institution, with great emphasis placed on the humanities, law 
and history, giving almost no relevance to science. The first medical school was 
established in 1959. During the 1970s, the government created two other national 
universities and a technological institute. In 1973, the national research council 
(Consejo Nacional de Investigaciones Científicas y Tecnológicas (CONICIT)) was 
established and funded by the government. It has supported research and the estab
lishment o f  research centres and institutes involved in studies on malnutrition, 
virology, cell and molecular biology, and electron microscopy. Recently, a Ministry 
o f Science and Technology (1986) and an Academy o f Science (1993) within a 
‘national system o f S&T’ were created by law [14]. The Costa Rican Government, 
with a loan from the Interamerican Development Bank, financed the construction o f  
five research centres at the rapidly expanding university research campus in 
San José, including the Centro de Investigación en Biología Celular y Molecular 
(CIBCM), the Centro de Investigaciones Marinas (CIMAR) and electron microscopy 
laboratories, currently housed in inadequate facilities on the main campus.

In 1987, the Instituto Nacional de Biodiversidad (INBio) was created as a non
profit, private organization to inventory Costa Rica’s biodiversity [6, 15]. It also 
started prospecting agreements to test bioactive substances in plants, animals and 
fungi [6, 16]. The first promising product is a nematicide isolated from a Costa Rican 
tree by the British Technical Group (BTG), with a wide spectrum o f activity against 
both plant and animal nematodes. In an agreement between BTG (which holds the 
patent) and INBio, field trials against banana nematodes have been initiated and small 
plantations o f  this local legume family tree are under way. Interestingly, this product 
was first tracked down by the ecologists D. Janzen and W. Hallwachs, who were 
studying seed eating forest m ice in the Guanacaste conservation area [17]. The 
nematicides used in the banana, for instance, are so toxic to humans and domestic 
animals that an enormous market would be available just for the banana if  this 
product were indeed proved to be effective. INBio is now engaged in an all taxa bio
logical inventory, a computerized inventory o f  all life forms within a protected area 
through several life zones, the first ever attempted anywhere. This inventory, which 
will be coupled to many different prospecting projects, will require intense interna
tional collaboration and about 5 years o f  concentrated field work at an estimated cost 
o f  US $90 million.
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Over the past few years, PCR facilities have been established in several local 
institutions involved in research, training and diagnosis. PCR based techniques have 
been used successfully in our laboratory at the University o f  Costa Rica for: (a) iden
tification o f  paternity and other forensic purposes [18]; (b) identification o f banana 
and plantain cultivars with short DNA  primers [19]; (c) genetic studies o f  tropical 
hardwoods [20]; (d) diagnosis o f  plant virus diseases [21-23]; and (e) mapping o f  
human diseases [24]. Recently, the first private clinical laboratory that will offer 
DNA based paternity tests was established in San José. As mentioned above, several 
agrobiotechnology companies in Costa Rica that have operated for several years are 
now making a profit.

Certainly in Costa Rica, and probably in the rest o f  the region, biotechnology 
is acknowledged in government plans as a ‘strategic instrument for socioeconomic 
development’. The official plans released by the new Government o f  Costa Rica in 
November 1994 [14, 25] make modern biotechnology a pivotal component o f  com 
petitiveness within the framework o f  the ‘new economic order’. This document 
resulted from extensive consultations with scientists at local universities and other 
institutions involved in S&T research. However, it is still too soon to predict the 
impact that these plans and legal instruments will have on the state o f  S&T and on 
the establishment in Costa Rica o f  a sustainable biotechnological industry.

5. LIMITATIONS TO BIOTECHNOLOGICAL DEVELOPMENT

This favourable presentation o f  scientific development in Costa Rica should be 
tempered by a cautionary note about the obstacles and threats that lie ahead for this 
and other countries within the CAI: (1) The S&T system is still not strong, with 
minimal financial support; thus, only a small fraction o f  the funds assigned under 
Costa Rican law to support S&T is actually being provided by the central govern
ment; (2) research and advanced training are still given low priority and will suffer 
in the face o f  university budgetary cuts; (3 )‘red tape’ limitations still hinder easy and 
rapid access o f  perishable reagents to research laboratories; (4) some o f  the tradi
tional sources o f  funding are no longer available for Costa Rica (i.e. US-AID), and 
other funds are scarce; and (5) there is little tradition o f  patenting scientific inven
tions and inadequate laws to meet the new challenges faced by Costa Rica after 
signing the General Agreement on Tariffs and Trades (GATT).

Several other factors limit biotechnological development in the Isthmus [6], 
including: (a) lack o f  an entrepreneurial tradition among local investors; (b) poor 
links between potential investors and scientists; and (c) the absence o f  well defined 
governmental policies and guidelines. Stronger nexus between the centre o f  
advanced training/research and local investors are urgently needed. Isolation o f  the 
research community from the financial and entrepreneurial community is a major
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block to biotechnological development in all the region. Evidently, strategic planning 
by governments is needed to identify the competitive advantages, opportunities, 
strengths and weaknesses o f  such development. Legal aspects need to be considered 
in all these countries, and appropriate legislation adopted to define the rules that will 
predominate in the market place in the coming century. Ethical aspects also need to 
be taken into consideration regarding the types o f  intervention that are acceptable in 
each country and the precautions needed for safe Mid sustainable use o f  modern 
biotechnology. Particularly in the field o f  human genetics and in the release o f trans
genic organisms into the environment, clear legal and ethical guidelines should be 
established by governments and research institutions within the framework o f  
Agenda 21 o f the United Nations Conference on Environment and Development, Rio 
de Janeiro, 1992.

6. CONCLUSIONS

(1) The importance o f S&T for economic development is being increasingly 
acknowledged by the six governments in the region. Biotechnology is recog
nized as the most promising new technology for agricultural nations, along 
with computer and communication sciences [3, 6, 7, 9].

(2) Biotechnology cannot solve the complex environmental problems confronting 
all CAI countries. However, it may provide important solutions to problems 
such as those produced by many pesticides, replacing them with natural, bio
degradable substitutes [26].

(3) Biodiversity should be viewed as a valuable resource to be protected, studied 
and used [27]. Countries with high levels o f  endemism and biodiversity have 
a local competitive advantage in prospecting ventures, particularly when these 
resources are given protection within natural reserves and national parks.

(4) Basic research laboratories within the CAI have used molecular techniques to:
(a) map inherited illnesses; (b) diagnose plant virus diseases; (c) resolve pater
nity identifications; and (d) utilize DNA ‘fingerprints’ in order to identify culti
vars o f  banana, plantain and forest trees.

(5) The most successful biotechnological applications today in the budding Central 
American industry involve: (a) micropropagation o f crops and ornamentals;
(b) production o f  immunological and PCR based diagnostic tests and reagents; 
and (c) production o f  animal vaccines and snake venom antisera.

(6) A strong planning effort is needed by local governments and institutions to 
define the rules and regulations for biotechnological development and to 
identify the competitive advantages and strengths derived from each local 
situation.

(7) Further improvements will be required before advanced techniques (such as 
site directed mutagenesis for plant improvement or the production and use o f
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pest resistant transgenic crops) can be applied to agricultural development. For 
tropical countries, a large market may emerge for many non-traditional fruits 
and vegetables when ripening genes can be manipulated, making these exotic 
products freshly available everywhere.
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Abstract

INTERNATIONAL CROP RESEARCH IN THE ERA OF BIOTECHNOLOGY.
International co-operation in plant breeding has been highly effective in producing 

improved crop varieties that benefit the developing world. Free exchange of materials and 
information has been the key to this success. Biotechnology provides a powerful new set of 
genetic monitoring and manipulation tools that can significantly strengthen plant breeding. 
However, relatively little research in biotechnology is focused on tropical crops, and many 
of the tools and products of biotechnology are being protected under various forms of intellec
tual property rights. If the international crop research system is to take full advantage of 
biotechnology, it must strengthen its capacity to conduct applied biotechnology research on 
the crops that are important in developing countries and it must develop new mechanisms to 
facilitate the transfer of proprietary technology. Some of the challenges faced in accomplishing 
this task are reviewed and several new institutions designed to help meet these challenges are 
described.

1. THE INTERNATIONAL AGRICULTURAL RESEARCH SYSTEM

In the 1960s and 1970s, an international system o f publicly supported agricul
tural research institutions was established to address many o f  the crop improvement 
needs o f  developing countries. Numerous national crop research programmes in 
these countries were strengthened with the support and technical help o f bilateral and 
multilateral assistance agencies, and a group o f international agricultural research 
centres was established, several o f  which are focused on particular crops and located 
in the tropics (see Table I). The international centres and other agricultural technical 
assistance agencies draw on advanced research worldwide, conduct strategic and 
applied research, link components o f  the system together, facilitate technology 
transfer and backstop national research efforts, when necessary. This system has the 
ability to take relevant discoveries that occur in the ivory towers o f  academe and, 
through a series o f  technology transfers and collaborative research projects, to 
incorporate this new knowledge and technology into improved seeds grown in fields 
throughout the developing world.

447
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TABLE I. CROP FOCUSED INTERNATIONAL AGRICULTURAL 
RESEARCH CENTRES

International centre Programme focus
Location of 
headquarters

International Rice 
Research Institute (IRRI)

Rice Philippines

Centro Internacional de 
Mejoramiento de Maíz y Trigo 
(CIMMYT)

Maize
Triticale

Wheat Mexico

Centro Internacional de 
Agricultura Tropical (CIAT)

Cassava
Tropical forages

Field beans 
Rice

Colombia

International Institute of 
Tropical Agriculture (IITA)

Cassava
Cowpea
Soybean

Yams
Maize
Plantain

Nigeria

International Crops Research 
Institute for the Semi-Arid 
Tropics (ICRISAT)

Sorghum
Groundnut
Pigeonpea

Millet
Chickpea

India

Centro Internacional de la 
Papa (CIP)

Potatoes 
Sweet potatoes

Peru

International Centre for 
Agricultural Research in Dry 
Areas (ICARDA)

Wheat 
Chickpea 
Pasture legumes

Lentils
Barley

Syrian Arab Republic

Asian Vegetable Research and 
Development Centre (AVRDC)

Chinese cabbage 
Mungbean 
Sweet potatoes

Tomato
Soybean

Taiwan (China)

West Africa Rice Development 
Association (WARDA)

Rice Côte d ’Ivoire

The so called Green Revolution in rice and wheat is no doubt the most dramatic 
product o f this research system, ending the periodic famines that had plagued Asia 
for centuries. High yielding cultivars now account for nearly 70% of the area planted 
to these crops in Asia, and over the past 20 years the proportion o f  the population 
affected by undernutrition declined from roughly 40 to 20% [1]. Steady progress 
has also resulted in improved varieties o f  maize, cassava, legumes, sorghum, millet, 
potatoes and other crops. The international centres, together with the International 
Plant Genetic Resources Institute and the Food and Agriculture Organization o f  the 
United Nations, Rome, have taken responsibility for the collection, evaluation,
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preservation, distribution and wide scale utilization of the biodiversity existing in 
their mandated crops and related species. In aggregate, they have over 600 000 
accessions in storage and manage these resources for the benefit of the world 
community.

Unlike developments in many other areas of technology, the genetic improve
ment of plants is a derivative process in which each enhancement is based directly 
on preceding generations and where the process of adding value requires access to 
the plant material itself. Most of the important food crops originated in developing 
countries and much of the value in today’s seeds was added over the centuries as 
farmers selected their best plants as the source of seed for the next planting. These 
land races and other sources of biodiversity have traditionally been provided free of 
charge to the world community by developing countries. National and international 
research centres add value via breeding and the modern varieties they generate are 
widely distributed. The elite breeding lines of rice and wheat now being released by 
the international centres are the product of over 30 years of accumulating useful 
genes from numerous countries. The pedigree of elite rice breeding line IR 72, for 
example, is based on 22 land races and 65 varieties/breeding lines from China, India, 
Indonesia, Malaysia, the Philippines, Thailand, the United States of America and 
Viet Nam [2]. Free exchange of germplasm and information has been a hallmark of 
the system and a key component of its success. The new cultivars and associated 
agronomic practices resulting from research are disseminated to farmers by national 
agencies, and occasionally by non-governmental organizations, at essentially zero 
cost. For self-pollinating crops such as rice and wheat, the genetic make-up of new 
varieties is relatively stable over multiple generations, and farmers themselves have 
contributed significantly to further seed multiplication and to the broad scale distribu
tion of high yielding varieties. No modern scientific advance has been diffused more 
broadly. Cross-pollinating crops such as maize tend to be less stable because of 
outcrossing, and vegetatively propagated crops such as cassava need à greater infra
structure for the multiplication and distribution of seed material. While their 
diffusion tends to proceed more slowly, steady progress is being made. The ‘for 
profit’ sector has not played a significant role in this process, nor is it ever likely 
to be a major developer or supplier of seed to farmers with limited purchasing power. 
In future, however, it should be able to market hybrid seeds and other higher value 
products to a growing number of commercial farmers.

Despite its significant successes, the international agricultural research system 
still faces difficult challenges. There are many farmers, located mostly in Africa and 
in the marginal land areas of Latin America and Asia, who have not yet benefited 
from this research. This is in part because of the difficulty of producing improved 
varieties for highly variable land areas with limited agronomic potential, and because 
of the need for much more on farm research designed to develop sustainable crop
ping systems that allow improved varieties to perform well under local conditions. 
In addition, for at least the next 30 years the population of the developing world will
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continue to grow by about 90 million people per year, with the total expected to 
increase from roughly 4.5 X 109  in 1995 to more than 7 X 109  in the year 2025
[3]. To feed all these additional people, significant further advances in the yield 
potential of staple cereal crops grown on prime agricultural land will be required. 
Moreover, increased production on both prime and marginal lands must be accom
plished without jeopardizing the capacity of the natural resource base to meet the 
needs of future generations.

2. ADAPTING TO THE ERA OF BIOTECHNOLOGY

Plant breeding, which has made and will continue to make major contributions 
to agricultural development, is in the midst of receiving a substantial further boost 
in its technological potential. A new set of genetic monitoring and manipulation 
tools, in aggregate known as biotechnology, is becoming available as a result of 
advances in molecular and cellular biology. Biotechnology has the potential to play 
a major role in helping the international agricultural research system to meet the 
challenges outlined in Section 1, but gaining full and effective access to the technol
ogy will itself present a challenge to the system.

These new tools can contribute to both phases of plant breeding: the evolution
ary phase, where variable populations are produced, and the evaluation phase, where 
desirable genotypes are selected. Variability has been created traditionally by 
hybridization and to a lesser extent by mutations. Wide hybridization through 
embryo rescue or somatic hybridization, somaclonal variation and genetic engineer
ing are biotechnology tools that can significantly expand the range of variability 
available to breeders. Genetic engineering especially should bring a much greater 
degree of predictability to the process of generating desirable variability and help in 
attaining goals not feasible using conventional techniques. Biotechnology tools that 
can improve the evaluation phase are: anther culture to produce doubled haploids and 
to eliminate dominance variance; molecular maps and markers of the crop genome 
to tag and follow the inheritance of genes for important characters, particularly quan
titative traits and those that are difficult to score; and molecular genetic maps and 
markers of pests and pathogens that can be used to characterize and monitor their 
population structure and dynamics, thereby allowing more effective selection and 
deployment of resistant plants. Techniques for the micropropagation of seedling 
materials and for the production of artificial seeds, combined with the use of new 
diagnostics to ensure that such materials are pathogen free, should speed the safe 
diffusion of improved cultivars. If apomixis becomes available as a breeding tool, 
it would contribute significantly to the production of both inexpensive hybrid seeds 
and the numerous new varieties needed for the highly variable marginal land areas.

In this era of biotechnology, the international agricultural research system is 
itself evolving and adding new institutions designed to promote effective utilization
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FIG. 1. International crop improvement research system in the era o f  biotechnology.

of the new tools. The system is drawing more on results from fundamental and 
strategic research institutions and from experimenting with new ways of gaining 
access to proprietary technologies. Some of the key components are noted in Fig. 1 
and Table II. Their work includes:

(1) Fundamental research, conducted primarily in advanced research universities 
and institutes, which expands the knowledge base on plants, insects and 
microbes, and their interactions with each other and with their environment;
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TABLE II. NEW INTERNATIONAL CENTRES CONCERNED WITH CROP 
BIOTECHNOLOGY

International Centres Description

International Laboratory for 

Tropical Agricultural Biotechnology 
(ILTAB), La Jolla, California, USA

An advanced research laboratory developed 
through collaboration between the Scripps 

Research Institute and the French technical 

assistance organization Office de la recherche 
scientifique et technique d’Outre-Mer, which 

conducts research and offers training on the 

development of disease resistant tropical plants 
through genetic engineering

Originally established by the United Nations 

Industrial Development Organization and now an 

independent research and training organization 

with crop biotechnology programmes in New Delhi; 
dissemination of information is provided through 

Trieste

A research and technology transfer 
organization specializing in the production and 

dissemination of inexpensive biotechnology tools 
that can be employed in developing countries

An international organization committed to 
the acquisition and transfer of proprietary 
agricultural biotechnologies from industrial 
countries for the benefit of the developing world

A unit of the International Service for National 
Agricultural Research that provides national 
agricultural research agencies with information, 
advice and assistance to help strengthen their 
biotechnology capacities

Biotechnology Advisory Commission A unit of the Stockholm Environment 
(ВАС), Stockholm, Sweden Institute that provides biosafety advice and helps

developing countries assess the possible environ
mental, health and socioeconomic impacts of pro
posed biotechnology introductions

International Centre for Genetic 

Engineering and Biotechnology 

(ICGEB), Trieste, Italy, and 
New Delhi, India

Centre for the Application of 
Molecular Biology to International 
Agriculture (CAMBIA), Canberra, 
ACT, Australia

International Service for the 
Acquisition of Agri-biotech 

Applications (IS A A A),
Ithaca, New York, USA

Intermediary Biotechnology Service 

(IBS), The Hague, Netherlands
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(2) Strategic research, conducted primarily at agricultural universities and 
national agricultural research institutes, and increasingly at the international 
centres and in corporations, which generates new and strengthens existing 
technologies for crop genetic improvement;

(3) Applied research, including germplasm collection and evaluation, conducted 
primarily by the international centres, agricultural universities, development 
assistance agencies and national crop breeding institutions, often collabora- 
tively, which generates new breeding lines;

(4) Adaptive research, conducted primarily at the national level, which combines 
elite breeding lines with traditional varieties to produce improved finished 
varieties well suited to local needs and conditions;

(5) Operational research, including multiplication and delivery of improved seed 
material undertaken by national agencies, local farmers, non-governmental 
organizations and increasingly through market mechanisms, and on farm 
research conducted collaboratively with and often by farmers to generate 
farming systems, which incorporate improved varieties and can achieve 
sustainable increases in production under local conditions.

3. INTELLECTUAL PROPERTY RIGHTS (IPR) AND BIOSAFETY

As applied crop biotechnology becomes an integral component of plant breed
ing, the international agricultural research system will need to be more involved with 
issues of intellectual property and biosafety. Because of its perceived profit potential, 
the corporate sector now dominates applied research in crop biotechnology and 
patents many of the resulting techniques and products. Public sector plant scientists 
in industrialized countries are now also encouraged by their institutions and govern
ments and, in some cases, by their own self-interest to seek IPR protection for their 
inventions. Most universities and government laboratories in the USA now have 
their own IPR office and patent attorneys. Individual plant scientists may not even 
have control over with whom they can share their discoveries and breeding 
materials. No longer can the international system expect to have ready and free 
access to the results of strategic and applied crop research conducted in land grant 
universities and other public sector research institutions unless specific arrangements 
are made to gain such access. In future, much of what the international system needs 
from industrialized countries will be proprietary property in those countries. 
Fortunately, experience to date suggests that such arrangements can be made, 
although some restrictions are often placed on how the property can be used and 
further disseminated.

In addition, the increased value of plant genetic resources is causing develop
ing countries to rethink their policies concerning access to the natural biodiversity 
they control, and restrictions already exist in some locations. In future, the interna
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tional centres may not gain access to additional crop germplasm resources unless the 
country of origin is assured some degree of control over future distribution.

While many within the international agricultural research system are unhappy 
and/or uncomfortable with all these new proprietary arrangements, the days of 
unencumbered free exchange of plant genetic materials are no doubt over. The task 
ahead is to develop new institutional mechanisms which will allow the international 
system to gain access to the results of the increased investments in crop research 
generated by the profit potential of biotechnology, and which enable improved germ
plasm to continue to be distributed and shared among the developing countries 
without restrictions.

As with any powerful new technology, plant genetic engineering needs to be 
employed wisely and carefully. To ensure this, most governments have effected, or 
are in the process of formulating, biosafety regulations that cover experimentation 
with and dissemination of transgenic plants. The international agricultural research 
system needs to be concerned with these issues and, where necessary, should help 
developing countries implement biosafety systems that are workable, effective and 
based on rigorous scientific evaluation.

5. CONCLUSIONS

A highly effective public sector international crop research system is now in 
place which has made and can continue to make important contributions towards 
providing improved crop varieties to meet the needs of poor farmers in developing 
countries. If made available, advances in biotechnology should enable this system 
to generate products that will help to meet the growing demand for food in develop
ing countries and to benefit a broader range of farmers. Several new institutions have 
been established to facilitate the transfer of biotechnologies to developing countries 
and are making good progress.
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Abstract

BIOTECHNOLOGY APPROACHES TO RICE IMPROVEMENT.
Modern rice varieties developed at the International Rice Research Institute and 

by the National Rice Improvement Programs have had a dramatic impact on the increase in 

rice production. World rice production has doubled within a 25 year period, from 

257 million tonnes in 1966 to 520 million tonnes in 1990, and most of the rice growing coun

tries in Asia have attained self-sufficiency. However, the population of rice eaters continues 
to increase at an alarming rate and the demand for rice is likely to exceed production by the 

end of this century. To meet this demand in the next century, rice varieties are needed with 
a higher yield potential, multiple resistance to diseases and insects, and tolerance to abiotic 
stresses. Recent breakthroughs in cellular and molecular genetics have provided tools that can 
increase the efficiency of breeding methods and allow unconventional approaches to rice 

improvement. Application of these tools will permit us to develop improved rice varieties for 
meeting the challenges of increased rice production. Some of the exciting developments in rice 
biotechnology include: successful regeneration from protoplasts of japónica and indica rices; 
production of transgenic plants; development of a comprehensive molecular map consisting 

of more than 1500 DNA markers; tagging of genes of economic importance with restriction 
fragment length polymorphism markers; molecular characterization of pathogen populations 

based on restriction fragment patterns; and transfer of genes from wild species across 
crossability barriers. Thus, anther culture, marker aided selection and molecular analysis of 
pathogen populations are being employed to improve the efficiency of conventional rice 

breeding. Wide hybridization, protoplast fusion and transformation permit us to introduce 
novel genes into rice.

1. INTRODUCTION

Major advances have been made in increasing rice production worldwide as
a result of the large scale adoption of modern high yielding rice varieties and
improved cultural practices. World rice production has doubled over the past
25 years, from 257 million tonnes in 1966 to 520 million tonnes in 1990. This has
mainly been achieved through the application of principles of classical Mendelian
genetics and conventional plant breeding methods. The present world population of
5.7 x 109  is likely to reach 8  x 109  in the year 2020. By 2025, we will have to
produce 70% more rice to satisfy the growing demand of the ever increasing human
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population. To meet this goal, we need rice varieties with a higher yield potential, 
durable resistance to diseases and insects, and tolerance to abiotic stresses.

Recent breakthroughs in cellular and molecular genetics have provided tools 
that can increase the efficiency of breeding methods and allow unconventional 
approaches to rice improvement. Some of the exciting developments in rice biotech
nology include: (1 ) successful plant regeneration from protoplasts of japónica and 
indica rices; (2 ) production of somatic hybrid and cybrid plants through protoplast 
fusion; (3) production of transgenic plants carrying agronomically important genes;
(4) sequencing of the chloroplast genome of rice comprising 134 525 bp; (5) develop
ment of a comprehensive molecular map consisting of more than 1500 DNA 
markers; (6 ) tagging of genes for resistance to bacterial blight, blast and brown plant
hopper (BPH) with restriction fragment length polymorphism (RFLP) markers;
(7) molecular characterization of pathogen populations; (8 ) transfer of useful genes 
across crossability barriers from wild species to rice; (9) development of commercial 
cultivars through anther culture; and (1 0 ) production of useful somaclonal variants 
through anther and protoplast culture techniques.

2. ANTHER CULTURE

As early as 1968, Niizeki and Oono [1] reported the production of haploids 
from an anther culture of rice. Since then, the anther culture technique has been 
refined greatly. The effect of the genotype, the physiological state of the donor plant, 
the stage of pollen development, the pretreatment of anthers, and the media composi
tion for callus induction and efficiency of plant regeneration from anther culture has 
been extensively investigated [2]. As a result, it is now possible to produce haploids 
from the anther culture of many japónica and indica rices; however, the frequency 
of the regenerated plants is relatively lower in indicas.

Anther culture is an important technique for immediate fixation of homozygos
ity and shortening of the breeding cycle in developing new varieties. The selection 
efficiency with doubled haploid (DH) lines is higher, especially when dominance 
variation is significant [3]. Early generation lines (F3-F5) show phenotypic differ
ences because of additive and dominance variance. In contrast, there is no dominance 
variance among DH lines and the heritability of the trait is high. DH lines are also 
useful for developing mapping populations for RFLP analysis.

Use of anther culture in the development of rice varieties has been reported 
in several countries, including China, Japan, the Republic of Korea and the United 
States of America. Most of the anther culture derived varieties are japónicas. To 
date, there are no reports on the release of indica varieties through anther culture, 
although many breeding lines have been developed through this technique. Indica 
rices are planted on 90% of the rice land, but they are generally regarded as recal
citrant, not only to anther culture but also to other tissue culture techniques. At the
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International Rice Research Institute (IRRI), the anther culture technique is being 
used to obtain DH lines from many crosses for different rice breeding objectives. 
To date, about 8000 DH lines have been regenerated from different crosses. On aver
age, about 20-50 DH lines are produced from one cross. This efficiency is being 
further increased to reach the target of 100 lines per cross. Several superior DH lines 
have been selected from crosses for salinity tolerance [4]. Under an IRRI-Republic 
of Korea collaborative programme, a large number of DH lines have been produced 
and useful lines with increased cold tolerance identified. Many DH lines produced 
through anther culture are now being used as parents in breeding programmes.

3. SOMACLONAL VARIATION

Somaclonal variation refers to the variation arising through tissue culture in 
regenerated plants and their progenies. Somaclonal variation has been reported in 
various plant species and occurs for a series of agronomic traits such as disease 
resistance, plant height, tiller number and maturity, and for various biochemical 
traits. The technique consists of growing callus or cell suspension cultures for several 
cycles and regenerating plants from such long term cultures. The regenerated plants 
and their progenies are evaluated in order to identify individuals with a new pheno
type. Some useful somaclonal variants, including those for disease resistance and 
male sterile lines, have been isolated in rice. Heszky and Simon-Kiss [5] tested 
several somaclonal variants of anther culture origin. Of these, one was released 
as a variety named Dama. This variety is resistant to Pyricularia and has good 
cooking quality. Similarly, Ogura and Shimamoto [6 ] identified useful somaclonal 
variants from protoplast regenerated progenies of Koshihikari, and a new variety, 
Hatsuyume, was released. This variety is late by 1 week, shorter in height, lodging 
resistant and has a 10% higher grain yield than the mother variety, Koshihikari.

4. SOMATIC HYBRIDIZATION

Somatic hybridization involves the isolation, culture and fusion of protoplasts 
from different species and the regeneration of somatic hybrid plants. Since the first 
demonstration of plant regeneration from mesophyll protoplasts of tobacco, pro
toplasts have been successfully cultured and regenerated into plants from more than 
300 plant species. Yamada et al. [7] were the first scientists to successfully regener
ate plants from rice protoplasts. Since then, many laboratories have regenerated 
plants from protoplasts of several japónica and indica cultivars. Hayashi et al. [8 ] 
produced somatic hybrids between rice and four wild species of Oryza.
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One of the most important applications of somatic hybridization is the produc
tion of cybrids. In cybridization, the nuclear genome of one parent is combined with 
the organelles of a second parent in one step. For example, transfer of cytoplasmic 
male sterility (CMS) to elite breeding lines requires five to seven backcrosses. 
Protoplast fusion has made it possible to transfer CMS within several months. 
Yang et al. [9] produced cybrid plants in rice through asymmetric hybridization by 
electrofusing the gamma irradiated protoplasts of A-58 CMS and the iodoacetamine 
treated protoplasts of the fertile cultivar Fujiminori. The technique has been success
fully used to transfer CMS from the indica rice Chinsurah Boro II into japónica 
cultivars [1 0 ].

5. MOLECULAR MARKERS IN RICE BREEDING

Numerous genes of economic importance, such as those for disease and insect 
resistance, are repeatedly transferred from one genetic background to another by 
plant breeders. Most genes behave in a dominant recessive manner and require time 
consuming efforts to transfer. Sometimes the screening procedures are cumbersome 
and expensive and require large field space. If such genes can be tagged by tight 
linkage with DNA or isozyme markers, time and money can be saved in moving 
these genes from one varietal background to another.

The presence or absence of the associated molecular marker would indicate, 
at a very early stage, the presence or absence of the desired gene. Co-dominance of 
the associated molecular marker allows all the possible genotypes to be identified in 
any breeding scheme, even if the gene for economic traits cannot be scored directly. 
Before molecular aided selection can be applied in rice improvement, an RFLP map 
must be prepared and the genes of economic importance tagged with molecular 
(RFLP) markers. Good progress has been made in both areas.

5.1. Genome mapping

A molecular genetic map of rice, based on RFLPs, was developed at Cornell 
University, Ithaca, USA, in collaboration with IRRI [11]. This map was based on 
an indica/japonica F2  population and mapped sequences were cloned from a 
genomic library derived from the indica variety IR36. A second RFLP map was 
based on a different indica/japonica cross [12]. Causse et al. [13] developed the map, 
comprising 726 markers. The mapping population was derived from the backcross 
between the cultivated rice O. sativa and a wild species, O. longistaminata, with the 
AA genome. More recently, a comprehensive molecular map consisting of 1383 
DNA markers has been developed under the Rice Genome Research Program in
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Japan [14]. The markers, distributed along 1575 cM on 12 linkage groups, comprise 
883 cDNAs, 265 genomic DNAs, 147 RAPDs and 8 8  other DNAs. 1

A number of morphological markers have also been mapped in relation to 
RFLP markers using a variety of crosses. The morphological markers serve two 
essential functions: they help orient the molecular and classical linkage maps, 
providing common ‘landmarks’; and help establish useful ‘gene tags’ for use in 
selection or other genetic studies.

The availability of a well saturated, high density molecular map of rice is of 
interest as the basis for studies of genome organization, gene mapping, marker aided 
selection, map based cloning, etc. Rice serves as a model for genome research in 
monocots because of its small genome size, excellent germplasm collection, good 
genetic stocks and relatively well developed molecular map(s). Development of 
molecular maps has been of great value in understanding the homoeologous relation
ships between the genomes of various crop plants. Ahn et al. [15] found extensive 
homoeologies in a number of regions of the genomes of wheat, rice and maize. 
Kurata et al. [16] have analysed synteny between rice and wheat and found that many 
wheat chromosomes contained homoeologous genes and genomic DNA fragments in 
a similar order to that found in rice. Hiratsuka et al. [17] have sequenced the entire 
chloroplast genome of rice, comprising 134 525 bp. The rice chloroplast genome 
also shares the genome rearrangement observed in other grasses. Comparative 
genome mapping in rice, maize, wheat, barley and sorghum is proceeding rapidly, 
and the rice research community is in an excellent position to take advantage of the 
possibilities for exchanging materials and information on these crops as opportunities 
arise.

5.2. Gene tagging

The process of locating genes of interest via linkage to molecular markers is 
referred to as gene tagging. Classical ‘phenotype’ and molecular marker ‘genotypes’ 
must be evaluated on the same individuals (or related progenies) and the data 
analysed to determine if any of the markers со-segregate with the target phenotype. 
Over 30 single genes for disease and insect resistance have been located on the RFLP 
map of rice, including a number of other agronomically useful genes such as those 
for photoperiod sensitivity, aroma and wide compatibility (Table I) [18]. Current 
efforts are directed at locating other genes of interest, and at refining the linkages 
that have been established. Efforts are under way to develop polymerase chain reac
tion (PCR) based ‘gene tags’ that can be economically and efficiently used in large 
scale marker aided selection schemes. This effort is based on PCR technology

1 cM = centimorgan. Morgan is a unit of relative distance between genes on a chro
mosome. One morgan represents a crossover value of 100%; a crossover value of 1% is a
centimorgan.
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TABLE I. AGRONOMICALLY IMPORTANT GENES TAGGED WITH 
MOLECULAR MARKERS3

Gene symbol Character Donor variety
Chromosome

location

Wph-1 WBPH resistance11 N-22 7

Bph BPH resistance 0. australiensis 12

Glh GLH resistance ARC 11554 4

Gm-2 Gall midge resistance Phalguna 4

Hbv Hoja blanca resistance Fanny 12

Pi-l(t) Blast resistance LAC23 11

Pi-2(t) Blast resistance 5173 6

Pi-4(t) Blast resistance Tetep 12

Pi-?(t) Blast resistance IRAT13 4

Pi-5(t) Blast resistance Moroberekan 4

Pi-7(t) Blast resistance Moroberekan 11

Pi-9(t) Blast resistance 0. minuta 6

Pi-10(t) Blast resistance Tongil 5

Pi-zh Blast resistance Zhaiyeqing 8

Xa-1 BB resistance0 Kogyoku 4

Xa-2 BB resistance Tetep 4

Xa-3 BB resistance Chogoku 45 11

Xa-4 BB resistance IR20 11

xa-5 BB resistance IR1545-339 5

Xa-10 BB resistance CAS209 11

xa-13 BB resistance Long grain 8

Xa-21 BB resistance 0. longistaminata 11

fgr Aroma Della 8

S-5 Wide compatibility 02428 6

Se-1 Photoperiod sensitivity GEB 24 6

sd-1 Semi-dwarfness Taichung 65 1

sdg Semi-dwarfness Xingui-ai (XGA) 5

a Adapted from Khush et al. [18]. 
b WBPH = whitebacked planthopper. 
c BB = bacterial blight.
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because it is technically simpler than Southern blotting and the hybridization proce
dures required for RFLP analysis, and because large numbers of samples can be effi
ciently evaluated. Use of randomly amplified polymorphic DNA (RAPD) primers 
( 1 0  bp sequences) has speeded up efforts to locate markers very near to the gene(s) 
of interest. Research is now under way to design specific primers (17-20 bp) that 
can be directly useful as selection tools.

Two of the most serious and widespread diseases in rice production are rice 
blast caused by the fungus Pyricularia oryzae, and bacterial blight caused by Xantho- 
monas oryzae pv. oryzae. These diseases are the focus of a co-ordinated effort at 
IRRI to use molecular marker technology to develop varieties with more durable host 
plant resistance. Early gene mapping efforts have been directed at locating single 
genes conferring resistance to these pathogens. As a result, eight genes for bacterial 
blight resistance and nine genes for blast resistance have been mapped with respect 
to RFLPs (Table I).

Resistance to the blast fungus has long posed a serious challenge in rice 
improvement. Resistance, particularly when based on single major genes, has gener
ally been overcome in one or a few years in blast prone environments. Some culti
vars, however, have shown more long lasting or durable resistance. In several cases, 
durable resistance to blast is believed to be associated with quantitative or polygenic 
inheritance [19]. Under these conditions, there would be little or no gain in fitness 
for a pathogen variant that could overcome only a fraction of the polygenes. Many 
rice improvement programmes now aim at incorporating quantitative or partial 
resistance into rice varieties.

An RFLP mapping study was conducted to identify the quantitative trait loci 
(QTL) governing blast resistance [20]. This study was aimed at understanding the 
genetics of blast resistance in Moroberekan, a traditional West African upland culti
var considered to have durable resistance [19]. A population of F7  recombinant 
inbred lines was used for this analysis. One gene conferring complete resistance was 
identified on chromosome 4, and was designated Pi-5(t). Both interval analysis and 
linear regression analysis have identified nine regions of the genome with quantita
tive effects on blast resistance. These were considered to be putative QTL for blast 
resistance. It was interesting that three of the loci found to be associated with partial 
resistance in this study had been previously identified as being linked to genes for 
complete resistance. This raises the possibility that the same loci conditioning com
plete resistance under some circumstances may act as QTL under others.

In addition to analysing the genetic constitution of complex resistant geno
types, detailed analyses of single resistance genes have also been carried out using 
near isogenic lines (NILs). A set of NILs carrying different blast resistance genes 
was developed. Some of the NILs were used for RFLP mapping of the genes Pi-2(t) 
and Pi-4(t). NILs, donor varieties and recurrent parent DNA were analysed for 
RFLPs at loci throughout the genome. Introgression from a donor variety in a NIL 
could be accurately detected by the molecular markers. To confirm linkage relation
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ships between the resistance genes and the markers detecting introgression, segregat
ing populations were scored for the markers and the resistant phenotypes.

Efforts to detect markers closely linked to bacterial blight resistance genes 
have similarly taken advantage of the availability of ten sets of NILs. These lines 
each contain a single gene for resistance and, in the case of Xa-21, the gene has been 
introgressed from the wild relative of rice, Oryza longistaminata [21]. Segregating 
populations have been used to confirm co-segregation between the RFLP markers 
and Xa-1, Xa-2, Xa-3, Xa-4, xa-5, Xa-10 and Xa-21. In the case of Xa-1, xa-5 and 
Xa-21, gene tags useful for selection in a breeding programme are now available. 
In these cases, markers are linked within 1 cM of the target gene; the probability 
of a crossover event separating the marker from the gene of interest is very remote.

To test the utility of markers as selection tools and to study the behaviour of 
gene combinations in a particular genetic background, pairs of genes are combined 
by marker assisted selection, and confirmed when possible by phenotypic selection. 
The markers provide immediate information on which plants carry a target gene and 
whether it exists in a homozygous or a heterozygous state. In other cases, markers 
allow accurate identification of genotypes in which two or more genes have been 
combined in one individual, but where the phenotype of the individual is indistin
guishable from those carrying fewer genes. On the basis of this capability, we are 
testing the hypothesis that polygenic forms of resistance can be effectively developed 
by combining genes that were originally identified as conferring qualitative or single 
gene resistance. Unexpected interactions between genes that have been well charac
terized individually can also be evaluated using this approach.

Genes for aroma, wide compatibility, fertility restoration and thermosensitive 
genetic male sterility are being tagged with molecular markers to facilitate marker 
aided selection. Similarly, increasing efforts are being made to tag QTL for various 
components of drought tolerance, submergence tolerance, nitrogen use efficiency, 
heterosis and other complex traits. Molecular marker technology provides many new 
opportunities for manipulating genes in a plant breeding programme once these genes 
have been identified through the gene tagging process.

6 . MOLECULAR ANALYSIS OF PATHOGEN POPULATIONS

Stability of resistance depends on the response of the pathogen population to 
the selection pressure exerted by a planted cultivar. Resistance may ‘break down’ 
for either of two general reasons. The first is inadequate screening. Unless breeding 
materials are exposed to pathogen strains that effectively represent the populations 
present in farmers’ fields, a released variety may be susceptible to pre-existing 
pathogen races. Resistance may also break down as a result of the emergence of new 
pathogen races that arise in response to the selection pressure exerted by the released
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variety. To improve the durability of resistance of future varieties, we are using 
molecular marker analysis to identify pathogen populations with wide diversity, 
which are then employed for screening and for developing resistant genotypes. We 
are also using deployment strategies based on an understanding of pathogen popula
tion genetics and of the genetic basis of durable resistance.

DNA markers serve as tools for population genetic studies aimed at under
standing the diversity and structure of pathogen populations. For asexually reproduc
ing pathogens such as P. oryzae and X. oryzae, a population consists of clonal 
lineages. For such populations, repetitive DNA probes are convenient markers 
because they allow multiple loci to be evaluated simultaneously. A repetitive element 
isolated from the genome of the rice blast fungus, designated MGR586 for the 
Magnaporthe grísea repeat [22], has been used for DNA fingerprinting of the blast 
pathogen [23].

Evaluation of blast resistance is often conducted in field ‘hot spots’, sites that 
are conducive to disease development. We are using molecular typing to compare 
the composition and diversity of pathogen populations at several screening sites used 
for the evaluation of upland rice, and to allow selection of spreader rows that produce 
diverse inocula. Isolates from the Philippines were analysed using MGR586, in con
junction with other probes and with RAPD analysis. Analysis of over 5000 isolates 
from diverse hosts at the IRRI blast nursery revealed eight lineages, seven of which 
were detected in a single season.

The presence of seven lineages suggests the potential for considerable pathogen 
diversity at this screening site. However, distribution of isolates among lineages was 
not uniform. The low relative representation of some lineages decreases the effective 
diversity of the population, and reduces the chance that breeding material will be 
effectively exposed to these ‘minority’ subpopulations. For the 240 isolates of the 
fungus collected from the IRRI blast nursery in 1992, the genetic diversity was 0.50. 
The potential diversity of a population with 240 isolates and seven lineages would 
be 0.86, if all the lineages were equally represented. This suggests that there may 
be scope for a considerable increase in our screening efficiency, if modification of 
the composition of the spreader rows increases the frequency of the rare lineages. 
The virulence spectrum of pathogen lineages is being characterized on NILs that 
carry different blast resistance genes, and on other potential sources of resistance. 
These studies will make it possible to identify promising combinations of resistance 
genes for varietal improvement.

DNA markers have also been used to analyse the population structure of 
X. oryzae pv. oryzae, the causal agent of bacterial blight of rice. Several transposa
ble elements were isolated from the genome of X. oryzae [24]. These transposable 
elements were present in multiple copies in the bacterial genome, and were used for 
DNA fingerprinting of a collection of pathogen strains from the Philippines. Four 
main pathogen lineages were identified, and there was a somewhat complex relation
ship between lineages and pathotypes.
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To guide the development of strategies for the deployment of resistance, we 
are studying the spatial distribution of pathogen variation. Over 1200 isolates 
sampled systematically from 11 sites in Northern and Central Luzon in the Philip
pines were analysed for RFLP and pathotype. Pathogen variation was distributed on 
a fine scale. Hierarchical analysis of the genetic variation showed substructuring 
within a site and between sites. For the entire transect, a high degree of genetic 
differentiation among sites and a small measure of gene flow were estimated, indicat
ing substantial geographical differentiation between the pathogen populations in 
different agroecosystems. Whether this observed geographical differentiation is due 
to varietal selection or to a low rate of migration remains to be tested. The data sug
gest that pathogen zones can be established on a microgeographical scale, and that 
control of varietal use may be employed to significantly affect the local pathogen 
population.

7. WIDE HYBRIDIZATION

The genus Oryza, to which the cultivated rice belongs, has 21 wild species. 
Diploid O. sativa (2n = 24) has the AA genome and is the predominantly cultivated 
species, while O. glaberrima, also with the AA genome, is cultivated in a limited 
area in West Africa. The wild species of rice have either 2n = 24 or 48 chromosomes 
with AA, BB, BBCC, CC, CCDD, EE and FF genomes. The genomic constitution 
of some species such as O. ridleyi, O. granulata and O. meyeriana is not known.

Genetic variability for some traits such as resistance to tungro, sheath blight 
and yellow stemborer and tolerance for abiotic stresses is limited in the cultivated 
germplasm. Wild species offer useful sources of genes for rice improvement.

The objectives of wide hybridization are: (1) to widen the rice gene pool by 
transferring useful genes for disease and insect resistance and tolerance for abiotic 
stresses from wild species to elite breeding lines of rice; (2 ) to diversify the sources 
of cytoplasmic male sterility so as to counteract the genetic vulnerability to diseases 
and pests in hybrid rice development; and (3) to precisely characterize alien genetic 
variation using isozyme and RFLP markers and molecular tagging of the 
introgressed alien chromosome segments.

Several barriers are encountered in transferring useful genes from wild species 
to cultivated rice [25]. The barrier most commonly encountered is lack of 
crossability because of chromosomal and genic differences. Biotechnology tools such 
as embryo rescue and protoplast fusion have become available to overcome the 
crossability barriers, and several interspecific hybrids have been produced. Molecu
lar techniques have been employed in the precise monitoring of alien gene introgres- 
sion and in the transfer of useful genes to cultivated crop plants.
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7.1. Production of interspecific hybrids through embryo rescue

Abortion of embryos at different stages of development is a characteristic fea
ture of wide crosses. Hybrids have been produced through embryo rescue between 
elite breeding lines or varieties of rice and several accessions of 1 1  wild species 
representing BBCC, CC, CCDD, EE and FF genomes, including some species with 
unknown genomes [26]. These hybrids have been produced to transfer useful genes 
for resistance to BPH, bacterial blight, blast, sheath blight, tungro virus and yellow 
stemborer. Additional hybrids involving rice and A genome wild species have been 
produced for the diversification of cytoplasmic male sterility.

In most interspecific crosses, the Fj hybrids are completely sterile. Progenies 
are advanced through embryo rescue in subsequent backcrosses to the respective 
recurrent rice parents until plants with 2n = 24 and 25 chromosomes become 
available. Plants with 2n = 25 are referred to as monosomie alien addition lines 
(MAALs), and have the normal chromosome complement of rice and one chromo
some of the wild species.

MAALs have been produced involving alien chromosomes of five wild spe
cies: 12 of O. officinalis, 11 of O. latifolia, eight of O. australiensis, eight of 
O. minuta and seven of O. brachyantha. These MAALs serve as an additional 
source of alien genetic variation.

7.2. Gene transfer from wild species to rice

A number of useful genes have been transferred from wild species to rice. 
Khush [27] transferred the gene for grassy stunt virus resistance from O. nivara to 
rice through backcrossing. Grassy stunt resistance has been bred into several rice 
cultivars. Recently, useful genes were transferred from other wild species (Table II). 
Jena and Khush [28] transferred genes for resistance to three Philippine biotypes of 
BPH from O. officinalis into the elite breeding line IR31917-45-3-2. Some of the 
derived lines have also shown resistance to BPH populations in Bangladesh and 
India. These lines are free from the undesirable features of wild species such as 
grain shattering and poor plant type, and are at par in grain yield with the 
recurrent parent. They are being used as parents in rice breeding at IRRI and in other 
national programmes. Similarly, genes for blast, bacterial blight and BPH resistance 
have been transferred to rice from other wild species: O. minuta, О. latifolia,
О. australiensis and O. brachyantha (Table II).

7.3. Cytoplasmic diversification

Most of the commercial hybrids of indica rice are based on the wild abortive 
(WA) source of cytoplasmic male sterility. More than 95% of the rice hybrids grown 
in China have WA cytosterile cytoplasm. Such cytoplasmic uniformity increases the
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TABLE П. TRANSFER OF USEFUL GENES FROM WILD SPECIES INTO 
RICE

Wild species
Accession

No.
Genome Character transferred

0 . nivara 101508 AA Grassy stunt virus resistance

0 . longistaminata — AA Bacterial blight resistance

0 . perennis 104823 AA Cytoplasmic male sterility

O. glumaepatula 100969 AA Cytoplasmic male sterility

0 . minuta 101141 BBCC Blast, bacterial blight and BPH resistance

О. officinalis 100896 CC BPH and WBPH resistance

0 . latifolia 100914 CCDD Bacterial blight and BPH resistance

0 . australiensis 100882 EE Bacterial blight and BPH resistance

0 . brachyantha 101232 FF Bacterial blight resistance

O. rufipogon CB 751 AA Elongation ability3

0 . minuta 101141 BBCC Sheath blight resistance3

0 . officinalis 105220 CC Tungro tolerance1*

0 . brachyantha 101232 FF Yellow stemborer resistance3

0 . ridleyi 100821 Unknown Tungro tolerance and yellow stemborer 
resistance15

a Material under test.
b Advanced backcross progenies being produced.

genetic vulnerability of hybrid rice to diseases and insects. To overcome this 
problem, diversification of the cytoplasmic male sterility source is essential. We 
crossed 45 accessions of O. perennis and four accessions of O. rufipogon as the 
female parents with the widely grown varieties IR54 and IR64. Both IR54 and IR64 
can restore the fertility of CMS lines possessing WA cytoplasm.

Of all the backcross derivatives, one line with the cytoplasm of O. perennis 
(Acc. 104823) and the nucleus of IR64 was found to be stable for complete pollen 
sterility. The newly developed CMS line has been designated IR66707A [29]. 
Crosses of IR66707A with six restorers of WA cytoplasm also show almost complete 
pollen sterility, indicating that this source of CMS is different from that of WA 
cytoplasm. Southern hybridization of IR66707A, O. perennis and IR66707B with
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eight mitochondrial DNA specific probes was carried out. Of 40 combinations, 
18 showed a monomorphic pattern, while in 2 2  polymorphic combinations the 
banding patterns of IR66707A and O. perennis were identical. The results indicated 
that IR66707A has the same mitochondrial genome as the donor O. perennis and that 
CMS may not be caused by any major rearrangement or modification of mtDNA.

7.4. Characterization of alien genetic variation through isozyme and
RFLP markers

Both isozyme and RFLP markers detect extensive polymorphism between rice 
and wild species and have proved useful as genetic markers in the characterization 
of alien genetic variation. Introgression of O. latifolia alleles was detected at seven 
isozyme loci (Pgi-1, Pgi-2, Pgd-2, Mdh-3, Amp-1, Amp-2 and Est-5) in the advanced 
generation disomic progenies derived from a cross of O. sativa and O. latifolia. 
Similarly, introgression was detected for O. minuta alleles at five loci {Pgi-1, Pgi-2, 
Pgd-1, Pgd-2 and Sdh-1) in the disomic derivatives of O. sativa x O. minuta.

RFLP analysis of the introgression lines derived from O. sativa X O. offici
nalis showed introgression of the chromosome segments in 1 1  of the 1 2  chromo
somes of O. officinalis [30]. Using molecular markers, introgression of small 
chromosome segments has been detected in chromosomes 10 and 12 of O. austra- 
liensis into rice [31]. We are now using RFLPs to determine introgression of the 
chromosome segments from distantly related genomes of wild species such as
O. brachyantha and O. granulata into rice. Under an IRRI-Japan shuttle project, 
in situ hybridization techniques are being employed to precisely detect introgression 
of the chromosome segments from wild species into rice [32]. The findings of RFLP 
analysis of widecross progenies indicate that alien gene transfer is the result of a 
crossing over between the chromosomes of rice and those of the wild species.

7.5. Tagging alien genes with RFLP markers

We have initiated research to tag introgressed alien genes for resistance to 
BPH, bacterial blight and blast. RFLP analysis was carried out on the introgression 
line IR65482-4-136-2-2 with resistance to three BPH biotypes derived from
O. sativa X О. australiensis. We surveyed the recurrent parent, the wild species 
(donor) and the introgressed line for RFLP polymorphism. Fourteen probes, previ
ously mapped to chromosome 1 2 , were found to be polymorphic between the recur
rent parent and the wild species. Thirteen probes did not detect any introgression. 
Only RG457 detected introgression from 0. australiensis. Co-segregation for BPH 
reaction and RG457 was studied in the F2  population. The results showed that the 
gene for resistance to BPH is linked to molecular marker RG457, with a crossover
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value of 3.68 + 1.29% [31]. Such tight linkage should facilitate selection for BPH 
resistance during the transfer of this resistance to other elite breeding lines of rice. 
Analysis of this introgressed line indicates that the mechanism of alien gene transfer 
is genetic recombination rather than substitution of whole or large segments of the 
chromosome of wild species.

8 . TRANSFORMATION

Introduction of alien genes from bacteria, viruses, fungi, animals and, of 
course, plants into crop species allows plant breeders to accomplish breeding objec
tives considered impossible until a decade ago. Transformation of rice is now 
possible through several techniques, e.g. electroporation and polyethylene glycol 
induced uptake of DNA into protoplasts, and microprojectile bombardment of imma
ture embryos. Transgenic plants have been produced in japónica as well as in indica 
rices. So far, protoplast mediated transformation is the most reliable system for 
introducing foreign genes into rice. Establishment of embryogenic cell suspensions 
is an important intermediary step for successful protoplast culture.

8.1. Protocols for transformation

Protocols for protoplast culture and DNA transformation in rice have been 
reviewed by Hodges et al. [33]. Several laboratories have produced transgenic rices, 
mainly through protoplast mediated DNA transformation [34-36] but also via micro
projectile bombardment [37] and Agrobacterium mediated transfer [38]. However, 
protoplast mediated transformation has been the most reliable and commonly 
followed method for obtaining transgenic rices.

Recently, a major breakthrough was made in Agrobacterium mediated trans
formation of rice [39]. These workers obtained a large number of fertile transgenic 
rice plants through Agrobacterium mediated transformation procedures. The effi
ciency of transformation was similar to that obtained by the methods used routinely 
for the transformation of dicot plants through Agrobacterium. Molecular and genetic 
analyses of transformants in the Rq, R, and R2  generations showed stable integra
tion, expression and inheritance of transgenes.

8.2. Genes for rice transformation

Major efforts are under way to isolate genes for disease and insect resistance 
and abiotic stress tolerance, and to introduce them into rice in order to increase the 
levels of host resistance.



IAEA-SM-340/28 469

As early as 1987, gene coding for toxins from Bacillus thuringiensis (Bt) was 
transferred to tomato, tobacco and potato, where it provided protection against 
Lepidopteran insects [40]. A major target for Bt deployment in transgenic rice is the 
yellow stemborer, Scirpophaga incertulas (Walker). The pest is widespread in Asia 
and has the potential of causing substantial crop losses. Improved rice cultivars are 
either susceptible to the insect or have only moderate levels of resistance. Thus, the 
transgenic rice Bt deployment system has much appeal for controlling the yellow 
stemborer. Fujimoto et al. [41] introduced a truncated ¿¡-endotoxin gene, crylA(b), 
of Bt. The coding sequence was modified on the basis of the codon usage of rice 
genes. Transgenic rice plants efficiently expressed the modified crylAfb) gene at 
both the mRNA and protein levels. Transgenic plants in the R2  generation express
ing the cry lA(b) protein had increased resistance to striped stemborer and leaffolder.

In collaboration with Plant Genetic Systems of Gent, Belgium, we character
ized almost 4000 Bt strains from different parts of the Philippines in order to identify 
strains effective against yellow stemborer. A laboratory bioassay that incorporates 
purified Bt crystal protein toxins into the artificial diet was employed. Three Bt 
toxins — CryIA(b), CrylA(c) and Cry HA — were found to be effective against the 
stemborer [42]. Of these toxins, CryIA(b) was the most effective. It was five times 
more toxic than CrylA(c) and nine times more than CryllA. Research is now aimed 
at transforming rice with genes for one or more of these toxins so as to mimic the 
insecticidal action of the pathogen. Because the yellow stemborer is monophagous 
on rice, concern is that homogeneous plantings of the transgenic rice may accelerate 
adaptation of the insect to Bt. We aim to develop and compare the Bt deployment 
systems in transgenic rice in containment facilities: CryIA(b), CrylA(c) and CryllA 
singly and in various combinations. By comparing the mono and polymultitoxin 
deployment systems, we will determine the added value, if any, of combining toxins 
quite different in structure to slow the rate of adaptation of stemborers to Bt.

Another category of genes for transforming rice for insect resistance is the 
inhibitors of insect digestive enzymes. The storage tissues of most plants contain 
chemicals that limit predation by insects and other herbivores. Some are the protein 
inhibitors of insect digestive enzymes, and the genes coding for them are sources for 
insect resistance. Chen [43] has purified and characterized five starch digestive 
enzymes (alpha amylase isozymes) from the gut of three major storage pests (the rice 
weevil, the red flour beetle and the yellow mealworm). Hilder et al. [44] have 
purified a putative inhibitor from cowpea, which is a typical serine protease inhibitor 
with broad spectrum effectiveness against insect pests. The cowpea gene (CpTi) was 
transferred to tobacco, where it conferred resistance to tobacco budworm and other 
insect pests. This gene is now being tested for its effectiveness against BPH, a very 
serious pest of rice. Additional inhibitors from other plants such as the mungbean 
trypsin inhibitor, potato proteinase inhibitors I and П, arrowhead proteinase

8.2.1. Genes for insect resistance
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inhibitors and towel gourd trypsin inhibitors are being evaluated against the digestive 
enzymes of rice insects.

We are attempting to transform rice with the soybean trypsin inhibitor (SBTi) 
gene. Hygromycin resistant plants have been regenerated that were co-transformed 
with the SBTi gene. Rice plants transformed with the SBTi gene are important not 
only because it is toxic to yellow stemborer trypsin but also because it may delay 
the breakdown of Bt toxins within the larval midgut and thereby potentiate the action 
of Bt toxins.

Other genes that might confer enhanced insect resistance are genes encoding 
alpha amylase inhibitors, lectins and chitinases. Alpha amylase inhibitors might be 
toxic to insects through interference in the digestion of dietary carbohydrates. It is 
widely assumed that the proteinase inhibitors and alpha amylase inhibitors that 
accumulate in wounded tissue are produced as a normal defence against insects. 
Many lectins are toxic to insects, presumably through some deleterious interaction 
with intestinal glycoproteins. Chitinases might be toxic to insects if they are able to 
degrade the chitin layer of the peritrophic membrane, which protects the insect’s gut 
epithelium.

8.2.2. Genes for disease resistance

Several viral, fungal and bacterial diseases attack the rice crop and cause seri
ous yield losses. Sources of resistance to some diseases (blast and bacterial blight) 
have been identified within cultivated rice germplasm, and improved germplasm 
with resistance has been developed. However, sources of resistance to sheath blight 
are not available and only a few donors for resistance to tungro disease, caused by 
two virus particles, are known.

A highly successful strategy, termed coat protein (CP) mediated protection, 
has been employed against certain viral diseases such as tobacco mosaic virus in 
tobacco and tomato. When expressed in the transgenic crop, a chimeric gene made 
by combining a strong promoter with the virus gene for capsid protein results in the 
accumulation of capsid protein in plant cells. Such plants are resistant to infection 
by the virus from which the gene stems [45]. While the mechanism of resistance is 
not understood, it appears that disassembly of the virus is inhibited and that this is 
due to the accumulated capsid protein and not to the mRNA.

CP genes for the two component viruses that cause tungro disease have been 
cloned [46] and efforts are under way to express these genes in rice plants. A CP 
gene for rice stripe virus was introduced into two japónica varieties by electropora
tion of the protoplasts [47]. The resultant transgenic plants expressed the CP at high 
levels (up to 0.5% of the total soluble proteins) and exhibited a significant level of 
resistance to virus infection. The resistance was inherited to the progenies. In addi
tion to CP cross-protection in positive strand DNA viruses, other mechanisms for 
transgenic virus resistance have been reported. Of particular relevance to transgenic
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tungro resistance is the report that the double stranded RNA virus (tomato golden 
mosaic virus) has been controlled in transgenic tobacco expressing the antisense 
product of the viral AL1 gene. The AL1 protein is involved in the replication of viral 
DNA. It may be possible to exploit a similar antisense approach in controlling rice 
tungro bacilliform virus, a DNA virus.

Sheath blight of rice is caused by the pathogen Rhizoctonia solani, which has 
a wide host range. Transgenic tobacco and canola plants with enhanced resistance 
to R. solani have been obtained by introducing the bean chitinase gene under the con
trol of the CaMV35S promoter [48]. Similarly, Logemann et al. [49] transformed 
tobacco plants with a barley gene encoding a ribosome inactivating protein under the 
control of the wound inducible wun-2 promoter from potato. We are exploring the 
possibility of transforming rice with similar gene constructs to develop resistance to 
sheath blight.

Chitinases and glucanases degrade the major structural polysaccharides of the 
fungal cell wall. These enzymes have both a binding domain and a catalytic domain 
for their respective polysaccharides. Alone or in combination, they attack the grow
ing hyphal tip and are potent inhibitors of fungal growth. About six chitinase genes 
have been identified in rice and are being manipulated to increase the level of 
resistance to fungal diseases [50].

8.2.3. Genes for abiotic stress tolerance

Transgenic mechanisms for resistance to abiotic stresses of rice may also be 
feasible. Tarczynski et al. [51] have reported use of the mannitol-1-phosphate 
dehydrogenase, mtl D, from Escherichia coli to provide salt tolerance in transgenic 
tobacco. The mechanism of resistance involves the accumulation of mannitol in plant 
tissues. Given the importance of osmolytes in drought tolerance, such mechanisms 
of salt tolerance may also provide some protection against drought. Other abiotic 
stresses for which transgenic mechanisms of protection have been reported are heavy 
metal ions and oxidative stress.

8.2.4. Genes for nuclear male sterility and fertility restoration

Artificial nuclear male sterility has been engineered in tobacco and oilseed rape 
by expression of a bacterial ribonuclease (barnase) in the tapetal cells that provide 
the nutrition to developing microspores [52]. The tapetum specific expression of the 
ribonuclease was achieved through use of a tapetum specific promoter from tobacco. 
Restoration of male fertility has been achieved by crossing transgenic plants contain
ing the barnase gene with transgenic plants expressing the bacterial gene encoding 
the barnase inhibitor barstar, again under the control of the tapetum specific 
promoter [53]. Sufficient barstar was produced in some crosses to block barnase 
activity. Such a restoration mechanism of nuclear male sterility would be valuable
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in rice and would permit diversification of limited sources of cytoplasmic male steril
ity for hybrid rice production.

8.2.5. Genes for improved grain quality

Improved grain quality is one of the most important features of modern rice 
breeding programmes. Conventional breeding methods have been successfully used 
to improve cooking characteristics; however, progress in improving the amino acid 
composition and the nutritional quality of rice grains has been slow. Genetic 
engineering techniques are being explored to achieve these objectives. Shimada 
et al. [54] have used the antisense waxy gene construct and produced transgenic rice 
plants with a significant reduction in the amylose content of grain starch.
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BIOTECHNOLOGY IN AGRICULTURE: HOW TO OBTAIN ITS BENEFITS WHILE 
LIMITING ITS RISKS.

Biotechnology is emerging as one of the most innovative achievements of life sciences 
in this century, and agriculture is certainly one of the sectors which has benefited most from 
this technological innovation. If the benefits of biotechnology are to reach developing coun
tries, particularly those with food deficits, it will be necessary to employ a strategy that will 
gradually give them access to the most appropriate biotechnologies. Agricultural systems have 
met the constantly increasing demand for food since earliest human times. However, problems 
do exist; crop uniformity may foster genetic erosion, reduce the genetic base of plant popula
tions and enhance the vulnerability of cultivated plants to pests, diseases and adverse environ
mental factors such as salinity and drought stress. The path this science is taking, however, 
is oriented almost exclusively towards crops of high global economic importance. Other 
species, which are of great socioeconomic importance to developing countries but of little 
interest to international markets, do not appear on the priority list of the leading biotechnology 
companies. Under these circumstances it seems that any research on the biotechnological 
improvement of these and other underresearched food species will have to take place locally 
within interested countries. FAO initiatives in promoting plant biotechnology include promot
ing the exchange of biotechnology information, advising members on the development of 
national biotechnology programmes, supporting national programme infrastructures and 
promoting research and technology transfer. The greatest risk for developing countries would 
be not to be part of this new revolution in agricultural biotechnology.

1. INTRODUCTION

Biotechnology is emerging as one of the most innovative achievements in the 
life sciences of this century and is influencing almost every aspect of human life. The 
achievements of modern biotechnology are a result of the scientific discoveries made 
over the past two decades, where advances in genetics, biochemistry, and molecular 
and cell biology have allowed the development of genetic engineering. Molecular
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biology has produced a group of biotechnological tools, based on the use of living 
organisms, which creates or modifies products, plants or animals and develops 
microorganisms for specific uses.

Among all the fields in which biotechnology has been applied, agriculture is 
certainly one of the sectors that has benefited most from this technological innova
tion. It is already foreseen that modern plant biotechnology will bring about new 
changes related to sustainable agriculture that are now unimaginable. Prevention of 
plant diseases through the transfer of resistant genes, genetic improvement by estab
lishing new gene combinations unavailable in nature, improvement in the quality of 
agricultural products and a reduction in environmental degradation are but a few of 
the contributions that this new technology can offer to agriculture.

The scientific principles and knowledge that contributed to the development of 
modern biotechnology are universal and multidisciplinary. However, application of 
this knowledge to agriculture through the implementation of biotechnological tools 
requires preconditions that are easily accessible in many developed countries but 
which hardly exist in most developing nations. If the benefits of biotechnology are 
to reach developing countries, particularly those with food deficits, it will be 
necessary to employ a strategy that will gradually give them access to the most 
appropriate biotechnologies. This paper analyses the benefits and the potential 
negative implications and risks involved in the application of modern biotechnology 
for sustainable agriculture, and introduces the initiatives taken by the Food and 
Agriculture Organization of the United Nations to incoporoate biotechnological tools 
in national programmes for agriculture development.

2. CURRENT SCENARIO

Agricultural systems, empirical or specialized, have met the constantly 
increasing demand for food since earliest human times. Increasing demographic and 
market needs have constantly required new developments in agricultural practices 
and technology. Thus, technology was developed for intensive agriculture involving 
the use of genetically uniform varieties, mechanization, post-harvest technology, 
processing and development of the plant protection industry. Although these 
improvements increased the total crop yields, as has been demonstrated during the 
present century and more recently by the Green Revolution during the 1970s and 
early 1980s, there is concern that excessive genetic uniformity could increase plant 
vulnerability and be a factor in unsustainable agricultural production. Crop 
uniformity might foster genetic erosion, reduce the genetic base of plant populations 
and enhance the vulnerability of cultivated plants to pests, diseases and adverse 
environmental factors such as salinity and drought stress. Also, intensive agriculture 
reduces food species diversification because of concentration on a limited number 
of crops.
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With the intensification of agricultural technology, use of pesticides has 
expanded rapidly, with an increased demand, particularly in developing countries 
(which in 1990 accounted for 26% of the world’s pesticide market, valued at 
US $4 X 109  per year). Successful breeding has greatly increased the yield poten
tials of major field crops, i.e. rice, maize, sunflower and wheat. Yields are now 
several times higher after selection processes and the recombination of genes through 
crossing with wild relatives to improve resistance to diseases and environmental 
factors.

2 . 1 .  H u m a n  p o p u l a t i o n

An important factor influencing agriculture is undoubtedly the dramatic 
increase in human population. Only 30 years ago, the world population was 
3 x 109. In 1990, it was 5.3 x Ю9  and is expected to reach 7.2 x 109  by the year 
2010. This represents an increase of 1.9 x 109  (36%) in 20 years. Some 94% 
(1 . 8  x 1 0 9) of the total increase in world population will be in developing coun
tries, which have the highest incidence of poverty and malnutrition.

2 . 2 .  A g r i c u l t u r a l  p r o d u c t i o n

How has agricultural production responded to these increases in human world 
population? Until now, production has grown faster than population. Per capita 
production is today about 20% higher than that of 30 years ago. World food con
sumption, directly by human beings, is currently equivalent to some 2700 calories 
per person per day, up from the 2300 calories of 30 years ago. With the addition 
of about 640 million tonnes of cereals for livestock, per capita food availability is 
some 3000 calories. The present level of per capita food availability is, therefore, 
sufficient for everyone on the planet to have adequate nutrition, if it were distributed 
equally. Food is not, however, distributed equitably. At one extreme, Western 
Europe’s per capita food availability is some 3500 calories and North America’s 
some 3600 calories. At the other extreme, it is only 2100 calories in sub-Saharan 
Africa and 2200 calories in India and Bangladesh together. Thus, for much of the 
developing world, food availability is far from being adequate for all people to have 
access to sufficient food to give them food security at all times. As long as this 
situation persists, a human food problem will continue, notwithstanding adequate 
production at the global level.

3. BIOTECHNOLOGY AND SUSTAINABLE AGRICULTURE

Thanks to conventional methods of genetic improvement, there has been a sig
nificant increase in food availability in recent years. World grain production
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increased by 4.2% (1959 million tonnes), and world tuber and root production 
increased by 3.4% over the 1991 level. However, it is predicted that crop yield 
increases from conventional methods will not continue progressively at the same rate 
as demand, therefore incorporation of new biotechnologies, which greatly reduce the 
time needed to produce new varieties, will become necessary. For sustainable 
agriculture, some problems relate directly to food security, e.g. use of monocultures, 
the high salinity of crop lands, erosion and desertification, and the abuse of fertilizers 
and pesticides. Recent discoveries in plant biotechnology point to some practical 
solutions to these and other related problems.

Agricultural productivity and, consequently, food availability in general are 
expected to increase through the direct use of biotechnology and genetic improve
ment. The path this science is taking, however, is oriented almost exclusively 
towards crops of high global economic importance such as wheat, maize, soybean, 
sunflower and cotton. Other species, which are of great socioeconomic importance 
to developing countries but of little interest to international markets, do not appear 
on the priority list of the leading biotechnology companies, i.e. cassava, sweet 
potato, plantain, quinoa, amaranth, medicinal plants, cucurbita and others. Under 
these circumstances it seems that any research on the biotechnological improvement 
of these and other underresearched food species will have to take place locally within 
interested countries. One serious limiting factor, however, is that research levels and 
use of biotechnology in developing countries are generally far below the necessary 
standards to achieve this effectively.

The constant need to increase food production has resulted in negligence of the 
protective measures. Efficient management and use of plant genetic resources, which 
require careful collection, conservation, evaluation, documentation and exchange, 
have also suffered from lack of attention. Although germplasm conservation is of 
increasing public concern, conservation and access to plant genetic resources are not 
simple undertakings and involve cultural, ecological, technical, economic and politi
cal issues.

The possibility of developing complete plants from isolated cells, tissues and 
organs using plant tissue culture techniques has made the establishment of in vitro 
germplasm banks possible. However, at present only 37 600 accessions, of an 
estimated 4.5 million ex situ accessions globally, are in such storage conditions 
worldwide [1]. One possible explanation for the limited use of tissue culture for 
conservation purposes, particularly for recalcitrant species, is the fact that develop
ing countries are the richest in genetic diversity but the least developed technologi
cally [2]. Another important contribution of biotechnology regarding conservation 
and utilization of plant genetic resources is molecular characterization of the 
evolutionary process of plants and the use of such information for informed decision 
making on managing the conservation and utilization of plant genetic resources. 
Scientific knowledge and an understanding of plant diversity depends on access to 
cost effective, rapid and accurate methods for screening the extent of plant genetic 
diversity.
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4. BIOTECHNOLOGY: WHAT ARE THE BENEFITS?

In developing countries, biotechnology could contribute to household food 
security by increasing the productivity of local food crops and by enhancing the 
diversification of food sources. Simple tissue culture techniques allow massive multi
plication of superior genotypes, mainly from vegetatively propagated species such 
as root, tubers, fruits, medicinal plants and spices. Tissue culture could also play a 
more definite role in national breeding and extension programmes, for instance, by 
pathogen elimination. More advanced technologies such as genetic engineering for 
plant transformation will require more time, as well as the preconditions discussed 
below, to be implemented. It is expected that molecular biology techniques will be 
gradually incorporated into the national programmes of developing countries, as was 
the case with tissue culture in the 1960s. However, for some countries incorporation 
of advanced biotechnological tools should be considered a long term objective.

5. WHAT ARE THE POTENTIAL RISKS?

Negative effects could involve substitution of commodities. The threat of the 
biological substitution of products such as vanilla, pyrethrin and cocoa butter is 
frequently mentioned, as is the substitution of some pharmaceutical compounds, 
scents, flavourings and spices. It is true that biotechnologically derived substitutes 
for these products are objects of research, but the higher production costs of this 
methodology are still a limiting factor. If, in addition, we consider society’s tendency 
to prefer natural products, the significance of this threat is greatly diminished. A 
good example is the case of the vanilla industry; use of very simple biotechnology 
tools such as tissue culture techniques for cloning superior (more resistant to disease 
and high yielding) individuals could be a strategy to reduce the risk of vanilla from 
Madagascar being replaced by that from large scale fermenters producing vanillin 
in synthetic form, since natural vanilla would be more competitive. A similar situa
tion could be applied to cocoa butter.

Another type of risk which should be taken more seriously in developing coun
tries in particular is the lack of knowledge of the scope and limitations of modem 
biotechnology. Countries should be able to identify those technologies that can and 
those that cannot be useful to them. They should also recognize that the development 
of biotechnology is a long and costly process, and that its benefits may not be evident 
in the short term.

Other negative effects frequently mentioned are related to the potential risk 
from the deliberate release into the environment of genetically modified organisms.

Many developing countries have inadequate funding, lack of human resources 
and limited access to information, resulting in a relatively low level capacity for 
research and the development and exploitation of technology, especially in the field
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of modern biotechnology research, which is costly and requires highly trained per
sonnel and expensive infrastructures. Most developing countries are vague as to their 
immediate aims in agriculture biotechnology. Few have developed appropriate 
proprietary protection systems or mechanisms to increase their access to protected 
techniques and products. Furthermore, there is negligible involvement of the private 
sector, which accentuates the problem of insufficient attention to biotechnology.

Biotechnology, like any new technology, can be neutral, depending on the 
stage of its development and management, area of application and the socioeconomic 
climate in which it operates. As regards research and the generation of new 
techniques, biotechnological tools are certainly costly and require highly trained 
personnel. Much of the biotechnology research takes place in the private sector, 
which means that the marketability of the product and the potential return on invest
ment are crucial factors in deciding what research to undertake. Most of the new 
technologies, processes and products are, therefore, generally expected to be initially 
available in industrialized countries and applied first to the commodities and 
priorities favoured by these countries. Furthermore, the research and development 
goals of the private sector may diverge from those of the public sector, which has 
the potential to develop appropriate biotechnologies based on social rather than on 
purely economic motivations. The gap should be narrowed, bearing in mind the 
interest of the people, especially the poorer sector, who constitute the majority in 
developing countries.

6 . REQUIREMENTS FOR DEVELOPING COUNTRIES TO HAVE ACCESS
TO THE BENEFITS OF BIOTECHNOLOGY

6 . 1 .  S c i e n t i f i c  p e r s o n n e l

Biotechnology clearly requires highly qualified scientific and technical human 
resources that can work in multidisciplinary teams. In this respect, biotechnology 
development does not depend on a new type of engineer or scientist but rather on 
the training of biochemists, microbiologists, geneticists and engineers to work in 
interdisciplinary teams [3].

In many countries, research themes are frequently repeated without any link
age between them. In Latin America, for instance, the FAO Programme on Plant 
Biotechnology is financing a survey of theses on plant biotechnology (tissue culture 
and genetic engineering) that have been defended from 1985 to 1995 by candidates 
at the bachelor, masters and doctorate levels. Preliminary results indicate that during 
this period more than a thousand theses were written on an important number of 
crops; however, a large proportion of these studies are concentrated on a very 
reduced range of crops [4].
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6 . 2 .  E f f i c i e n t  i n f o r m a t i o n  a n d  c o m m u n i c a t i o n  s y s t e m s

For plant biotechnology research and development, efficient information and 
communication are essential. It is to be expected that plant science and, more 
specifically, science depending on biotechnological tools will require the support of 
efficient information and communication systems such as access to electronic mail, 
electronic journals and electronic conferences.

6 . 3 .  E c o n o m i c  r e s o u r c e s

As already mentioned, biotechnology research is an expensive activity and 
provisions for funds should also be made for spare parts and expensive chemicals 
that have a very short lifespan. Most biotechnological reagents, equipment and tools 
are produced in developed countries, therefore development of a strong bio
technology sector will require high levels of foreign exchange expenditure.

6 . 4 .  N a t i o n a l  p o l i c i e s  a n d  p o l i t i c a l  s u p p o r t

Virtually all governments in developing countries are directly financing 
biotechnology research, in universities or research centres or institutes. Biotech
nology development is therefore initiated generally in the educational sector for 
scientific purposes. In most developing countries, participation of the private sector 
in biotechnology research and development is minimal. In countries where biotech
nology is passing from the research to the developmental stage, some companies 
have started implementing commercial activities.

7. FAO INITIATIVES IN PROMOTING PLANT BIOTECHNOLOGY

FAO assigns a high priority to plant biotechnology and, in 1992, created a 
Plant Biotechnology Programme (PBP) to help Member States build national pro
grammes for the genetic improvement of their crops and to provide an ‘access 
bridge’ to link donors of biotechnology with scientists in the neediest countries. 
The four main areas in which the PBP hopes to offer assistance are covered in the 
following subsections [5].

7 . 1 .  P r o m o t i n g  t h e  e x c h a n g e  o f  b i o t e c h n o l o g i c a l  i n f o r m a t i o n

FAO is supporting three regional networks that provide scientists with access 
to information on plant biotechnology: the Network for Technical Cooperation in 
Plant Biotechnology (REDBIO); the Biotechnology Network for East European 
Countries; and the African Biotechnology Network.
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REDBIO, which serves Latin America, is held up as a model for the develop
ment of the other two networks. Formed in 1989, and co-ordinated by the regional 
FAO office, it links 323 plant laboratories to a central database, CADBIO, which 
contains all the information relevant to its member laboratories. A second database, 
cataloguing all Latin American bachelor, master’s and doctorate theses in the field, 
is now being established. Since 1994, a network of molecular biology and biotech
nology, prepared by the Brazilian Centre for Bio-informatic Resources, has been put 
at the disposal of REDBIO and can be accessed by electronic mail. A biotechnology 
conference is now held every 2 years in one of the network’s Member States, and 
has become one of the most important of this type in Latin America.

TABLE I. PLANT BIOTECHNOLOGY PROJECTS IMPLEMENTED BY FAO 
(FROM 1986) [6 ]

Country Purpose Year(s)
Budget 
(US $)

Argentina Micrografting of virus free plants 1987 120 000

Bangladesh Tissue culture 1993 347 000

Barbados Micropropagation 1992-1995 544 000

Cuba Cryopreservation 1992-1993 70 286

Cuba Cryopreservation 1994-1995 80 000

Egypt Micropropagation 1994 135 000

Egypt Micropropagation 1989 204 500

Ethiopia Human resources development 1988-1993 2 733 301

India Human resources development 1986-1993 1 379 400

India Genetic engineering 1988-1993 1 123 930

Jordan Plant multiplication 1992-1994 395 000

Mozambique Micropropagation 1987-1990 281 000

Nigeria Micropropagation 1993-1994 184 000

Pakistan Plant multiplication and improvement 1991-1996 3 376 000

Romania Plant multiplication 1986-1987 71 000

Tunisia Plant multiplication and 
improvement

1986 97 000

Uruguay Micropropagation of virus free plants 1990-1992 131 000

Total 11 272 417
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TABLE II. FAO FELLOWSHIPS AND STUDY TOURS ON PLANT 
BIOTECHNOLOGY (SINCE 1986) [6 ]

No. of participants Country Cost (US $)

3 Argentina 21 000

2 China 56 000

6 Ethiopia 296 700

1 Hungary 6 000

28 India 481 700

1 Nigeria 7 500

3 Pakistan 37 000

Total 44 Total 1 Total 905 900

7 . 2 .  A d v i s i n g  m e m b e r s  o n  t h e  d e v e l o p m e n t  o f  n a t i o n a l  b i o t e c h n o l o g y  
p r o g r a m m e s

The PBP provides support for the creation, evaluation and planning of 
emergent biotechnology programmes. Brazil, Chile, Costa Rica, India, the Islamic 
Republic of Iran, Nigeria, Senegal and Uruguay are all receiving advice on setting 
goals and priorities, or being assisted with medium or long term resources.

7 . 3 .  S u p p o r t i n g  n a t i o n a l  p r o g r a m m e  i n f r a s t r u c t u r e s

FAO is helping to create the physical infrastructure of national biotechnology 
programmes for several Member States (Table I) [6 ]. It also provides assistance in 
training high level scientists in tissue culture and molecular biology (Table II) [6 ]. 
The PBP has financed courses in Latin America, Africa and Asia and, in collabora
tion with the United Nations Educational, Scientific and Cultural Organization, has 
provided support to international congresses in Africa, Eastern Europe and Latin 
America.

7 . 4 .  P r o m o t i n g  t h e  t r a n s f e r  o f  r e s e a r c h  a n d  t e c h n o l o g y

In collaboration with FAO’s Seed and Plant Genetic Resources Institute, the 
programme is promoting research aimed at discovering practical solutions to the 
problems of preserving and improving plant gene resources. In Cuba, for example,
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scientists have developed a mechanism for preserving sugar cane clones in liquid 
nitrogen at a temperature of — 196°C, and their later regeneration for plant develop
ment using tissue culture techniques. Similar projects are envisaged for cassava, 
coffee and banana.

8 . CONCLUSIONS

Biotechnology, as a set of technological tools involving different disciplines, 
will play a significant role in sustainable agricultural development. It is hoped that 
this will provide solutions to the many needs and expectations of the agricultural 
sector, as long as it is used in conjunction with conventional technologies. Finally, 
there are some risks and costs involved in the implementation of plant biotechnology, 
but the greatest risk for developing countries would be not to be part of this new 
revolution.
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A b s t r a c t

MUTATION TECHNIQUES IN PLANT BREEDING.
Interest in the use of mutation techniques for generating and selecting desired genetic 

variation in crop and model plant species has significantly increased over the past decade. This 
was mainly due to: (1) successful application of in vivo mutation techniques in the breeding 
of new, improved crop varieties; (2) new opportunities for induced mutation using in vitro 
techniques for improving vegetatively propagated crops; (3) emerging possibilities for apply
ing in vitro selection of mutagenized cells and tissues; (4) increasing application of doubled 
haploids (DHs) for the rapid selection and shortening of the breeding cycle of improved 
varieties from desired mutants, and for the development of F, performing DH lines from 
heterotic hybrids; (5) advancement of rapid, often non-destructive, mass screening methods;
(6) enhanced demand for morphological, developmental and biochemical mutants of various 
species for studies on the molecular genetics of plant differentiation and development or on 
plant physiology; (7) wider availability of gene transformation technology that allows the 
transfer of desired mutated genes from model or other plant species to the desired crop plant 
(shuttle mutagenesis); and (8) application of mutation techniques for generating DNA poly
morphism and for mapping particular genes. An overview of the results of applying mutation 
techniques for crop improvement is given.

1. INTRODUCTION

Collection of information on crop varieties developed with the use of 
mutation techniques was initiated even before the official establishment of the 
Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture. 
B. Sigurbjomsson, the first Head of the Plant Breeding and Genetics Section, began
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collecting data on mutant cultivars in 1963. He presented the first classified list of 
induced mutant cultivars in 1969 [1]. This work was continued for 22 years by
A. Micke. Original information from breeders, publications or other sources on a 
new, officially released or approved mutant cultivar was transferred to an informa
tion sheet and filed. Since the first issue of the Mutation Breeding Newsletter 
(MBNL) in 1972, information on newly released mutant varieties has been published 
at the end of each issue under the title List of Mutant Varieties. On the basis of this 
information, a comprehensive, official list of mutant cultivars was published in 
1974 [2], and updated in 1985 [3]. Fast development of personal computer tech
nology enabled M. Maluszynski to organize the FAO/IAEA Mutant Varieties Data
base in 1987. Only data on mutant cultivars previously published in MBNL were 
inserted in this database. For each record/variety, information is now collected from 
30 fields, including references in MBNL. The file was recently converted to 
Microsoft Access Software by L. van Zanten.

It should be stressed that the list is not complete, because some mutant varieties 
have not been reported, or have not been brought to our attention. Also, this list does 
not include all the mutant lines used in physiological, biochemical, genetic and other 
research.

2. FAO/IAEA MUTANT VARIETIES DATABASE

There are 1790 accessions in the FAO/IAEA Mutant Varieties Database (May, 
1995). These varieties were developed either directly after mutagenic treatment or 
through crosses involving mutant varieties or mutant lines. The cumulative number 
of officially released mutant cultivars indicates that more than 50% of these varieties 
were released during the last 10-15 years (Fig. 1). Contrary to popular belief, this

FIG. 1. Cumulative number o f officially released mutant cultivars (FAO/IAEA Mutant 
Varieties Database).
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TABLE I. NUMBER OF OFFICIALLY RELEASED MUTANT CULTIVARS IN 
THE TOP SIX COUNTRIES AND THEIR PROPORTION OF THE WORLD’S 
TOTAL (1790)

Country No. of cultivars Percentage world’s total

China 304 16.98

India 243 13.58

Former USSR + the Russian Federation 209 11.68

Netherlands 176 9.83

Japan 115 6.42

USA 93 5.20

figure clearly indicates that the tendency to apply mutation techniques has increased, 
and year by year this approach is being used more widely to generate desired genetic 
sources of particular plant characters. Progress in the development of various 
biotechnologies has greatly contributed to the application of induced mutations in a 
wider range of plant species. The database indicates that mutant varieties, including 
ornamental and decorative plants, have officially been released in 158 plant species. 
The impact of induced mutations on the income of farmers and national economies 
was assessed at the FAO/IAEA International Symposium on Plant Mutation Breed
ing for Crop Improvement held in Vienna in 1990. Some of the outstanding examples 
of economic impact ranged from rice in China, Japan and the United States of 
America, to barley in the former Czechoslovakia and other Central European 
countries, including Germany and Austria, to cotton in China and Pakistan, to mung- 
bean in India, to the pear in Japan and to decorative plants in the Netherlands. Our 
database has information on the official release of mutant varieties in 52 countries. 
The top six countries listed are China, where more than 300 varieties have been 
released, followed by India, the former USSR and the Russian Federation, the 
Netherlands, Japan and the USA (Table I).

Of a total of 1790 accessions, crop species are represented by 1306 mutant cul
tivars, and ornamental and decorative plant species by 484 mutant varieties. The 
results and impact of induced mutations in the latter group of plants have been 
reviewed by Broertjes and van Harten [4, 5]. Crop mutant cultivars were mainly 
developed in seed propagated plant species (1237 accessions), whereas vegetatively 
propagated crops are represented by only 69 varieties. It is expected that recent 
developments in the biotechnology of vegetatively propagated crops will signifi
cantly stimulate the application of mutation techniques for improving important 
(mainly in developing countries) food plants such as cassava, plantain, banana, yam, 
potato, sweet potato or many fruit species.
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1306 of total 1790 accessions (May, 1 9 9 5 )

FIG. 2. Number o f officially released mutant cultivars in different seed propagated crops 
(FAO/IAEA Mutant Varieties Database).

Total 828 (May, 1995)

FIG. 3. Number o f officially released mutant cultivars o f cereals (FAO/IAEA Mutant 
Varieties Database).
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Mutant cultivars of cereals dominate (828), followed by legumes, oil crops, 
industrial crops, vegetables and other minor crops (medicinal, fruits, etc.) (Fig. 2). 
In cereals, mutation techniques were most successfully applied for improving rice 
(322 mutant cultivars) and barley (240), followed by wheat, maize, durum wheat and 
other cereals (Fig. 3). The category ‘other’ includes oats (18), millet (11), buck
wheat (8 ), pearl millet (5), sorghum (6 ), rye (4), durra (1), job’s tears (1) and 
Russian wildrye (1).

Over half of the mutant cultivars of seed propagated species were developed 
‘directly’, after mutagenic treatment and selection in subsequent generations. The 
promising mutant breeding lines selected were tested using the normal, official varie
ties release procedure and then approved as varieties. Nevertheless, some other 
mutant cultivars were developed through crosses involving other mutant varieties or 
mutant lines with desired characters. Overall, of the 1237 mutant cultivars of seed 
propagated crops, 719 were developed directly and 518 through cross-breeding. The 
relation is different for particular crops. For example, in barley, where 240 mutant 
cultivars have been released, most (204) were developed through cross-breeding. 
This was mainly due to use of a ‘semi-prostrate’ gene from the mutant cultivar 
Diamant as a unique genetic source for semi-dwarfness of high malting quality barley 
in Europe. The semi-prostrate mutant with a reduced plant height was obtained in 
the M2  generation after X ray treatment of seeds of the high quality, local barley 
variety Valticky. This mutated gene was transferred by crossing it to other varieties 
in various European countries. More than 100 spring malting barley cultivars 
derived from Diamant were developed and grown in 1987 on an area of about 
3 million hectares [6 ]. On the other hand, in rice only about 30% of the 322 mutant 
cultivars developed were obtained through crosses with mutant lines; 215 were 
developed directly from mutated plants in segregating generations. In wheat, only 
35 of 140 varieties are from crosses with mutants.

The current status of using induced mutation in agricultural research has been 
the subject of numerous publications [7-14]. The FAO/IAEA List of Mutant Varie
ties was published in 1991 for seed propagated crops, and in 1992 for vegetatively 
propagated crops [15, 16]. Application of mutation techniques for improving a 
particular crop or group of crops has been the subject of review papers published 
by the International Atomic Energy Agency in Mutation Breeding Review [17-24].

3. RICE MUTANT CULTIVARS

Rice, which is a major food crop, also has the highest number of mutant culti
vars. We have chosen it as an example in order to present more detailed information 
on the application of mutation techniques for improving a particular crop. In 1981, 
there were only 180 rice mutant varieties; as of May 1995, there are 322 accessions. 
This indicates that the general tendency for wider use of mutation techniques over
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FIG. 4. Cumulative number o f officially released mutant cultivars o f rice (FAO/IAEA Mutant 
Varieties Database).

TABLE II. NUMBER OF OFFICIALLY RELEASED MUTANT CULTIVARS OF 
RICE DEVELOPED WITH THE USE OF DIFFERENT MUTAGENS 
(Two cultivars were obtained after combined treatment with radiation and chemical 
mutagens)

Type of mutagen No. of cultivars

Physical mutagens 

Radiation:

Gamma rays (gamma rays chronic) 166 (37)
X rays 14
Neutrons 9
Other 3

Laser 2

Total 194

Chemical mutagens

N-methyl-N-nitrosourea (MNH) 9
Ethylmethanesulphonate (EMS) 8
N-ethyl-N-nitrosourea (ENH) 4
Ethyleneimine (El) 1
Ethyleneoxide (EO) 1

Total 23
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TABLE III. NUMBER OF OFFICIALLY RELEASED 
RICE MUTANT CULTIVARS WITH DIFFERENT 
DESIRED TRAITS

Character No. of released cultivars

Semi-dwarfness 128

Earliness 111

Tillering 24

Tallness 23

Improved grain quality 17

Blast tolerance 14

Adaptability 12

Glutinous endosperm 12

Salt tolerance 10

Cold tolerance 6

Photoperiod insensitivity 6

Lateness 2

TABLE IV. COUNTRY, YEAR AND IMPROVED ATTRIBUTES OF 
THE MOST SUCCESSFUL RICE MUTANT CULTIVARS GROWN 
ON 100 000 HECTARES OR MORE 
(After Rutger [22], with modifications)

Cultivar Country Year
Improved
attributes

Hectares 
(x 103)

Reimei Japan 1969 Shortness 141

Akihikari Japan 1979 Shortness 120

Nanjing No. 34 China 1981 Shortness 220

Dongting No. 3 China 1982 Shortness 120
Yuanfengzao China 1985 Earliness 1000

Qinghuaai 6 China 1986 Yield 240

Zhefu 802 China 1989 Earliness 1400
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the past 10-15 years is true also for rice (Fig. 4). Most of these mutants were devel
oped after irradiation of the seeds with gamma rays (166 cultivars). Chemical muta
gens, mainly alkylating agents such as N-methyl-N-nitrosourea (MNH) and 
ethylmethanesulphonate (EMS), were seldom used (Table II). In two cases, a combi
nation of chemical mutagens and radiation was applied. Semi-dwariness and earli
ness are the characters most frequently described in released rice mutant cultivars. 
In 14 cases, both these characters were mutated simultaneously. Other mutated 
characters were desired traits such as improved grain quality, blast tolerance, salt 
and cold tolerance, and photoperiod insensitivity (Table Ш).

Rutger [22], in a review on the impact of mutation breeding in rice, has 
reported 1 1  cultivars, produced on an area exceeding 1 0 0  0 0 0  hectares, that have 
greatly contributed to the economy of the countries or regions in which they were 
grown. This list includes Reimei, the first rice mutant variety to be released in Japan, 
which is suitable for cultivation in the relatively cold climate of Hokkaido Island, 
and the cultivar Zhefu 802, which is grown on at least 1400 X 103 hectares in 
China (Table IV).

4. CURRENT TRENDS IN THE APPLICATION OF MUTATION
TECHNIQUES IN PLANT BREEDING AND GENETICS

4.1. In vitro culture

The establishment of in vitro culture methods has opened new possibilities for 
induced mutations in many plant species. These methods are especially applied to 
vegetatively propagated plants, where mutagenic treatment of a large number of 
vegetative organs or development of large mutated populations is often unrealistic. 
Similarly, through use of the doubled haploid (DH) system it is possible to fix rapidly 
the variation generated in microspores by mutagenic treatment of the seeds or the 
flowers [25]. This method helps to avoid chimeras in the M, generation and also 
permits expression of the recessive mutated genes directly in the first DH generation. 
Nevertheless, the potential of anther culture has not been fully realized, because not 
all cultivars respond adequately to this technique. For example, the majority of rice 
indica cultivars, which cover most of the areas under rice worldwide, respond very 
poorly. It has been demonstrated [26] that ionizing radiation has improved anther 
culture response in many recalcitrant, but high yielding, rice varieties, e.g. IR8 , 
IR36, IR42, IR50 and IR64. The possible applications of an in vitro mutation system 
for crop improvement were presented in 1990 by Novak [27], and are also the subject 
of another review paper in these Proceedings [28]).
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4.2. Mutant heterosis and production of homozygous F t performing plants 
from heterotic hybrids

DH techniques have opened new possibilities for economic exploitation of the 
phenomenon of mutant heterosis [14, 25, 29]. Heterosis in the F; generation of 
some mutant crosses was reported many years ago and has been described in many 
papers (for a review, see Ref. [30]). Mutant heterosis has been described for species 
such as Arabidopsis, barley, groundnut, maize, pearl millet, petunia, rapeseed, rice, 
sesame, tomato and white sweetclover. Heterosis has been observed in crosses 
between mutants, even from the same variety, and also in some crosses of mutants 
with their parent varieties. In most cases, the statistically significant heterotic effect 
has been described for characters such as yield, plant height, leaf and flower size, 
tillering and root system. It has also been demonstrated that mutant performance 
could not be used to predict the level of heterotic effect in hybrids. In barley, for 
example, after crossing two mutants with extremely poor agronomic performance, 
excellent F, plants that outyielded the parent variety were obtained. From heterotic 
hybrids between mutants, some DH lines were selected that significantly outyielded 
the parent varieties. Of 46 DH lines produced by anther culture and evaluated in 
multilocation trials, two attained the yield of the heterotic hybrids in all yield compo
nents [25]. The following five step scheme was suggested to apply the DH system 
to fixing mutant heterosis [31]:

(1) Development of a collection of stable mutants from the best parent variety;
(2) Screening for significant heterosis in the F, generation of intermutant crosses;
(3) Production of DHs from heterotic FjS;
(4) Screening for F, performing DHs;
(5) Agronomic evaluation of the (DH) lines selected.

The possibility of ‘fixing’ (by DH lines from F) hybrids) some part of the 
heterotic effect has been confirmed by the National Institute of Agrobiological 
Resources, Tsukuba, Japan [32]. The F[ performing wheat DH lines were obtained 
from heterotic hybrids of the cross Fukuho-komugi x Oligo culm. Ba Bong and 
Swaminathan [33] have reported F, performing DH lines from some heterotic rice 
hybrids. Two of the most important advantages of using mutants and the DH system 
for ‘hybrid performing’ homozygous seed production are:

(a) Mutant heterosis can be obtained without adversely affecting the grain quality, 
plant height or disease resistance (all these characters are the same as those of 
the parent variety, except for the significant increase in yield);

(b) F( performing DH lines can be multiplied by seeds obtained from self- 
pollination.
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There is an urgent need to develop crop diversification, to find new uses for 
existing crops and to introduce modified varieties and new crops in order to meet 
new demands for chemical raw materials [34], food, fibres, pharmaceuticals and 
fuel. This is recognized in both developing countries, which are facing a shrinking 
demand for their traditional agricultural exports, and in developed countries, which 
are struggling with large surpluses of their traditional crops. The need is acute in all 
agricultural systems because of the efforts being made to reach a more sustainable 
and environmentally friendly agriculture, with more crop rotation options, reduced 
genetic uniformity and, thus, lower genetic vulnerability. Industrial crops can fill 
these needs very well, especially since many of them are also food crops [35]. 
Furthermore, they lend themselves to breeding with induced mutations, since many 
of the relevant biosynthetic pathways are controlled by one, or a few, genes [36]. 
The combined effect of induced mutations, genetic engineering and plant breeding 
could have a far reaching impact on agriculture, as has already been demonstrated 
so extensively with industrial crops such as Canola rapeseed [37] and Solin or Linola 
linseed [38, 39].

The main ways in which induced mutations can play a significant role and have 
an economic impact on these crops in the future are:

(1) A higher yield/ha of the desired product, e.g. oil, protein and starch, by 
increasing the yield and the ‘out turn’ proportion;

(2) Modifications of the product qualities, by inducing mutations that affect 
specific steps in the various biosynthetic pathways and by breeding them into 
the best cultivars [40]; these manipulations will lead to a range of ‘designer 
oils’ [41] with various fatty acid compositions and ratios [42], to proteins with 
different amino acid compositions and to different starches [43];

(3) Elimination of or a reduction in undesirable or anti-nutritional substances [37];
(4) Improved nutritional qualities and digestibility for human food, and farm 

animal and poultry feed [37];
(5) Wider use of induced mutations in model plants (e.g. Arabidopsis) and in 

major crop plants for studies on the biosynthetic pathways, as well as on the 
physiology and differentiation [44-46];

(6 ) ‘Shuttle mutagenesis’, which combines inclusion of desirable mutations in 
model plants and their transfer to economically important crops [47, 48];

(7) Development of efficient methods for screening and selecting desirable traits 
in the pollen grains and combining these with induced mutation and DH breed
ing approaches [49];

(8 ) Identification of promising wild or semi-domesticated species having unique 
products of potential economic or environmental value, and acceleration of 
their domestication by induced mutations [50].

4.3. Induced mutations in breeding industrial crops
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It should be noted that these trends will complement wider breeding efforts to 
improve plants, i.e. for better adaptation, productivity and disease resistance, and 
for a modified architecture.

4.4. Mutation techniques for molecular genetics

The advent of molecular biology has influenced the way in which people think 
about creating useful variability for plant breeding purposes. Molecular biology 
offers powerful analytical tools for analysing genetic alterations, including induced 
mutations, from improved varieties derived in the past. Classic textbook examples 
of the effects of mutagens are derived from experiments in bacteria and yeast. 
Sufficient numbers of induced mutations from plants have now been analysed at the 
molecular level, therefore it is possible to draw conclusions on plants. A survey of 
recent papers (Table V [51-62] and Refs [63-67]) shows that chemical mutagens 
tend to create small alterations (point mutations of up to 50 bp deletions), whereas 
physical mutagens (gamma rays, fast neutrons and X rays) tend to produce larger 
deletions (15 bp to tens of centimorgan), and more complicated alterations. 1 How 
are these induced mutations being put to use by geneticists and plant breeders?

Induced mutations are important for elucidating the genetics of specific 
biochemical pathways. Mutagenesis, followed by appropriate biochemical screens, 
has been very successful in identifying alterations in the ethylene and fatty acid 
biosynthetic pathways in Arabidopsis. Up to this point, the vast majority of cloned 
genes have involved single gene traits. In plant breeding, however, useful variation 
is most often provided by multigenic traits. Use of induced mutations is certain to 
play an ever increasing role in elucidating the mechanisms of the fundamental biolog
ical processes responsible for the plant variability that is utilized in applied breeding 
programmes.

There is often the need to create additional variability in specific chromosomal 
regions. Mutagenesis, physical or chemical, can provide the means whereby addi
tional mutations can be isolated in specific genes. These genetic applications are 
similar to plant breeding applications, where the design of the screen is very impor
tant for obtaining successful results.

Each population used to create a genetic map yields a different measurement 
of recombinational distance. In well characterized genetic species there are currently 
separate compilations of morphological and physical markers. Chromosomal defi
ciencies are a useful genetic tool for fine scale genetic mapping and integration of 
physical maps based on restriction fragment length polymorphisms and random 
amplified polymorphic DNAs with visible marker genetic maps. Viable overlapping

1 cM = centimorgan. Morgan is a unit of relative distance between genes on a chro
mosome. One morgan represents a crossover value of 100%; a crossover value of 1% is a
centimorgan.



TABLE V. MOLECULAR ALTERATIONS CREATED BY PLANT MUTAGENS [51-62]

Plant Locus or chromosome Mutagen Molecular change Refs

Arabidopsis ABI3, abscisic acid insensitive abi3-6, fast neutrons; 
abi3-4, EMS

abi3-4, point mutation to a stop codon; abi3-6, 
0.75 kb deletion (2.16 kb gene)

[51]

Arabidopsis axr2-l, auxin, ethylene and abscisic 
resistance

Gamma rays 19 cM deletion [52]

Arabidopsis Chalcone flavanone isomerase, CHR Fast neutrons 272 bp fragment located 38 cM away, 
transferred to one end

[53]

Arabidopsis CHL3 and NIA2, allelic chlorate 
resistance

Gamma rays Minimum of 4.5 kb gene deletion [54]

Arabidopsis CTR1, negative regulator of ethylene 

response

EMS, DEB, X  rays 1-15 bp deletions or changes [55]

Arabidopsis Dihydroflavonol 4-reductase X rays Two deletions and a 2.8 cM inversion [53]

Arabidopsis gal, gibberellin responsive dwarfs Fast neutrons and EMS 5 kb deletions + point mutations [56]

Maize al-Xl; al-X2; al-X3, 
dihydroflavonol reductase

X rays 0.2 cM deletion (140 kb?) [57]

Maize ADHl-sll08, alcohol dehydrogenase EMS Two point mutations [58]

Maize opaque 2, o2-676, reduced lysine 
degradation

EMS Point mutation [59]

Maize sh-bz-ХГ, sh-bz-X2, shrunken 
and bronze

X rays 2 cM deletion (1.4 Mb?) [60]

Maize waxy 1240, glucose starch 
glucosyl transferase

EMS 30 bp deletion [61]

Tomato Centromere on chromosome 6 Gamma rays Deletion of yv and one RFLP, H4H10
(0.1 cM?); six to seven RFLP markers (1 cM?)

[62]
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deficiencies may permit gene cloning by subtractive procedures and provide a means 
of analysing the function importance of different chromosomal regions [62, 6 8 ].

With the recognition of syntenic relationships among plant species, there is the 
likelihood that progress made in gene isolation from plant species with small 
genomes, such as rice and Arabidopsis, will be useful in related species and genera. 
The ability to create alterations useful for cloning in one species should be useful for 
mapping and cloning the same or similar genes in other species. Syntenic relation
ships have the potential to offer significant benefits for the less well investigated 
‘orphan crops’ of the developing world.
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Abstract

PRODUCTION OF MUTANTS USING THE RAPESEED DOUBLED HAPLOID 

SYSTEM.
Over the past 20 years, researchers have made major progress in haploid technology 

and protocol development for the oilseed Brassicas. Availability of refined protocols for the 

production and manipulation of haploid tissue has attracted the attention of breeders, geneti
cists and biotechnologists alike. Efficient and rapid production of haploid embryos from 
immature pollen grains provides an opportunity to combine in vitro mutagenesis with selection 
for novel genotypes from large populations of genetically unique haploid and doubled haploid 

plants. Chromosome doubling in haploids produces fertile diploid true breeding plants 
homozygous for all traits. Application of chemical or physical mutagens to microspore 

cultures provides genetic alterations for selection. Microspore technology has been utilized in 

the production of rapeseed lines resistant to numerous herbicides and has modified the fatty 

acid contents of seed oil and improved the quality of seed meal.

1. INTRODUCTION

Haploid plant tissue, whether single cells, undifferentiated cell clusters, organs 
or fully developed plants, is the ideal starting point for crop improvement when 
coupled with mutagenesis. Ideal, simply because all the genetic alterations in haploid 
tissue are expressed in the haploids and in the doubled haploids. Recent advances 
in specialized cell culture technology provide plant breeders with an opportunity 
not only to generate and identify beneficial genetic variants but also to rapidly 
incorporate novel plant characteristics into crop species.

Rapeseed (Brassica napus, B. rapa and B. júncea) is now the third most impor
tant source of edible vegetable oil in the world after palm and soybean oils [1 ]. 
Increased rapeseed production and commercial/public acceptance are exclusively 
due to the substantial change in fatty acid composition of the seed oil, accomplished 
through classical breeding. Molecular geneticists, biotechnologists and plant 
breeders are currently further improving and modifying the quality of rapeseed oil 
and meal utilizing emerging haploid technologies.
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Haploids of rapeseed are produced in the laboratory from gametic tissue, 
namely, immature pollen grains (microspores). In short, microspores are extracted 
from flower buds and cultured in an enriched liquid medium under sterile conditions 
in vitro, where they rapidly develop into haploid embryos and subsequently ger
minate, producing sterile haploid plants. Colchicine treatment enforces chromosome 
doubling, returning the plants to full fertility.

Initially, haploid production from microspores was reported in 1964 in Datura 
innoxia [2] from anther culture; shortly thereafter, it was also reported in B. oleracea 
and B. napus by Kameya and Hinata [3] in 1970 and Thomas and Wenzel [4] in 1975, 
respectively. To date, microspore embryogenesis from anther culture has been 
reported in well over 200 species [5]. Once Lichter [6] and Keller and Armstrong 
[7] had shown that isolated microspore culture in Brassica was possible, an efficient 
protocol was rapidly developed that could deliver the equivalent of many hundreds 
of embryos per anther [8-12].

2.1. Advantages of the microspore system

The exceptional value of microspore culture and doubled haploid production 
to rapeseed breeding is manifold:

(1) Haploid technology for B. napus is highly developed and protocols for
B. júncea and B. rapa are emerging [13-15];

(2) Haploid plants generated from microspores of an F, hybrid represent a 
gametic array, each carrying a unique combination of parental genes that allow 
breeders to select plants from a large number of variable gene combina
tions [16-18];

(3) Microspores are infinitely abundant and embryogenic response is unaffected 
in immature pollen from donor plants grown in diverse or varying growth 
facilities (growth chambers, glasshouses, fields);

(4) Cryopreservation of rapeseed microspores is possible without loss of embryo
genic capacity and often with a concomitant increase in spontaneously doubled 
embryos in culture [19, 20];

(5) Rapid and direct development of microspores into haploid embryos reduces or 
precludes the incidence oogenetic anomalies;

(6) The very high frequency of embryo initiation from microspore cultures is 
superior to that of most somatic culture systems;

(7) Haploids express both dominant and recessive genes and therefore are valuable 
in plant breeding, selection, transformation and mutagenesis;

(8) The specific and synchronous morphological stages of embryo development 
easily identify various windows for tissue manipulation and mutagenesis;

2. PRODUCTION OF HAPLOIDS
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(9) The microspore system allows for the development and screening of extremely 
high numbers of embryos in a minimum space and with very little labour;

(10) The embryo, used as the unit of selection, is more likely to characterize a 
vegetative plant than single cells or callus tissue;

(11) Efficient colchicine doubling of haploid plants produces genetically fixed, 
homozygous, fertile, true breeding individuals; the doubling rate, generally, 
is in excess of 90%.

2.2. Microspore culture technology

After Lichter [6] had first successfully initiated haploid embryos in an enriched 
liquid medium from isolated microspores of Brassica, numerous researchers partici
pated in perfecting the protocol to its present high level of efficiency [8-12, 21-27]. 
The following abbreviated microspore culture protocol is taken from Coventry 
et al. [28].

Flower buds approximately 3-4 mm in length are surface sterilized in 5.6% 
sodium hypochlorite bleach for 10-15 min, followed by three rinses in cold sterile 
water. The buds are mechanically homogenized with a blender for 20-30 s in a 
sterile stainless steel 50 mL blender cup, and the slurry is poured through a 44 ¿tm 
mesh and washed through with cold liquid B5 medium [29]. The filtrate is cen
trifuged three times at 1000 rev/min for 5 min, the spore pellet being resuspended 
in fresh cold B5 medium each time. Spores are finally resuspended in 50 mL of 
modified liquid Lichter’s medium [6], and plated at a concentration of 
60 000-100 000 spores/mL (equivalent to 1 million spores/10 mL of medium/ 
standard petri dish). Sealed culture plates are incubated at 30°C in the dark for 10 d, 
or until the embryos are visible, then the plates are transferred to a slow gyratory 
shaker (60 rev/min) at room temperature and maintained in darkness, where the 
embryos reach maturity 1 month after microspore extraction. Under sterile condi
tions, the mature cotyledonary embryos, now approximately 5 mm in length, are 
transferred to agar plates with B5 medium and stored at 4°C for 10 d with an 8 h 
photoperiod [27]. The plates are moved to a 25°C, well lit incubator for germination. 
After 30 d, the germinated embryos, with well developed root and shoot systems, 
are planted in soil. When the flowering stalk begins to bolt (2-3 weeks), the roots 
or haploid plants are rinsed clear of the soil and dipped into a 0.34% colchicine 
solution for 2 h and set under strong lights to enhance their uptake of colchicine 
in order to induce doubling of the meristematic cells in the axillary buds. After the. 
colchicine treatment, the roots are thoroughly washed and the plants replanted in the 
soil. Within 3 weeks, the axillary buds produce doubled racemes with large fertile 
flowers.
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Mutagenesis has provided the means of increasing genetic variability in crop 
plants for several decades. Since the recovery of recessive mutants through classical 
breeding methods is difficult in higher plants because of the diploid nature of sporo- 
phyte tissue, mutagenesis of haploids becomes a very attractive alternative. When 
coupled with in vitro selection, microspore mutagenesis can provide an extremely 
powerful system for modifying and selecting traits in crop plants, particularly 
because this culture system exhibits rapid embryo development and allows easy 
manipulation of extremely large populations of individuals with minimum labour or 
cost. Without difficulty, several times per week, 200-400 million microspores can 
be isolated, mutagenized and maintained, yielding several hundred thousand 
embryos at physiological maturity within 3-4 weeks [10].

3.1. Application of mutagens

Although random mutations occasionally occur in culture, the incidence of 
genetic variants can be dramatically increased by the exposure of haploid cultures 
to a mutagenizing agent. Mutations can be induced in haploid tissue of Brassica at 
any point during embryogenesis or plant development; however, the ideal time is 
during the single cell stage, shortly after isolation. Homogeneity of the embryo 
tissues is ensured in that all the cell nuclei within the developing embryo derive from 
the original mutagenized single cell, and development of chimeral sectors in embryo 
tissue is avoided. Various chemical or physical mutagens can be applied, depending 
on the target tissue and the effect desired. Sodium azide (NaN3), ethylnitro- 
sourea (ENU), ethylmethanesulphonate (EMS), and gamma and ultraviolet (UV) 
irradiation have been utilized in mutagenesis experiments in B. napus with some 
success [10, 22, 30].

3.2. Development of the kill curve

To ensure a consistent and predictable level of dose intensity for genetic altera
tions in microspore culture, a kill curve is generated. For example, increasing levels 
of a mutagenic treatment, such as gamma radiation (0, 5, 10, 15... 80 Gy), are 
applied to fractions of a microspore population within the first 48 h of isolation. Data 
collected on embryo initiation from each treatment are used to generate a kill curve 
that reflects the relative effect of each treatment, varying from 100 to 0% survival 
of the embryos. If the desired intensity of irradiation is LD50, then the ideal gamma 
irradiation treatment is that which reduces the embryo population by 50% compared 
with the control treatment at 0 Gy [22]. Chemical mutagens can be more difficult

3. MUTAGENESIS
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to apply than irradiation, simply because spores in culture are extremely fragile dur
ing the first few days in culture. Screening or centrifugation of cultures to remove 
the chemical mutagens can easily damage swollen spores and developing embryos.

4. IN VITRO SELECTION

4.1. Selectable traits

The microspore culture system is most effective in plant breeding if both the 
mutagen application and the selection of novel traits can be carried out in vitro. 
Unlike genetically engineered transgenic plant tissues, which often include gene 
constructs carrying readily selectable traits in vitro, e.g. resistance to specific anti
biotics, the microspore culture mutagenesis system must rely on observable traits 
that are expressed in single cells, embryos or haploid plants. Ideally, altered traits 
should be readily selectable. Consequently, initial research involving directed gene 
modifications by mutagenesis utilizing this microspore system was involved in the 
selection for herbicide resistance. Direct application of the herbicide as the selection 
agent to the culture medium enforces immediate expression of tolerance in the tissue. 
Selection for herbicide resistance is likely to be the simplest test for this system, since 
a single point mutation at any one of a number of genes could effectively interfere 
with the uptake, assimilation or translocation of the herbicide, resulting in a 
resistant/tolerant plant. Nevertheless, mutation technology coupled with embryogen
esis in microspore culture of rapeseed is currently being exploited for the selection 
of other traits, e.g. an improvement in the seed quality by modifying the fatty acid 
profiles and altering the glucosinolate and sinapine levels in the oil and meal. The 
multigenic control of these qualitative traits makes in vitro selection considerably 
more costly and difficult.

4.1.1. Selection for herbicide resistance

A number of mutagenizing agents have been tested in conjunction with selec
tion for herbicide resistance: gamma radiation (5-15 Gy), ENU, EMS, NaN3 and 
UV [10, 22, 30]. Mutation and selection events can be applied at alternate stages in 
embryo development, or sequentially. Swanson et al. [30] mutated freshly isolated 
spores at LD50 using either 20 mM ENU or 5 Gy gamma radiation, immediately 
followed by exposure of the mutated spores to the selection agent in the medium 
containing 3 ppb chlorosulphuron (Glean®). Matured surviving embryos were trans
ferred to a germination medium for 5 d and then subcultured to agar plates containing 
5 ppb chlorosulphuron in the germination medium. The enzyme affected by chloro
sulphuron in Bras sica is AH AS (acetohydroxyacid synthase), which is involved in 
the biosynthesis of several amino acids (leucine, valine, isoleucine). Tolerance
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mechanisms involving dominant, semi-dominant and recessive mutations have been 
reported, and selected mutant plants have tolerated a level of 30 g/ha of chloro- 
sulphuron in experimental greenhouse tests. Further, Swanson et al. [31] have 
reported successful selection of plants tolerant to the imidazolinone family of herbi
cides (Scepter, Pursuit, Assert) using a similar mutation/selection system. Field tests 
have indicated that the resultant mutant plants were unaffected in agronomic traits 
such as seed yield, maturity, oil quality and disease tolerance. At least two separate 
unlinked genes are involved in these imidazolinone mutants, conferring tolerance 
that is at least twice the recommended field rate of herbicide.

Selection for herbicide resistance has also been effective at the mature embryo 
stage using chlorosulphuron at 6 ppb [22] or glyphosate (Roundup®) at 0.25 mM in 
the medium [10]. In this case, the protocol for manipulation of the embryos was 
altered to accommodate large numbers of germinating embryos. Rather than transfer 
embryos to agar culture plates for germination, selectable embryos were placed in 
large flasks on a gyratory shaker in liquid germination medium together with the 
selection agent under lights. Very large populations of germinating, greening 
embryos were screened in this manner, qpd within a few days the selected individuals 
were transferred to standard agar plates for further development. After colchicine 
doubling, field testing of corresponding St progeny showed variable levels of 
tolerance among mutant rapeseed lines.

4.1.2. Selection for modified seed oil composition

The commercial value of the oilseed Brassicas is reflected in the fatty acid 
composition of the edible oil. Rapeseed oil has the lowest level of saturated fatty 
acids (6%) of any vegetable oil, a desirable high level of both mono-unsaturated fatty 
acid (60%) and omega-3 fatty acid (10%), and a reasonable amount of essential fatty 
acids (20%). Recent nutritional studies indicate that oleic acid reduces the level of 
harmful low density lipoprotein cholesterol in humans. From the human health per
spective, rapeseed oil could further benefit by elevating the mono-unsaturated oleic 
fatty acid content and by reducing the levels of the saturated fatty acids (stearic, 
palmitic) and the poly-unsaturated linolenic fatty acid. Increased industry demand 
and utilization of specialty oils has renewed the interest of researchers and plant 
breeders, and the microspore culture system has already been utilized in accelerated 
development of new oil products through mutagenesis [32].

In vitro microspore derived embryos show an oil accumulation process that is 
similar to in vivo seed embryos [33, 34]. The fatty acid composition in the mature 
seed embryo compared well with that of 28 d old haploid embryos in culture in all 
eleven of the fatty acids profiled, justifying selection efforts for modified fatty acid 
contents among mutagenized microspore derived embryos [35]. The protocol allows 
analysis of pieces of cotyledonary tissue from mutagenized haploid embryos to iden
tify novel genotypes with improved oil quality without destruction of the embryo.
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Since this procedure preserved the embryo root/shoot axis, selected embryos were 
germinated and doubled, thus fixing the selected genotype.

Elevation of oleic acid levels from 60 to 85 %, with concomitant reduction in 
linolenic acid from 10 to 3%, has been reported using haploid technology and muta
genesis [32]. Cultured microspores of the winter B. napus cultivar Winfield were 
treated with ENU, and seed of the resultant population of 3000 doubled haploid 
plants was screened for fatty acid modifications. A large number of mutants was 
detected, with changes in both directions, in most of the important fatty acids in 
Brassica. Since lipid biosynthetic pathways are interconnected, a single mutation can 
simultaneously affect the content of several fatty acids. For example, the increased 
level o f oleic acid content was likely to result from a mutation that blocks the desatu
ration of oleic to linoleic acid, resulting in a buildup of oleic acid and a decrease in 
poly-unsaturated fatty acids, while palmitic and stearic (saturated) fatty acids were 
unchanged. Plants carrying this mutation produce oil favourable both to human 
health (high oleic acid) and to industry, offering greater oxidative stability for a 
longer shelf-life of oil (lowered linolenic acid).

Furthermore, at 6% the level of saturated fatty acid content is relatively low, 
and consequently rapeseed oil is already recognized as the best vegetable oil for 
human consumption. It was possible to identify a doubled haploid line from a previ
ously mutagenized seed lot with a saturated fat content of 3.6% [36]. Although selec
tion of this line with a reduced saturate content in the oil was not a direct result of 
mutagenesis o f the haploid cells, haploid technology nevertheless was important in 
isolating and fixing the mutation in a true breeding doubled haploid line.

4.1.3. Selection fo r  improved seed meal

Members of the genus Brassica characteristically accumulate glucosinolates in 
seed and vegetative tissues. Glucosinolates are sulphur based secondary metabolites 
that are damaging to proteins when hydrolysed by specific enzymes and are responsi
ble for the pungent aroma associated with cole crops and mustards. The presence of 
these compounds in seed meal after crushing results in goitrogenic effects and 
reduced weight gain when fed to monogastric livestock, seriously reducing the value 
of rapeseed meal, despite its high protein content. Germplasm with a tenfold 
decrease in alkenyl glucosinolate content has been developed through classical breed
ing since the discovery of a low glucosinolate Polish cultivar, Bronowski, but the 
levels of indolyl glucosinolates have remained unchanged [37]. Low glucosinolate 
content constitutes one zero of the ‘double zero’ designation (‘00’) along with a 
reduced content of erucic acid, which together define cultivars of oilseed Brassicas 
as ‘canola’. Specifically, canola is a high quality rapeseed with less than 1% erucic 
acid (22:1) in the seed oil and less than 15-30 /¿mol of glucosinolate per gram of 
meal. Since canola meal is an excellent source of concentrated protein for livestock
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feed, a further reduction in the total glucosinolates in canola should be a major 
breeding objective.

Indolyl glucosinolate accumulation in germinating cultured haploid embryos is 
similar to that of diploid seed embryos in canola, although alkenyl glucosinolate 
accumulation is absent [38]. Since most of the remaining glucosinolates in canola are 
of the indolyl type, mutagenesis combined with in vitro selection could possibly 
reduce the total glucosinolates still further. Use of the microspore selection system 
for glucosinolates need not be complicated. In our laboratory, the in vitro 
mutagenesis/selection system has been recently utilized to rapidly and cheaply detect 
the reduced total glucosinolate levels in mutagenized haploid embryos of B. carinata, 
where the glucosinolate content in the seed is still very high. In microspore culture 
with poor embryogenesis (less than 30 per culture plate), haploid embryos grow to 
1 cm in length; in contrast to embryos developing in a high density population (1000 
or more per culture plate), the embryos are generally 2-3 mm or less in size [28]. 
Such embryos produce an amount of cotyledonary tissue that is sufficient for prelimi
nary glucosinolate screening with Testape. A comparison of the presence of 
glucosinolates in cotyledonary tissues of haploid embryos was made from donor 
plants of: (a) B. carinata, with a known high glucosinolate content in the seed;
(b) B. napus cv. Golden, also with a known high glucosinolate content in the seed; 
and (с) B. napus, a canola quality breeding line with a low glucosinolate content in 
the seed. Intentionally dilute cultures were prepared from these three lines to gener
ate embryos with large cotyledons. Thirty day old haploid embryos were rinsed three 
times in sterile water, patted dry, then pieces of approximately equal size 
(2 mm X 4 mm or 4 mm X 4 mm) were cut from cotyledons and individually tested 
with Testape for detection of glucose. The results clearly indicated that canola 
embryos consistently had a very low glucosinolate content, while the others were 
high. Subsequently, among mutagenized embryos of B. carinata, individuals were 
found with a reduced glucosinolate content. Seed from the selected and doubled 
plants will be further assessed for specific glucosinolate content with gas chromato
graphy.

The sinapine content of canola meal contributes to dark coloured meal and to 
the off-flavour of eggs when it is fed to some poultry varieties. Although a number 
o f different phenolics are involved in the oxidation reaction, the abundance of 
sinapine in Brassica meal suggests that this sinapoyl derivative is largely the cause 
of the phenolic browning process. The sinapine content can be reduced by ammonia 
and steam treatment of the meal [39], but the reduction of sinapine content in canola 
seed should be an important breeding objective. Cultured microspore derived
B. napus embryos express the full range of sinapic acid metabolic interconver
sions [40] established for germinating seeds [41]. Since sinapic acid and its deriva
tives fluoresce under long wavelength UV light, exhibiting a distinctive colour 
change in the presence of ammonia vapour, visual screening o f tissue samples for 
the presence or absence of fluorescent compounds is theoretically possible. A non
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destructive method has been developed for screening cotyledon tissue from 
mutagenized embryos for reduced sinapine content using simple paper chromato
graphy [42].

5. CONCLUSIONS

Current emerging haploid technology offers researchers and plant breeders the 
opportunity to apply mutagens in vitro efficiently and safely, to select for novel geno
types from very large haploid populations in vitro and to rapidly fix selected geno
types as fertile true breeding lines. Although protocol development for in vitro 
mutagenesis and selection for improved quality and agronomic traits in rapeseed 
using the microspore culture system are still in their infancy, some very important 
progress has already been made.
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Abstract

PRODUCTION OF MUTANTS USING BARLEY DH SYSTEMS.
Application of a haploid system in mutagenesis allows for immediate fixing of the 

mutated genotype and selection of mutants with higher efficiency. There is, however, a lack 

of protocols dealing with the production of barley mutants using haploid techniques. The 

objective of this experiment was to evaluate different mutagens and methods of treatment for 
inducing high frequency in desired barley doubled haploid (DH) mutants using anther culture. 
Two different methods of mutagenic treatment were applied: (1) seed treatment allowing use 

of M, plants as the donors for anther culture; (2) irradiation of spikes containing microspores 
at a proper stage for initiating androgenesis. Chemical (MNH and NaN3) and physical 
(gamma radiation) mutagens were used for seed treatment. About 200 DH lines from 

mutagenically treated materials were produced and evaluated for the presence of genetic varia
tion in DH2 and DH3 progeny. Numerous DH lines, homozygous for morphological 
mutation, were detected in material originating from the mutagenic treatments. Among these 
were dwarf, semidwarf, eceriferum and non-lethal chlorophyll mutants. Some lines expressed 

changes in isozyme pattern or activity. The average frequency of DH lines carrying 
homozygous morphological and/or isozyme mutation (calculated for all treatments and 

genotypes) was 12.3%, and the average frequency of DH lines with changes in quantitative 

traits was 18.4%. Chemical treatment of the seeds was the most efficient method, reaching
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N o. 7719/RB.

517



518 SZAREJKO et al.

26.1% DH mutants with morphological changes compared with 5.3 and 3.1% after gamma 

radiation applied to seeds and spikes, respectively. While use of chemically treated M, plants 
as the donors for anther culture did not affect anther culture response (on the contrary, it was 
stimulated in some genotypes), this approach can be recommended as the most efficient way 

of producing DH mutants in barley.

1. INTRODUCTION

Doubled haploids (DHs) have been employed in many areas of barley research 
and breeding. Application of the DH system can significantly speed up breeding pro
grammes by shortening the time required for producing pure lines and by increasing 
the efficiency of selection. Pickering and Devaux [1] have reported 12 barley 
cultivars (obtained using the DH technique) that have been cultivated in six coun
tries. All were produced via the ‘Bulbosum’ method. However, as a result of recent 
achievements in anther and microspore culture, new barley cultivars developed via 
androgenesis have recently been released in Europe [2]. In research, DHs have 
proved to be very useful in studying quantitative inheritance, including detection of 
the gene interaction and the number of segregating genes, and estimation of the 
genetic variances or genotype-environment interaction [3, 4]. Development of 
molecular marker maps of barley, as well as mapping of quantitative trait loci 
(QTL), have been almost entirely based on DH populations [5-8]. Application of 
DHs developed from the F[ generation instead of using F2 progeny in genetic 
studies not only makes the segregation ratios simpler and selection of desired 
recombinants easier but also makes it possible to deal with smaller populations. 
Microspores or microspore derived embryos have been used as targets for gene 
transfer [9-11]; transformed fertile barley plants have been obtained by the latter 
authors. Another approach to genetic transformation utilizing barley microspores has 
been proposed by Salmenkallio-Marttila and Kauppinen [12], who have developed 
an efficient plant regeneration system from protoplasts isolated from the microspore 
cultures of barley. Hoekstra et al. [13] have suggested that the microspore system 
can be used as an attractive model for studying the molecular mechanism that 
controls the switch from the gametophytic to the sporophytic pathway. The subject 
o f barley haploid production and application has been reviewed in detail by many 
authors, most recently by Pickering and Devaux [1], King and Kasha [14] and 
Kasha et al. [10].

Induced mutations offer another opportunity for utilizing haploidy, although to 
date this method has not been exploited in barley. The DH system can be employed 
at almost all steps of mutation induction and selection. Haploid cells, e.g. micro
spores, can be the target for mutagenic treatment prior to or at culture. Selection of 
mutants can be performed at the level of haploid or DH plants, and for some 
characters has already been initiated in vitro at the haploid embryo level, as
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demonstrated in Brassica napus [15]. The DH system can also be employed for the 
so called ‘cleaning’ of mutants of undesired genetic changes and for the development 
of mutant recombinants in crosses with other varieties or breeding lines. The main 
advantages of applying the DH system in conjunction with mutation techniques are:

(1) Chimerism is avoided;
(2) Mutated genotypes can be rapidly fixed;
(3) Screening for recessive mutants in the first generation after mutagenic treat

ment is possible;
(4) The production cycle of pure mutant/recombinant lines is shortened;
(5) The selection efficiency of desired mutants is increased;
(6) Application of the selection factor at the haploid or DH cell/embryo/

callus/plant level is possible.

In conventional mutagenesis for seed propagated crops, selection of mutants 
is usually carried out in the M2 or M3 generation after mutagenic treatment of the 
seeds [16]. If selection is conducted on a single plant basis in the M2 generation, the 
segregation ratio for a recessive mutant (in the progeny of an individual M, plant) 
is seldom 3:1. Owing to the chimeric structure of M, plants and the somatic effects 
of mutagenic treatment, there will always be a deficit of recessive mutants in M2 
progeny. Additionally, mutagenic treatment usually induces more than one mutation 
per initial cell, and the desired mutation can be accompanied by undesired ones. This 
can result in a further decrease in the frequency of selected mutants (Fig. 1). The 
homozygosity test must be performed (in the M3 or M4 generation) before the true 
to type homozygote mutant line is used either for direct agronomic evaluation or for 
a cross-breeding programme.

Application of the DH system offers at least three advantages over selection 
of mutants in the M2 generation. First, all mutants selected on the basis of their 
phenotype in the DHj generation are genetically fixed and will not segregate in DH2 
progeny. Second, the production cycle of homozygote mutants is shorter by one to 
two generations. Third, the frequency of a selected mutant in DHt is much higher 
than that in the M2 generation (Fig. 2). This allows use of much smaller populations 
when screening for a desired mutation.

To exclude an undesired mutation from the selected mutant genotype, the 
procedure called ‘mutant cleaning’ is proposed. Backcrossing of a mutant to the 
parent variety and selecting for the mutant recombinant that carries only the mutation 
needed in the unchanged genetic background of the parent variety is the procedure 
that should be applied (Fig. 3). Utilization of the DH system with this procedure can 
speed up the production of ‘clean’ mutant lines and increase the efficiency of their 
selection.

Before the DH system can be used for mutation induction, an efficient 
DH production technique must be available for a particular species. Isolated 
microspore culture is considered the best tool for mutagenesis and selection because
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FIG. 1. Coventional mutation techniques in seed propagated crops. Frequency o f a desired 
mutant in M2 progeny o f an individual M¡ plant, taking into consideration the chimeric struc
ture o f the Mj plant with an equal contribution o f three initial cells to seed production.
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M¡ plant with an equal contribution o f three initial cells to seed production.
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of the uniform, embryogenic development of microspores, the short time of culture 
and the possibility of carrying out in vitro selection at the embryo level. 
Unfortunately, up to now the isolated microspore culture in barley is highly genotype 
dependent and can be used only for a few genotypes, the winter cultivar ‘Igri’ being 
the most responsive [14]. For this reason, the anther culture technique, which 
is less genotype and environment dependent, was used for producing DH mutants 
in this study.

2. MATERIALS AND METHODS

Doubled haploid lines obtained after the mutagenic treatment of three spring 
barley genotypes were used as the materials. Two cultivars, Bruce and Diva, and 
the breeding line H930-36, which is a DH line (produced via the Bulbosum method 
from a cross of the cultivars Mata and Klages), were used as the donors for anther 
culture. Seeds of the H930-36 line were kindly provided by D. Falk, University of 
Guelph, Guelph, Ontario, Canada.

Two different methods of mutagftiic treatment were applied:

(1) M] plants, originating from seeds treated with mutagens, were used as the 
donor plants for anther culture;

(2) Spikes containing microspores at a proper stage for initiating androgenesis 
were irradiated directly before culture.

Chemical and physical mutagens were used for seed treatment. For chemical 
mutagenesis, N-methyl-N-nitrosourea (MNH) and sodium azide (NaN3) were 
utilized. Double treatments ( 2 x 3  hours) with a 5 hour interincubation germination 
period [17] were applied in the following combinations: 0.5 mM MNH + 0.5 mM 
MNH; and 1.5 mM NaN3 4- 0.7 mM MNH. For physical treatment of the seeds, 
gamma irradiation at the relatively low dose of 120 Gy was used; much lower doses 
(1, 5 and 10 Gy) were employed for irradiating the spikes directly before culture. 
Non-treated material was used as the control in order to compare the level o f induced 
mutations with gametoclonal variation.

In total, 195 DH lines from mutagenically treated material were produced and 
included in a further study; most o f them derived from M, plants, while only about 
20% were from spike irradiation. Additionally, 83 DH lines originating from the 
non-treated material were examined. Analysis of genetic variation, carried out in the 
DH2 and DH3 generations, was based on:

(a) Observation of the morphological changes, including the non-lethal 
chlorophyll mutations;

(b) Isozyme analysis of three enzyme systems (EST, GOT, LAP);
(c) Analysis of the quantitative traits related to yield (plant height, spike length, 

number and weight of grains per plant, tillering, 1000 grain weight).
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The generatively propagated plants of the parent genotypes were used as the 
control in this study. Analysis of variance and the LSD range test were calculated 
for the quantitative traits, using the MSTAT-C statistical program.

In an additional experiment, the androgenic ability of the M! plants obtained 
after chemical treatment of two Peruvian breeding lines of spring barley (line 2194 
and line 3545), provided by M. Romero Loli, Agricultural University, Lima, Peru, 
was evaluated. Seeds of both genotypes were double treated with 0.5 mM MNH in 
the same way as described above. The Mj and non-treated plants were grown in the 
greenhouse during the winter/spring season, or in the experimental field of the 
Department of Genetics, Silesian University, Katowice, Poland.

3. RESULTS AND DISCUSSION

Numerous DH lines, homozygous for a morphological and/or isozyme 
mutation, were detected in the materials originating from the mutagenic treatment 
(Table I). Among them were semidwarf and dwarf mutants (sometimes very 
extreme), eceriferum forms, different non-lethal chlorophyll mutants and lines 
expressing changes in isozyme pattern or activity. One of the isozyme mutants had 
a low enzyme activity in all the enzyme systems and loci investigated. This change

TABLE I. MORPHOLOGICAL AND ISOZYME DH MUTANTS DETECTED 
AMONG DH LINES DERIVED FROM MUTAGENICALLY TREATED 
MATERIALS

Phenotype of the DH mutants No. of independent 
DH mutants

‘White stripe’ seedling 1

Dwarf 6

Dwarf; ‘white stripe’ seedling 1

Dwarf; ‘zebrina’ seedling 1

Dwarf; low activity of EST, GOT, LAP 1

Semidwarf 1 0

Semidwarf; slow Est5 1

Eceriferum 2

Very low activity of Estl 1
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TABLE П. FREQUENCY OF DH LINES WITH CHANGES IN THE 
MORPHOLOGY AND/OR ISOZYME PATTERN

No. of DH lines
DH lines with changes

Treatment Genotype
analysed Homozygotic Heterozygotic

(No.) (%) (No.) (* )

Non-treated Bruce 36 _ _ _ _

Diva 16 1 6 . 2 — —
H930-36 31 — — 2 6.4

Total 83 1 1 . 2 2 2.4

Seed treatment Bruce 2 0 2 1 0 . 0 — —
(chemical mutagens) H930-36 49 16 32.6 1 2 . 0

Total 69 18 26.1 1 1.4

Seed treatment Bruce 2 2 2 9.0 _ —
(gamma rays) Diva 38 2 5.3 1 2 . 6

H930-36 34 1 2.9 — —

Total 94 5 5.3 1 1 . 1

Spike/anther Bruce 17 — — 1 5.9
irradiation Diva 8 1 12.5 —

H930-36 7 — —

Total 32 1 3.1 1 3.1

was accompanied by dwarf phenotype, reduced vigour and abnormal seed develop
ment under field conditions. The semidwarf form was the most frequent type of 
morphological variation observed.

The average frequency of DH lines carrying homozygous morphological 
and/or isozyme mutation, calculated for all the treatments and genotypes, was 
12.3%. There were, however, great differences between the efficiency of different 
mutagenic treatments (Table П). Chemical treatment of the seeds with MNH and 
NaN3 +  MNH appeared to be much more effective than any combination with 
gamma rays. The frequency of homozygous mutants obtained after chemical 
mutagenesis reached 26.1% , compared with 5.3 and 3.1% observed after gamma 
irradiation of the seeds and spikes, respectively. O f the DH lines analysed, there 
were a few segregating for morphological mutation, most often chlorophyll
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TABLE III. FREQ UEN CY  OF 
Q U AN TITA TIVE TRAITS

DH LINES W ITH CHANGES IN THE

Treatment Genotype No. of DH lines 
analysed

DH lines with changes 

(No.) (%)

Non-treated Bruce 30 8 26.7
Diva 1 0 1 1 0 . 0

H930-36 27 2 7.4

Total 67 1 1 16.4

Seed treatment Bruce 17 6 35.3
(chemical mutagens) H930-36 32 8 25.0

Total 49 14 28.6

Seed treatment Bruce 17 2 1 1 . 8

(gamma rays) Diva 24 3 12.5
H930-36 25 5 2 0 . 0

Total 6 6 1 0 15.1

Spike/anther Bruce 17 — —
irradiation Diva 8 3 37.5

H930-36 7 — —

Total 32 3 9.4

seedlings. These changes, which were similar to the morphological variants 
observed among DH lines derived from the non-treated material, must have resulted 
from gametoclonal/somaclonal variation. The level o f variation (an average of 2.1 % 
for all 278 DH lines analysed) was more than 10 times lower than the frequency of 
genetic changes observed after chemical treatment.

Analysis of the quantitative traits related to yield also revealed the highest level 
o f variation among DH lines produced from anther culture of the M] plants 
originating from the chemical mutagenesis of seeds (Table Ш). More than 28% of 
the DH lines derived from this treatment exhibited at least one significant difference 
to the control (i.e. the generatively propagated parent variety), regarding characters 
such as plant height, tillering and the number and weight of grains per plant. 
Those DH lines that showed any morphological change, including the obvious 
semidwarf phenotype, were not included in this analysis. Physical treatment of
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the seeds at the dose applied (120 Gy) was much less effective than chemical 
mutagenesis, showing only 15.1% of the DH lines with changes in the yield 
parameters. This average frequency did not differ from the level of variation in quan
titative characters observed among DH lines from the non-treated material. It should 
be noted, however, that there were great differences between the level o f variation 
detected in particular genotypes. Regarding the quantitative traits, only 7.4% of the 
DH lines derived from the non-treated line H930-36 showed changes, compared with 
26.7% in Bruce. Line H930-36, being a DH, should be void of any pre-existing 
heterozygosity. It also showed a much lower level of gametoclonal variation than the 
variety Bruce in our previous studies [18]. On the other hand, the low level of genetic 
changes observed among DH lines produced from the irradiated seeds could have 
resulted from the relatively low dose of gamma radiation (120 Gy) applied in this 
experiment.

The lowest average frequency of DH lines with genetic changes, for both the 
qualitative and the quantitative characters, was observed after spike irradiation. It 
should be pointed out that only 32 DH lines could be produced from these treatments, 
while more than 160 DH lines were obtained in the same experiment using M, 
plants as the donors for anther culture. Furthermore, all the DH lines derived from 
the irradiated spikes were obtained only after treatments with 1 and 5 Gy; 10 Gy 
applied to spikes before culture was detrimental to anther response for all the geno
types used in this study. Even doses as low as 1 and 5 Gy drastically decreased the 
efficiency of anther culture for some genotypes (Fig. 4). Barley anthers appeared to 
be very sensitive to radiation. It should be noted that similar low doses of gamma

FIG. 4. Frequency o f green plant regeneration from the anther culture o f three barley 
genotypes after irradiation o f the spikes with gamma rays.
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FIG. 5. Frequency o f green plant regeneration from the anther culture o f M¡ plants of the 
H930-36 line after treatment of the dormant seeds with physical and chemical mutagens.

FIG. 6. Enhancement o f green plant regeneration from the anther culture o f two barley 
breeding lines after mutagenic treatment of the seeds with MNH (the M, plants were grown 
either in the greenhouse or under field conditions).
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radiation applied to wheat spikes in the study of Ling et al. [19] significantly 
increased the anther culture response in the two wheat varieties investigated. In the 
present experiments, spike irradiation was effective only for the variety Diva, which 
was the genotype least sensitive to radiation at that stage.

On the contrary, use of M, plants as the donors for anther culture did not 
result in a reduction in anther culture response. Neither the chemical nor the physical 
treatment applied to seeds significantly affected the percentage green plants 
regenerated (Fig. 5). For some genotypes (e.g. the two Peruvian breeding lines), the 
highest frequency of green plants was obtained from M, plants treated with MNH, 
both in the greenhouse and under field conditions (Fig. 6). A similar stimulating 
effect of mutagenic treatment on the anther culture response of different species has 
been observed by other authors [20-22] and discussed in detail in a review paper by 
Maluszynski et al. [23].

4. CONCLUSIONS

Use of M[ plants (derived from sdfeds treated with mutagens) as the donors for 
anther culture can be recommended as the most efficient method for producing DH 
mutants in barley. The advantages of this approach are:

(1) A high frequency of DH mutants is possible;
(2) The somatic effect of mutagens is avoided;
(3) Application of chemical mutagenesis is easy;
(4) Use of high doses of mutagens (physical and chemical) is possible;
(5) Green plant regeneration (some treatments and genotypes) is stimulated.
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Abstract

IN VITRO MUTAGENESIS FOR THE IMPROVEMENT OF VEGETATIVELY  
PROPAGATED PLANTS.

A number of important crops such as banana, plantain, cassava, potato, sweet potato 

and sugar cane are propagated from corms, tubers and stem cuttings. Some of these plants 
do not produce seed, and often the size of the propagule is too big to treat large populations 
with mutagens. In vitro techniques allow mutagenic treatment of large numbers and multi
plication of the selected genotypes in a small space and short duration under disease free condi
tions. After treatment with mutagens, the chimeral tissues can be separated into mutated and 

non-mutated sectors without loss of plants, which may occur in conventional propagation. 
Somaclonal variation among plants regenerated from callus and cell suspension cultures may 

provide additional variation to that induced through mutagenesis. In vitro methods allow 

induction and expression of recessive mutations in the haploids, producing homozygous 
doubled haploids. The availability of simple, efficient and rapid techniques for screening large 
plant populations for desired traits is an essential component of plant breeding. In vitro culture 
techniques allow selection of the desired variants from large populations of cells and plants. 
This may be achieved by manipulating the medium composition, e.g. selection for tolerance 

to salinity and drought, and by co-culturing the plant tissues with pathogens or their toxins, 
as in the case of selection for disease resistance. The variants thus selected can be subjected 
to selection in the glasshouse or field. Even though the occurrence of desired mutations is 
empirical and random, the combination of in vitro and mutation techniques can speed up the 
breeding of vegetatively propagated plants.

1. INTRODUCTION

Crop improvement is based on the availability of genetic diversity and genetic 
variability in land races, cultivars and their wild relatives. In many crops that are 
sexually propagated, e.g. rice, wheat, maize and barley, genetic variability is usually 
recombined through hybridization. In conventional plant breeding programmes, this 
is followed by several years of selection and field evaluation before a desired

531
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TABLE I. USE OF IN VITRO TECHNIQUES IN CONVENTIONAL PLANT 
BREEDING

Technique Target

Micropropagation Clonal maintenance, multiplication, hybrid seed 

production

Embryo rescue Widecrosses, widening genetic base, transfer of novel 
traits

Somatic embryogenesis Mutation induction, somaclonal variation, selection, 
artificial seeds

In vitro fertilization Use of self-incompatibility in hybrid variety production

Anther/ovary culture Doubled haploids, inbred lines for hybrids, synthetics, 

composites

Protoplast fusion Widening genetic base

Organelle transfer Cytoplasm manipulation, male sterility

Medium composition Selection for growth vigour, disease resistance, stress 
tolerance, herbicide resistance, nitrogen, phosphorus 
and potassium response

Radiation in vitro/in vivo Elimination of linkage drag in cybrids/hybrids/ 

widecrosses

DNA probes Disease detection, sexing, trait selection, quantitative 

trait loci maps

Recombinant DNA Transgenesis, gene location, insertion/deletion/mapping

genotype is released as an improved cultivar. Plant breeding has resulted in the 
production of an array of cultivars suited to the specific needs of each ecoclimatic 
region and industry. In doing so, plant breeders have made use of field plot tech
niques, statistical analysis and growth in a controlled environment to enhance 
generation advancement, and thus have increased the efficiency of genotype selec
tion. The availability of biotechnology is yet another tool to complement conven
tional plant breeding. In this case, the plant breeder has several new techniques 
available (Table I) that may increase the efficiency of obtaining variation, selection 
and multiplication of the desired genotypes.

Most sexually propagated plants are amenable to improvement through the 
conventional methods of crossing, selection and evaluation. However, in many 
vegetatively propagated plants, e.g. banana, plantain, cassava, potato, sweet potato,
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yam and several ornamentals, sexual recombinants cannot be obtained in the same 
manner as in seed propagated crops. These crops are conventionally propagated from 
bulbs, corms, tubers and stem cuttings. Many of these plants either do not produce 
seed or their seed progeny are highly heterogenous. In some of these crops, fertiliza
tion does not result in seed production (e.g. banana and plantain). In other cases, 
interspecific hybridization produces only a few seeds (as in the case of plantain x  
banana crosses), or results in aborted endosperm (e.g. between the cultivated sweet 
potato, Ipomoea batatas, and its wild relatives, I. triloba X I. lacunosa) [1], and 
embryo rescue is the only way of obtaining zygotes. In widecrosses, where seed set 
is extremely low, in vitro culture of hybrid zygotic embryos and irradiation can also 
be used to widen genetic variability and to promote structural changes in the chromo
somes. Even when wide hybridization of the cultivated clones with the wild types 
(e.g. Musa sapiantum x  M. acuminata or M. bulbisiana) is successful, either the 
embryos abort or the number of seeds recovered are few. In others, the seed progeny 
brings in too many unwanted characters, resulting in a completely changed genotype. 
Inactivation of the nuclei of cells or protoplasts with high doses of irradiation for pro
ducing cybrids (somatic hybrids in which the cytoplasm of one cell is fused with the 
nucleus of another cell) has also been used to produce new and novel gene combina
tions, for example, in the case of rapeseed and radish protoplast fusion derived 
plants. Often, the size of the conventional propagule, e.g. a stem cutting, corm or 
tuber, is big and irradiation of large numbers is not convenient. Unlike seed 
propagated plants, there are severe limitations to the size of the population that can 
be grown for the selection and evaluation of clones. For example, in crops such as 
sugar cane and potato, the initial seed derived populations required for preliminary 
selection can be as large as one million seedlings.

Mutation induction and selection of desired traits in combination with in vitro 
techniques offer several advantages over conventional methods, particularly when 
the objective is to change one or two characters in an otherwise well adapted and 
high yielding clone. In vitro techniques allow mutagenic treatment of large numbers 
and multiplication of the selected genotypes in a small space and short duration under 
disease free conditions, with a minimal risk of loss of variants through accidents 
during propagation.

2. MUTATION INDUCTION

2.1. Mutagenesis and micropropagation

In most vegetatively propagated plants, micropropagation is sufficient for the 
irradiation of in vitro cultures, and these techniques are well developed for most of 
them. It is recommended that for the irradiation of micropropagules, e.g. 
microtubers and microplants, simple media such as MS [2], preferably without
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growth regulators, should be used to initiate and establish cultures. A half strength 
MS medium [3] containing 3 % sucrose was found to be adequate for explant initia
tion, maintenance and growth of in vitro cultured plants of chrysanthemum, carna
tion, ginger, potato, pineapple and sugar cane. In banana and plantain, use of growth 
regulators such as kinetin and indole butyric acid is essential to culture explants; this 
leads to a certain amount of somaclonal variation, depending on the genotype. In 
such cases, explants should be irradiated immediately after culture, and then multi
plied on media containing growth regulators, along with the unirradiated controls. 
It is essential that the explants are transferred to fresh medium immediately after 
irradiation to avoid toxic compounds in the medium. Subculturing irradiated explants 
(M ,V0) two to four times (M |V, to MiV4) results in separation of the chimeral 
tissues, whether they originate from mutagenesis or somaclonal variation. In most 
cases, conventional propagation from cuttings or tubers is required before the 
selection of variants. This eliminates the physiological effects o f tissue culture, 
which may simulate somaclonal variation. For example, in vitro grown potato plants 
were irradiated, and multiplied in large numbers from internodal stem cuttings and 
microtubers 2-10 mm in diameter on half MS medium without any growth regulators
[4]. The successive bud culture on the same medium resulted in separation of the 
mutated from the non-mutated sectors. Likewise, in chrysanthemum [5] irradiation 
of in vitro plants with 2000 rad of gamma rays and their subsequent propagation 
produced several interesting solid variants.1 Similar results were obtained in carna
tion and streptocarpus following in vitro irradiation with 2000 rad [6].

2.2. Mutagenesis and plant regeneration

Plants may be regenerated from irradiated callus and suspension cultures 
through organogenesis or somatic embryos, or after irradiation of donor plants and 
explants such as meristems, immature seeds and zygotic embryos. In many plants, 
organogenesis and somatic embryogenesis are preceded by a callus phase which, in 
addition to the induced mutations, may lead to somaclonal variation, thus providing 
additional variation for selection (Table II) [7-14]. Irradiation of haploid tissues, 
such as microspores and ovules, and subsequent plant regeneration also shows 
promise. In many crops, it is now possible to obtain haploid plants from either anther 
or microspore culture and through widecross pollination followed by embryo 
rescue, e.g. wheat x  maize, wheat X sorghum, wheat x  ryegrass. Induction of 
mutations in haploid plants and haploid callus cultures, and subsequent plant 
regeneration from them, allows expression of the recessive mutations, first in the 
hemizygous state and then in the homozygous state in the doubled haploids. Since 
population size is important for selection, a combination of whole plant irradiation

1 1 rad = 1.00 x 10“2 Gy.
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Character Plant Reference

Grain chalkiness Rice [7]

Increased salt tolerance Alfalfa [8]

Enhanced lysine Rice [9]

Grass dwarfs Wheat [10]

Sex shifted males Spinach [11]

Increased oil yield Brassica [12]

Increased frost tolerance Wheat [13]

Increased somatic embryogenesis Asparagus [14]

at the appropriate stage of flowering, followed by plant regeneration from 
anther/microspore culture, provides an efficient method for recovering the desired 
mutants in a homozygous condition in a short duration.

3. IN VITRO SELECTION

Selection of the desired genotypes is a critical step in plant breeding. Conven
tional selection procedures are based on growing large plant populations in a rela
tively uniform environment, with a uniform soil fertility and water regime, and even 
with the application of insecticides, fungicides and inocula. To minimize the effect 
o f uneven environment on the expression of the traits under selection, the material 
is planted in replicated trials, and appropriate statistical procedures are used to parti
tion the effect of the environment from that of the genotype. Hence, conventional 
selection procedures require growing thousands of plants over several seasons and 
locations.

It has been suggested that plant and cell tissue culture techniques allow screen
ing of large populations of cells [15] and regenerated plants in a small space, and 
in a much more controlled environment than in conventional field trials. However, 
this is possible only when a trait is amenable to in vitro selection, and is expressed 
and transmitted in the regenerated plants and their progenies. The high efficiency of 
in vitro selection systems is based on the fact that it is possible to grow millions of 
cells in a petri dish or in a flask and to achieve rapid multiplication of cell populations 
on defined media. Following mutation induction, the regenerated plants can be
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selected in vitro by exposing regenerative cells and tissues to stress conditions, and 
then the selected plants can be tested in the field. Alternatively, the regenerated 
plants can be grown in the field, and then subjected to selection. The term variant 
is used to define a new phenotype. Only genetic or molecular evidence can establish 
its status as a mutant. In many cases, the in vitro selected variants were found to be 
mutants, and showed simple Mendelian inheritance.

3.1. Traits amenable to in vitro selection

The characters that may be amenable to in vitro selection include: tolerance 
to heat, cold and freezing injury, day length, salt tolerance, fungal and bacterial 
resistance by co-culturing the host with toxins or pathogens, drought tolerance, 
resistance to herbicides and antibiotics, tolerance to the toxicity of metals such as 
aluminium, copper, zinc and lead and low inputs of nitrogen, phosphorus and 
potassium, resistance to root nematodes by co-culturing cysts and plant roots, and 
improved symbiosis for nitrogen fixation by co-culturing bacteria or mycorrhiza with 
plant roots or whole plants. The possibility of in vitro selection has been reported 
for many traits. As early as 1959, in vitro selection was reported for temperature 
variation in snapdragon (Antirrhinum) cell suspension cultures [16]. Use of cell 
culture for mutant selection, the ease of large scale screening of cell populations and 
the convenience of mutant induction and selection using haploid cell populations 
were also pointed out. During 1970, several reports confirmed use of this method 
[17, 18]. Since then, many in vitro selected variants have been investigated for their 
value in plant improvement (Table III) [8, 13, 16, 18, 19-31]. Using the above 
strategies, genotypes tolerant to salinity have been obtained in alfalfa (Medicago 
sativa) '[8] ; to drought and soil acidity in sorghum (Sorghum bicolor) [32]; to frost, 
with increased proline in winter wheat [13]; to sodium chloride in tobacco [20]; to 
salt and drought in proso millet (Panicum miliaceum L.) [21]; to salt in rice [33] and 
Indian mustard [34, 35]; and to salinity in sugar cane in Cuba [36]. Use of haploids 
for in vitro selection for tolerance to salinity has been demonstrated in Datura [37]. 
Likewise, many variants have been selected for resistance to diseases and herbicides, 
and for changed metabolism (Table III).

Resistance to antibiotics, e.g. kanamycin, chloramphenicol, streptomycin and 
lincomycin, has been used to develop selectable markers in somatic cell fusion and 
to detect gene insertion in transgenic plants. Resistance to antibiotics, which in many 
cases is non-nuclear and located either in the chloroplasts or in the mitochondria, was 
selected in vitro by adding antibiotics to the media; this trait is maternally inherited.

In vitro methods can also be used for the selection of inducible resistance in 
plants. It is now known that plants produce novel proteins when challenged by a 
pathogen or by stress. Some of these proteins, especially those that belong to the 
chitinase and glucanase families, have shown a broad spectrum fungicidal effect.
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TABLE III. IN VITRO SELECTED VARIANTS [8, 13, 16, 18, 19-31]

Variant Plant Reference

Stress tolerance

Temperature Antirrhinum [16]

Salt tolerance Nicotiana [19]

Capsicum [19]

Nicotiana [20]

Panicum miliaceum [21]
Medicago sativa [8]

Frost tolerance Triticum vulgare [13]

Drought tolerance Panicum miliaceum [21]

Disease resistance

Helminthosporium Zea mays [22]

Phoma lingam Brassica napus [23]

Phytophthora infestans Solanum tuberosum [24, 25]

Pseudomonas syringae Nicotiana [18]
Helminthosporium sacchari Saccharum spp. [26]

Herbicide resistance

Picloram Nicotiana [27]
Chlorsulphuron and Nicotiana tabacum [28]

sulphometuron methyl
Paraquat Nicotiana [29]
Glyphosate Petunia hybrida [30]

Changed metabolism

Nitrate reductase Nicotiana [31]

One of these, a 24 kD mti-Phytophthora protein, has been isolated and the 
corresponding genes cloned.2 Likewise, heat shock proteins are being isolated to 
identify those genes that control tolerance to high temperature stress.

A number of compounds (enzymes, e.g. peroxidases from horse radish, 
flavour compounds, drugs, pesticides and essential oils for industrial use) that are 
secreted by cells and tissues in liquid media are also amenable to selection in vitro.

2 1 dalton =  1 u (unified atom ic m ass)
=  1.66 x  КГ27 kg.
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This concept may also be extended to the selection of cell lines that overproduce 
secondary metabolites in suspension cultures. Large scale production of compounds 
in bioreactors from free and immobilized cell suspensions is already a commercial 
proposition.

It has been reported that abscisic acid controlling genes may be involved in 
regulating the genes for stress tolerance to drought in Arabidopsis thaliana [38], and 
freezing tolerance in bromegrass, Bromus inermis [39]. Once the genes have been 
identified, gene cloning and manipulation become the obvious next steps for the 
transfer of such genes to non-resistant types. Such molecular approaches for the 
selection and engineering of salt tolerance in crop plants have been suggested [40]. 
They include subjecting divergent genotypes, cultivars and land races to sublethal 
stress and inducing tolerance with abscisic acid in tissue and cell cultures. There is 
an urgent need to develop similar procedures for in vitro selection of vegetatively 
propagated plants.

3.2. Protocol for in vitro irradiation and selection

The following protocol is suggested for handling breeding material in vegeta
tively propagated plants:

(1) Establish in vitro cultures from indexed, virus and disease free material; 
multiply in vitro into large populations;

(2) Irradiate cells, tissues, organs, meristems, axillary and apical buds and 
embryogenic cultures capable of plant regeneration; in vitro grown plantlets 
and microtubers may also be used;

(3) If possible, use hormone free media before and after irradiation to avoid any 
physiological effects;

(4) Irradiate sufficient populations which, after three or four in vitro propagations, 
give ca. 10 000-20 000 plants for selection; apply selection pressure in one 
single sharp dose rather than in stepwise increases;

(5) Handle in batches of 5000 or less as manageable populations for selec
tion; plant selected material in the field in batches; retain duplicates of selected 
clones in vitro as micropropagules; and multiply in vitro the selected clones 
for release.

3.3. Use of a modular system for mutagenesis and rapid multiplication

The availability of simple, efficient and rapid methods of mutation induction, 
selection and multiplication is essential to obtain and release mutants. This can be 
accomplished by using the concept of modular systems that allows handling of large 
populations. Such a modular system of micropropagation based on disposable plastic 
containers, which are then used for growing plants to maturity, has been developed.
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This system can be also be used in in vitro irradiation for mutation induction, 
preselection, rapid multiplication and distribution of disease free propagules. The 
system consists of 12 culture vessels, with snap-on lids, held in a plastic tray that 
allows batch handling of cultures during transfer, culture, hardening, soil transfer 
of plants and tier stacking in the growth room. This system can be used for the rapid 
multiplication and mutagenesis of vegetatively propagated plants, e.g. subculturing 
irradiated microplants to form microtubers; their subsequent soil planting has been 
used to obtain several desirable mutants in potato cultivars [4]. The system allows 
production of potato minitubers as a source of seed in large numbers [41]. Similarly, 
explants o f chrysanthemum and carnation were irradiated and multiplied using this 
system to obtain new floral types.

4. CONCLUSIONS

The combination of mutagenesis with in vitro techniques offers an efficient 
method for improving vegetatively propagated plants. These techniques allow induc
tion of variation, selection and multiplication of the desired genotypes in a much 
shorter duration and smaller space than conventional methods.
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The most important objective in potato breeding is to establish resistance to 
various diseases and pests. The resistant lines may be selected in transgenic plants, 
somatic hybrids and somaclones.

Transgenic potato plants (cvs Desiree, Belorussky-3, Granat and Temp) with 
a modified стуША gene were obtained using Agrobacterium  mediated transforma
tion [1]. It is known that modified cry genes increase the number of plants producing 
proteins in quantities that are sufficient to control insects, and greatly increase the 
levels of these proteins [2].

Western blot analysis clearly demonstrated the presence of the expected 
Cry in  A protein in the transgenic plants. The amount of protein was estimated 
visually on Western blots and compared with the purified protein standard, which 
was 0.02% of the total plant protein. Such expression confers tolerance to Colorado 
potato beetle (СРВ) larvae on transgenic potato plants and their progeny under 
laboratory conditions.

Wild species of potato possess various types of resistance to potato pests and 
diseases. Unfortunately, the wild species often cannot be crossed successfully with 
each other or with Solanum tuberosum. It is possible to overcome sexual incompati
bility by fusion of the somatic protoplasts. Somatic hybridization depends on the 
recovery of the regenerated plants from the protoplasts.

In our investigation, plant regeneration from mesophyll protoplasts was 
achieved for the non-tuberous S. caripense (resistance to СРВ and late blight) and 
the tuberous S. jamesii (resistance to СРВ). Protoplast derived colonies and calli 
were obtained for the tuber bearing species S. berthaultii (resistance to СРВ), 
S. bulbocastanum and S. microdontum  (resistance to late blight). However, transfer 
of the calli to the regeneration medium was not successful as they turned brown and 
growth ceased.

IAEA-SM-340/74P
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The protoplasts of these wild species and S. tuberosum (a chlorophyll deficient 
mutant of 78563-76) were chemically fused in four combinations: (1) S. micro- 
dontum  +  S. jamesiv, (2) S. bulbocastanum + S. berthaultii; (3) 78563-76 + 
S. bulbocastanum', and (4) 78563-76 +  S. caripense (gamma irradiated protoplasts). 
Prolific colonies were obtained from all the combinations. The process from 
protoplast isolation to the emergence of green shoots took 24.5 weeks for the first 
combination, 25 weeks for the second and 28 weeks for the third. The conditions 
that induce differentiation and shoot emergence in the fourth combination are the 
subject of future research.

Enhanced resistance to common scab (Streptomyces scabies) was described 
for explant derived clones of the cv. Desiree [3] and for protoplast derived clones 
o f the cvs Feltwell and Maris Piper [4]. Common scab in Belarus is caused by 
five species of Streptomyces (S. scabies, S. griseus, S. globisporus, S. violaceus and 
S. candidas) [5]. The isolates of these species were donated by 1.1. Bus’ko (Head 
of the Immunology Department, Research Institute for Potato) and used for the in 
vitro selection of somaclones resistant to the disease. The technique was based on 
the occurrence of infection through the lenticels of the developing in vitro micro
tubers and evaluation of the lesion surface area. Experiments carried out on potato 
varieties with a known reaction to common scab have shown that this method 
provides results that are consistent with those obtained from field tests. The explant 
derived régénérants of the varieties Yavar (susceptible), Aksamit and Resy 
(moderately susceptible) and 78563-76 (moderately resistant) were analysed. Six to 
seven per cent of the somaclones of Resy and 78563-76, and 34-40% of Aksamit 
and Yavar, were more resistant to common scab than their respective parents.
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AND TRANSGENE EXPRESSION EFFICIENCY 
USING VEGETATIVE AND SEXUAL PROPAGATION

S.D. KUROCHKINA, N.A. KARTEL 
Molecular Genetics Laboratory,
Institute of Genetics and Cytology,
Belarus Academy of Sciences,
Minsk, Belarus
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Agrobacterium  mediated transformation of potato (Solarium tuberosum  L.) and 
the stability of integration, expression and inheritance of transgenes were 
investigated.

Over 400 kanamycin resistant transgenic plants with the nptU, gus, tt 
(insect toxin of Bacillus thuringiensis, variety kurstaki) and tg (fusion of tt and 
gus under the 35S promoter) foreign genes were obtained from eight potato geno
types by co-cultivation of the leaf discs with A. tumefaciens LB A 4404 (pBI 121),
A. tumefaciens 3850 (pGV 941 tg) and A. rhizogenes A4 (pGV 941ii). Southern blot 
analysis showed that more than 80% of the regenerating plants had one or several 
copies of the foreign genes. Selection for kanamycin resistance and Southern blot 
analysis revealed the stability of inheritance of transgenes by vegetative propagation 
of the plants via cloning and through tubers. However, 0.3% of the plants lost the 
nptll gene during the cloning process.

About 500 self-pollinated seeds of four independently obtained transgenic 
clones were harvested. Analysis of the phenotypic segregation of the transgenic 
progeny on selective medium with kanamycin (50 mg/L) was made and compared 
with the controls. Inheritance and expression of the nptU transgene in the progeny 
of all four transgenic clones were shown, although the character of segregation 
appeared to differ in the various clones. Three transgenic clones showed a Mendelian 
phenotypic segregation of 3:1 for kanamycin resistance (x2 =  0.2963, 0.0056 and
0.0025), but one clone had a tetrasomie segregation of 35:1 (x2 =  0.0010). Inser
tion of the nptll transgene is presumed to have occurred in the first case in two 
homologous chromosomes (AAaa), and in the second, in one homologous chromo
some (Aaaa). The phenotypic segregation data were compared with the data of 
molecular analysis of the transgenic progeny using Southern blot hybridization for 
integration of the nptU and tt transgenes.
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Analysis of the NPTII activity in situ showed the differences in progeny of one 
clone and between clones. Our studies found no association between transgene 
expression and copy number.
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Ryegrasses are diploid or tetraploid outcrossing monocotyledonous plants that 
are used for fodder production and for amenity grasslands. Lolium perenne, 
L. multiflorum, L. miltiflorum Westerwoldicum and L. hybridicum are the species 
most used. The varieties are commercialized as synthetics, meaning that they consist 
of a mixture of related genotypes, as a maximum the number originally used in the 
polycross. Therefore, characterization of a variety has to be based on allele 
frequencies [1]. Molecular DNA markers can be of great help in identifying Lolium  
varieties because they allow determination of the allele frequencies distributed at 
regular intervals over the chromosomes. A description is given of the application of
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random amplified polymorphic DNA (RAPD) markers [2] for identifying rye
grasses.

RAPD markers are polymorphic DNA sequences based on the amplification 
o f particular DNA fragments with a given molecular weight. Most polymorphisms 
are caused by DNA sequence changes in the primer binding site, resulting in the 
presence or absence of a fragment. RAPD markers are usually scored as dominant 
alleles. Per primer reaction, a maximum of five major and between five and ten 
minor bands can be scored. However, using Gelcompar software [3], different 
primer reactions on the same template DNA, resulting in characteristic banding pat
terns, can be combined to obtain one digitalized picture that is used to calculate the 
phylogenetic relationship between genotypes or between varieties [4]. This allows 
the relationship in a dendrogram to be depicted.

Characterization of the genetic material is important in developing an efficient 
breeding strategy. Up until now, phylogenetic relationships have mainly been 
determined by comparing the morphological characteristics. This requires extensive 
observations during the development stage and during the growing season over 
successive years, and at different locations. On the contrary, molecular markers 
are not influenced by abiotic and biotic factors, and allow the vertical segregation 
o f genomes to be followed. The phylogenetic relationship in the form of dendro
grams will help breeders choose good combinations for the polycrosses which, for 
example, can result in good heterosis effects. Moreover, knowledge of the genotypes 
originally used will allow characterization and identification of the varieties with 
much greater accuracy. Identification of varieties is important for protecting the 
rights of breeders.

The possibilities of RAPD markers were evaluated in order to distinguish 
Lolium  species and to characterize varieties. Therefore, 200 European ryegrass 
varieties were grown and DNA was prepared from the individual plants. To identify 
primers that are useful in distinguishing varieties, RAPD reactions were carried out 
on DNA from non-related ryegrasses with 60 different primers. Only those primers 
that revealed differences in the resulting patterns were retained for further analysis. 
Finally, two primers were identified that resulted in reproducible RAPD patterns for 
the 200 varieties, and that were different and typical for L. perenne and L. multi- 
florum. In agreement with expectations, the L. hybridicum  RAPD profiles contained 
fragments of both. Moreover, the combination of three different primer reaction 
fragments in one profile per plant allowed most o f the analysed individual plants of 
the ten varieties to be allocated to defined clusters.
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THIOL PROTEINASE INHIBITOR —
ORYZACYSTATIN
Molecular cloning and expression in E. coli
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Beijing, China

Insect depredation is a major reason for the reduction in crop yields world
wide. Promising results have already been achieved with transgenic plants expres
sion cowpea trypsin inhibitor (CpTI) genes and modified delta-endotoxin genes. 
Insects, in general, hydrolyse ingested proteins with a variety of proteinase. The 
effect of the serine proteinase inhibitor against Lepidopteran insects is probably 
caused by the preponderance of serine type gut proteinase and a luminal pH in the 
neutral to alkaline range. On the other hand, the insect orders Coleoptera and 
Hemiptera have gut pHs in the mildly acidic range and commonly have thiol type 
gut proteinases. Plant transformation with a gene coding for a thiol proteinase inhibi
tor has been suggested as a strategy for interfering with the digestive physiology of 
Coleopteran and Hemipteran insects. Co-transformation of both the serine proteinase 
inhibitor and the thiol proteinase inhibitor genes might result in a broader spectrum 
of activity and increased durability of protection.

A cDNA clone that encodes Oryzacystatin, which is a thiol proteinase inhibitor 
from rice, was isolated from the immature rice seed cDNA library and expressed 
in E. coli.
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Total RNA was extracted from the immature rice seeds harvested at 2 weeks 
after flowering, then the mRNA was purified, and the cDNA (with Notl and Sail 
cohesive ends) was synthesized and inserted into lambda-gt22A. After being packed 
in vitro, the cDNA library was constructed with 1.5 x  106 plaque forming units 
(pfu).

A 21-mer oligodeoxynucleotide was synthesized and labelled as a probe, from 
2.1 x  104 pfu, and nine positive clones were isolated, eight of which contained the 
entire coding region of oryzacystatin cDNA; lambdaOCl has the longest cDNA 
insert, containing a 309 bp full length coding sequence and an 84 bp 5 ' end non
coding region, and the poly(A) adding signal AATAAA at a 3 ' end terminated with 
31 nucleotides of Poly(A). Some obvious differences were apparent, such as deletion 
and mutation, compared with the oryzacystatin genomic sequence.

The coding region of oryzacystatin cDNA was amplified by polymerase chain 
reaction and inserted into the E. coli thermal inducible expression vector, pBV220, 
under the control of the PRPL promoter. Raising the culture temperature from 
30 to 42°С led to high level expression of Oryzacystatin. The result of SDS-PAGE 
showed an apparent band of 12.0 kD, which accounts for at least 10% of the total 
soluble protein.1 The inhibitory activity towards papain was evaluated using the 
total soluble proteins of the expression strain E. coli DH5a(pBVC9), which exhibited 
great inhibitory activity in comparison to that of the control strain, E. coli 
DH5a(pBV220).

The plant expression plasmid pKCys, in which oryzacystatin was regulated by 
the CaMV35S promoter, was also constructed, then transformed to Agrobacterium  
LBA4404. The transformation of plants via Agrobacterium  LBA4404(pKCys) is in 
progress.

1 1 dalton =  1 u (unified atomic mass unit)
= 1.66 x  1(T27 kg.
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TRANSFORMATION OF FOREIGN GENES 
INTO MONOCOTYLEDONOUS PLANTS 
THROUGH THE Agrobacterium MEDIATED SYSTEM

B. LI, Y. ZU, D. XU, D. YU, J. SHI, L. GU 
Biotechnology Research Centre,
Zhongshan University,
Guangzhou, China

Foreign genes have been successfully introduced into several dozens of 
dicotyledonous plants via the mediation of Agrobacterium, together with disarmed 
Ti plasmid. However, the Agrobacterium system is ineffective for monocotyle- 
donous plants, except in individual cases. We have been conducting systematic 
studies on the transformation of foreign genes into monocotyledonous plants via the 
Agrobacterium  mediated system. These plants include millet (Setaria italica) and 
wheat (Triticum aestivum), and rice in particular. Our research has proved the 
following points. (1) Upon induction with signal molecules of Vir genes, a large 
number of Agrobacteria attach to the surface of the primary wall of the plant cells 
and form cellulose fibrils. In addition, these signal molecules are capable of inducing 
Vir (VirA , B, C, D, E and G) gene expression. The process of migration of the 
radioactive T-DNA towards the chromosomes of the nucleus can be seen under the 
electron microscope using electron microscopic autoradiography. (2) Respective 
marker genes were integrated into the genome of the treated monocotyledonous plant 
cells, and expressed. This has been confirmed by NPTII, Nos or Gus assay, by dot 
blot, by ndPAGE and by Southern blot hybridization on transformed plant cells and 
tissues under selective pressure. (3) Further research has indicated that rice leaves 
at the flowering stage produce some unique chemical substances. These substances 
can induce Vir gene expression. The effect of combined induction was even better 
than acetosyringone (AS). Two kinds of signal factor that are capable of inducing 
Agrobacterium Vir gene expression were purified and identified from leaf extracts 
taken at the panicle differentiation to flowering stages of rice. Induction was similar 
to that observed with 5 pM  AS. On the basis of comprehensive analysis of the data 
by UV, IR, NMR, MS, HMQC and HMBC analyses, the structures of these two 
signal factors were identified as 5,7,4'-trihydroxy-3', 5'-dimethoxy-flavone (called 
tricin) and 5,4'-dihydroxy-3', 5'-dimethoxy-7(/3-D-glucopyranosyloxy)-flavone, 
respectively. Tricin is a typical flavonoid. So far, we have not detected these 
substances in the tissue cells of rice root. In addition, we found some chemical 
factors in special rice tissue cells at specific developmental stages that are toxic to 
Agrobacterium. (4) This research suggests the possible primary reasons for limiting

IAEA-SM-340/86P
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application of the Agrobacterium  system in gene transformation of monocotyle- 
donous plants. In the meantime, results have indicated that this transformation 
system is potentially effective under certain circumstances. Further research is in 
progress.

IAEA-SM-340/103P

A RAPD GENETIC LINKAGE MAP OF Helianthus argophyllus 
USING A BACKCROSS WITH SUNFLOWER (Я. annuus L.) 
QTL fo r height, earliness, male sterility, 
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M .-C. QUILLET*, Y. CRIVEAU*, M. TERSAC**,
H. SERIEYS*, A. BER VILLE**

Laboratoire du Tournesol,
Station d ’amélioration des plantes,
Institut national de recherches agronomiques (INRA)

*Mauguio

**Montpellier

France

The interest in a genetic map of a wild species such as Helianthus argophyllus 
lies in using it as a source of genes that can be useful for breeding sunflower 
(Я. annuus L.). Significant progress has been made in improving disease tolerance 
(Phomopsis) and stress tolerance (drought), and further progress is expected in 
vigour, mildew resistance, Phomopsis tolerance and drought tolerance. The genes 
that are of interest for breeding have usually been brought about by backcrossing 
sunflower on to an interspecific hybrid with inbreeding cycles that favour recombina
tion. It is therefore of great interest to breeders to determine markers that are linked 
to wild traits in order to assist the introgressive process.

In backcrossing one progeny (BC! of 182 plants, of which 132 were used for 
mapping), we observed the segregation of two gene characters (RFf and purple/ 
green stigmata), six isozymes loci and 40 random amplified polymorphic DNA 
(RAPD) loci. Eleven loci displayed distortion, either with a surplus or a deficit for 
the wild allele. The map was therefore constructed taking into account the fact that 
such distortions may cause false linkage groups [1, 2]. We first constructed the 
skeleton of the map without the distorted markers; later, they were included in the
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analysis using four different hypotheses which took into account the distortions. We 
then verified the stability and order of loci (Mapmarker version 2.0 for IBM PC) [3]. 
The final order adopted was the same as the initial one, unless the log likelihood 
difference between the two orders was at least 3 [4]. Our studies covered all situa
tions, including the recombinant class.

Our map contains 48 loci distributed in nine linkage groups and nine isolated 
markers; each group contains up to 12 markers. The total length was 250 cM 
(Kosambi map function), with an average space of 7 cM .1 Group 3 contains only 
the distorted markers, groups 1 and 2 contain both distorted and non-distorted 
markers, while the other groups do not contain distorted markers. Consequently, 
there are several possibilities for associating the linkage groups in the map.

The BCt plants were used in a field trial to determine 11 agronomic traits; the 
parents (line and interspecific hybrid) were used as the controls. The experimental 
design enabled us to normalize all the variables. We used variance analysis and inter
val mapping methods to localize the quantitative trait loci.

We detected significant associations between the markers and the characters in 
seven of the 11 variables measured. Linkage group 3 is the explanation for 60% of 
the variation in oil content, and in addition is involved in the 1000 kernel weight. 
Group 3 is also the reason for 35% of the variation in male fertility and self-fertility, 
while two other groups are responsible for 30% of the variation. These were 
considered as likely translocation points, but this still has to be confirmed.
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POSTER PRESENTATIONS 555

GENETIC DISSECTION OF A RESISTANCE RESPONSE 
IN BARLEY TO POWDERY MILDEW INFECTION

C. PETERHÂNSEL, A. FREIALDENHOVEN,
P. SCHULZE-LEFERT 
Institut für Biologie,
Rheinisch-Westfalische Technische Hochschule,
Aachen, Germany

The recessive alleles {mió) of the Mlo locus in barley (Hordeum vulgare) con
fer a non-race specific resistance to any tested isolate of the obligate biotrophic 
pathogen Erysiphe graminis f.sp. hordei (powdery mildew). To identify the barley 
genes required for the mlo function, an mlo resistant line in the genetic background 
of the cultivar Ingrid (BC1 mlo5) was mutagenized with ethylmethane sulphonate or 
NaN3, and the susceptible plants were isolated subsequently in the M2 generation.

Test crosses of the susceptible mutants with the mlos resistant line and the Mlo 
susceptible near isogenic line Ingrid revealed that susceptibility is caused by mono- 
genically inherited and recessively acting second site mutations. Intermutant crosses 
were performed to estimate the number of complementation groups represented by 
the susceptible mutants. Analysis identified two unlinked loci, Ror-1 and Ror-2 
(Required for mlo specified resistance). Five defective alleles (A39/1, A89/1, 
C36/1, C69/1 and C88/1) were identified for the Ror-1 locus and a single defective 
allele (A44/1) for Ror-2. The mutants were also crossed to plants carrying different 
mlo alleles in different genetic backgrounds. The segregation ratios in the F2 for 
resistance and susceptibility showed that Ror-1 and Ror-2 are required for the mlo 
function in different genetic backgrounds and in the context of all the mlo alleles 
tested. These crosses were also used to map the Ror genes within the barley genome. 
Bulked F2 segregants and the amplified fragment length polymorphism (AFLP) 
technique enabled us to identify six molecular markers linked to the Ror-1 locus. 
AFLP probes are currently being used as hybridization probes to detect restriction 
fragment length polymorphisms that will be integrated into one of the genome wide 
maps of barley as a first step towards positional cloning of the gene.

At the cytological level, mlo specified resistance is always associated with a 
subcellularly restricted cell wall apposition (papilla) formed directly beneath the site 
of attempted penetration. A quantitative cytological analysis of single interaction 
sites was carried out in a time course experiment at early time points after inocula
tion. This analysis revealed that the penetration efficiency of each mutant is inter
mediate in comparison to the mlo5 resistant and Mlo susceptible cultivars. Whereas 
all the allelic Ror-1 mutants penetrated the attacked cells with a comparable effi-

IAEA-SM-340/105P
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FIG. 1. Penetration frequency of the powdery mildew isolate KI on the primary leaves o f an 
Mlo susceptible cultivar, an mlo5 resistant cultivar, Ror-1 and Ror-2 mutants. Each data 
point is based on at least 200 single interaction sites inspected on four independent leaves. 
Black bars denote standard deviations. Penetration attempts were scored as successful if  a 
haustorium was detectable in the epidermal cell attacked.

ciency of 20-30%  at 72 h post-inoculation, the Ror-2 mutant showed a significantly 
lower penetration efficiency of ~  10% (Fig. 1). Cytological analysis therefore 
parallels genetic complementation analysis.

We addressed the question of whether race specific resistance is affected by 
defective Ror genes. Since the mutagenized mlo5 line also carries the race specifi
cally acting Mlag resistance allele, each Ror mutant was inoculated with a fungal 
isolate carrying the corresponding avirulence gene. All the mutants showed the resis
tant phenotype, both at the macroscopic and at the microscopic level. Ror-1 and 
Ror-2 are therefore not required for Mla8 specified resistance response.

Further insights into convergent and divergent signal transduction pathways 
are expected from crosses between Ror mutants and Mia¡2 or Mlg resistant barley 
lines.
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TRANSIENT EXPRESSION OF GENES 
WITH ALTERED METHYLATION LEVELS 
IN TOBACCO PROTOPLASTS
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1. INTRODUCTION

Many recent studies have demonstrated a negative correlation between the 
méthylation level and gene expression [1, 2]. It is likely that DNA méthylation is 
one of the most important factors controlling gene expression during plant develop
ment [3].

2. MATERIALS AND METHODS

Our aim was to investigate whether the different status of plasmid DNA 
méthylation has an effect on transient gene expression in tobacco protoplasts.

* Present address: Agricultural Biotechnology Centre, Gôdôllô, Hungary.
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Two chimeric plasmids, pRT103gus [4], containing the cauliflower mosaic 
virus 35S promoter, the /З-glucuronidase coding region and the polyadenylation 
signal of the 35S transcript, and pFF19G [5], a similar construct with an additional 
enhancer, were transformed into three different E. coli strains, GM2163, MC1061 
and DH5a. GM2163 is a méthylation deficient strain (dam", dcm~). Plasmids 
amplified in this strain had a lower level o f DNA méthylation than those in dam +, 
dcm + strains (MC1061, DH5a). These two chimeric plasmids, with different 
méthylation levels, were introduced into tobacco (cv. Havana) mesophyll protoplasts 
by polyethylene glycol treatment.

3. RESULTS AND DISCUSSION

The results of the transient gene expression assays are shown in Fig. 1.
A tendency for negative correlation was demonstrated between the plasmid 

DNA méthylation level and gus gene expression. The plasmids maintained and iso
lated from GM2163 showed higher expression than those propagated in M C I061 or 
D H5a. The same results have been recently achieved in parsley protoplasts [6].

The tendency was the same in both constructs; however, there were differences 
in absolute values (Fig. 1). The pFF19G construct showed a two or threefold higher 
expression than pRT103gus when isolated from the same E. coli strain. This was 
probably due to the doubled enhancer element in the 35S upstream sequences in the
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FIG. 1. Transient expression of pRT103gus and pFF19G constructs in tobacco protoplasts.
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case of the plasmid pFF19G. Consequently, it is assumed that the 5 ' regulation ele
ments have an influence on the degree of negative correlation between méthylation 
and quantitative gene expression.

Experiments on the investigation of the effect of different hypomethylating 
agents on transient gene expression and gene suppression are in progress.

REFERENCES

[1] TATE, P.H., BIRD, A.P., Effect of DNA méthylation on DNA-binding proteins and 
gene expression, Curr. Opin. Genet. Develop. 3 (1993) 226-231.

[2] WEBER, H., ZEICHMANN, C., GRAESSMANN, A., In vitro DNA méthylation 
inhibits gene expression in transgenic tobacco, Embo J. 9 (1990) 4409-4415.

[3] FINNEGAN, E.J., BRETTELL, R.I.S., DENNIS, E.S., ‘ ‘The role of DNA méthyla
tion in the regulation of plant gene expression” , DNA Méthylation: Molecular Biology 
and Biological Significance (JOST, J.P., SALUZ, H.P., Eds), Birkhauser-Verlag, 
Basel (1993) 218-261.

[4] TÔPFER, R., PRÔLS, М., SCHELL, J., STEINBISS, H., Transient gene expression 
in tobacco protoplasts. П. Comparison of the reporter gene systems for CAT, NPT П, 
and GUS, Plant Cell Rep. 7 (1988) 225-228.

[5] TIMMERMANS, M.C.P., MALIGA, P., VIEIRA, J., MESSING, J., The pFF 
plasmids: Cassettes utilising CaMV sequences for expression of foreign genes in plants, 
J. Biotechnol. 14 (1990) 333-344.

[6] TORRES, J.T., BLOCK, A., HAHLBROCK, K., SOMSSICH, I.E., Influences of 
bacterial strain genotype on transient expression of plasmid DNA in plant protoplasts, 
Plant J. 4 (1993) 587-592.



560 POSTER PRESENTATIONS

MORPHOLOGICAL AND BIOCHEMICAL STUDIES 
OF W117 TETRAPLOID S18 SUBLINES 
PRODUCED BY COLCHICIN TREATMENT 
AND SUBSEQUENT GAMMA IRRADIATION
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1. INTRODUCTION

At the tetraploid level, it takes more than 20 years to produce inbred lines. 
Inbreeding of autotetraploids has a special feature: new genotypes, which did not 
exist in the basic material, can occur. Using colchicin treatment and gamma irradia
tion to produce autotetraploids in com  further increases the chances of obtaining new 
types.

In hybrid breeding of maize, knowledge of the genetic relationships among 
sublines produced by the pedigree method is useful in planning crosses for hybrids. 
Assessment of the genetic similarity between sublines may be based on morphologi
cal traits or molecular markers such as isozymes and, more recently, restriction 
fragment length polymorphisms (RFLPs) and random amplified polymorphic DNAs.

The objectives of our study were: (1) to study the genetic relationships among 
W117 S18 sublines produced by the pedigree method on the basis of the morpho
logical characters, allozyme patterns and RFLP analysis of the A dh l locus; and (2) to 
obtain information on the homozygosity of the sublines.

2. MATERIALS AND METHODS

2.1. Plant material

Kernels of the diploid W117 inbred line were treated with 0.05% colchicin 
solution and then sown on the gamma field to produce tetraploid plants. Plants that 
were 30 m from the gamma source were chosen and selfed. All the W117 sublines 
were the progenies o f these plants.

IAEA-SM-340/109P
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2.2. Allozyme analyses

Details of the laboratory techniques used for A d h l, Px, E8, Got, Mdh, Idh, 
Sad, & Glu, Me, Lap  and Dia, with some modifications, have been described by 
Stuber and Goodman [1].

2.3. RFLP analysis

The Adhl genomic DNA clone was isolated by polymerase chain reaction 
(PCR) using two 21 nucleotide primers for 30 cycles (94°С V , 55°С Г , 12°С Г ). 
The techniques used for plant genomic DNA isolation, the separate digest with the 
restriction enzymes EcoRI, H indin and Bgin, gel electrophoresis, Southern blotting, 
filter hybridization with a 32P labelled PCR20 clone, and autoradiography have 
been described by Lee et al. [2].

3. CONCLUSIONS

Regarding the morphological characters, there were differences in plant 
height, growing period, 1000 kernel weight and kernel colour among the W117 sub
lines. Sublines 5 and 7 flowered 3-4  days later than the others; moreover, they 
possessed the highest 1000 kernel weight (260.6 and 279.2 g, respectively). After 
18 years of inbreeding, the W117-7 subline showed the highest inbreeding depres
sion in plant height; it was only 124.0 cm tall. Subline 2 differed in kernel colour 
from the other sublines.

O f the eleven allozyme loci, seven {Adhl, Dia, Sad, Px, /3 Glu, E8 and Idh) 
showed polymorphisms in the W117 sublines. The maximum number of alleles of 
a given locus was three.

The W117-2 carried a /3 Glu-F, subline 4 an A dhl-S, subline 5 a Sad-S and 
an A dhl-S, while subline 6 carried Adhl-S and ¡3 Glu-F alleles that were not present 
in the original diploid W117 line.

All the sublines had different patterns when digested with two of the three 
restriction enzymes, showing that there was restriction polymorphism around the 
A dh l gene. The PCR20 Adhl-S clone yielded monomorphic RFLP patterns in all 
the sublines for EcoRI digestion. The remaining two clone-enzyme combinations 
showed multiple banded RFLP patterns. The average number of RFLP patterns at 
the PCR20-Bgin clone-enzyme combination was 4.0, and at the PCR20-Hindin, 
3.0. The genetic similarity values across all the pairs of W117 sublines for 
PCR20-Bgin and PC R20-H indin enzyme combinations ranged from 0.00 to 0.33 
and from 0.00 to 0.67, respectively.
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Morphological, allozyme and RFLP data revealed polymorphism among the 
W117 S18 tetraploid sublines studied. Furthermore, these data suggest that none had 
become completely homozygous after 18 years of inbreeding.

To reach a final conclusion, more allozyme systems and clone-enzyme 
combinations have to be studied.

REFERENCES

[1] STUBER, C.W., GOODMAN, M.M., Allozyme genotypes for popular and histori
cally important inbred lines of com, Zea mays L., Rep. ARS-S-16, Agricultural
Research Service, United States Department of Agriculture, Washington, DC (1983) 
29 pp.

[2] LEE, М., GODSHALK, E.B., LAMKEY, K.R., WOODMAN, W.W., Association
of restriction fragment length polymorphisms among maize inbreds with agronomic 
performance of their crosses, Crop Sci. 29 (1989) 1067-1071.

IAEA-SM-340/ШР

DOWN REGULATION OF 
ETHYLENE BIOSYNTHESIS IN APPLES 
Cloning and sequencing o f the 
partial ACC synthase gene in the 
McIntosh cultivar

E. KISS*-**, J. NORELLI**,
H. ALDWINCKLE**, G. HRAZDINA**

♦Department of Genetics and Plant Breeding,
University of Agricultural Sciences,
Gôdôllô, Hungary

**Cornell University,
Geneva Campus,
Geneva, Switzerland

Ethylene is a plant hormone that regulates many aspects of plant growth, 
development and senescence [1, 2]. 1-aminocyclopropane-l-carboxylate (ACC) 
synthase has been identified as the key enzyme in the biosynthesis of ethylene [3].
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TA BLE I. SEQ U EN CE COM PARISON  OF K l AND G l CLONES W ITH  TH E 
ACC SYN THASE O F Arabidopsis thaliana AN D A PPLE [7]

Specimen % similarity

Arabidopsis ACC2 Apple

Kl forward 63.9 63.5
K l reverse 68.1
G l forward 71.6
G l reverse 64.4 62.8

TABLE П. AMINO ACID AND NUCLEOTIDE SEQUENCES OF ACTIVE 
SITES IN THE ACC SYNTHASES OF THE McINTOSH CLONE, APPLE [7] 
AND TOMATO [8]

M cIntosh clone S L s к D L G F p G F R
AGT CTC TCC AAA GAT СТА GGG TTC с с т GGA TTT AGG

A pple S L s К D L G L p G F R
AGC CTC TCT AAG GAT CTT GGC CTT CCG GGT TTT CGA

Tom ato S L s К D L G F P G F R
AGT CTT TCC AAG GAC TTA GGI т тт CCA GGA TTT CGA

Down regulation of ethylene biosynthesis via transformation with the antisense 
ACC synthase gene (as has already been proved with tomato [4]) might lengthen the 
storability of apple [5]. To produce the antisense gene of the apple, RNA was iso
lated from the McIntosh cultivar and the cDNA synthesized. The cDNA template 
was amplified by polymerase chain reaction (PCR) using ACC specific primers [6] 
that have been found to be highly conserved in several plant species. PCR resulted 
in a 1.1 kb DNA band, which was cloned and sequenced. Sequence analysis of the 
McIntosh clones (K l, G l, G2, G3, G4) showed a similarity of 63.5-71.6%  with the 
apple ACC synthase known so far [7] and found comparable homology with the ACC 
synthases of other plant species in the databank (Table I). On the basis o f the first 
sequences, McIntosh specific primers were designed close to the active site o f the 
gene, which is a highly conserved region consisting of 36 bp and coding very similar
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amino acid sequences in various plant species. The active site peptid sequence in the 
McIntosh apple cultivar, SLSKDLGFPGFR, differs in the eighth amino acid of the 
apple sequence previously published [7] in that L replaces F (Table П). The active 
site amino acid sequence, however, is identical to that of a ripening, related ACC 
synthase in tomato [8]. We suggest that the McIntosh ACC synthase gene may there
fore be a new member of the hitherto identified ACC synthase gene family.

This McIntosh ACC synthase gene segment was used to construct antisense 
and sense clones with which the apple cultivars Royal Gala and McIntosh are being 
transformed.
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The amount of genetic variation among and within soybean cultivars and the 
variation in trypsin inhibitors (TI) are of interest to geneticists and breeders.

Although soybean is a good source of proteins, its nutritional value is limited 
by the presence of anti-nutritive factors. The levels of these protease inhibitors 
can be reduced by heat treatment, germination and fermentation of the seeds. It is 
also possible to eliminate or reduce these inhibitors by transferring the zero or low 
expressing alleles of the inhibitors (ti variants) to the cultivated strains. In 
our soybean breeding experiments, mutant lines with a low TI content 
(30-50 TI units/mg) were developed. The objective of this study was to examine not 
only the genetic variation in TI in the mutant lines and cultivars of soybean but also 
the environmental effects on them. The TI variations in 32 soybean samples were 
studied by comparing their electrophoretic patterns, which were found to be highly 
uniform but varied in the intensity of the inhibitor bands. We measured the genetic 
type, the environment, and the effects of sampling and interactions on the TI 
contents. Growing the soybean strains at different environments changed the amount 
of TI, as well as the maturity period.
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Use of specific promoters under clearly defined conditions in transgenic plants 
is valuable for determining gene expression. In this study, we used the Salt promoter 
derived from the rice variety Taichung native-1 and linked to the uidA  gene in 
plasmid pGVB310, and compared its activity with that o f the 35S promoter in the 
transformed calli o f sorghum. The 35S promoter, as the constitutive promoter, is 
also linked to the uidA  gene in plasmid p35SGus. Plasmid pGVB310 was transferred 
to sorghum cell suspension using biolistic bombardment [1] in the same way as co
transformation was carried out for plasmid p35SGus with pROB5 containing the hpt 
gene as the selectable marker. A transformed callus was selected using 50 mg/L of 
hygromycin in callus medium for 3 weeks. The resistant colonies obtained during 
selection were then transferred to a fresh callus medium containing 50 mg/L of 
hygromycin. A histochemical Gus assay was performed on those calli that were 
resistant to 50 mg/L of hygromycin; the results showed that a blue colour appeared 
in the transformed calli after 5 hours of incubation at 37°C. A fluorimetric Gus assay 
was performed to detect quantitative Gus expression in the resistant calli. Resistant 
calli were grown under various conditions, e.g. 0.1% NaCl, or 2 mg/L of ABA in 
callus medium, or without stress (normal conditions). The level of promoter activity 
for both the 35S and Salt promoters was measured on the basis of Gus expression 
detected with fluorimetric assay. The results showed that the transformed calli 
(varieties Arval and White Martin) with plasmid pGVB310 showed Gus expression 
that was about 8-12 times higher than that of the transformed calli with plasmid 
p35SGus. When the transformed calli (Salt promoter) were grown on callus medium 
containing 0.1% NaCl, Gus expression was about 15-20 times higher than that of



POSTER PRESENTATIONS 567

TABLE I. GUS EXPRESSION OF THE TRANSFORMED CALLI OF TWO 
VARIETIES OF SORGHUM3

Transformed calli Average Gus 

(promoter) (pmol MU/min per /xg protein)

expression

(pmol MU/h per /ig protein)

Control
(non-transformed calli)

Variety White Martin 5.14 7.52
Variety Arval 4.42 7.23

Transformed calli

Variety White Martin (Salt)

No induction 1707.90 431.30
NaCl (0.1%) 1885.10 557.20
ABA (2 mg/L) 1863.80 249.60

Variety Arval (Salt)

No induction 1187.10 280.00
NaCl (0.1%) 2663.70 674.80
ABA (2 mg/L) 1725.60 346.60

Variety Arval (35S)

No induction 130.10 38.47
NaCl (0.1%) 123.90 41.83
ABA (2 mg/L) 111.80 14.87

a MU = (4-methyl-umbelliferyl).

the transformed calli containing the 35S promoter. When the transformed calli were 
stressed with 2 mg/L of ABA, the level of Salt promoter activity increased, while 
that of 35S decreased (Table I). McElroy et al. [2] have reported that the actin 
promoter derived from rice can be constitutive in all tissues, and that its expression 
is higher than that o f the 35S promoter in rice tissue. Similar to this experiment, the 
Salt promoter showed (under normal conditions) higher Gus expression than the 
35S promoter, while under stress conditions (NaCl or ABA) the activity of the Salt 
promoter was slightly higher than that of the transformed calli grown under normal 
conditions. Southern blot analysis was performed when the hpt gene was detectable 
in the resistant calli. hpt hybridizing DNA (1.1 kb) was detected in lanes 1, 2, 3, 
5 and 6, while it was not detectable in lanes 4 (control) and 7 (Fig. 1). When the
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FIG.1. Autoradiograph o f the Southern blot o f DNA. The DNA was extracted from different 
calli o f sorghum after biolistic bombardment, and digested with restriction enzymes, 
(a) hpt was used as the probe. When the genomic DNA was digested by EcoRI + BamHI, 
the expected size (1.1 kb) was found in lanes 1, 2, 3, 5 and 6, but not in lanes 4 (control) 
and 7. (b) The Gus gene was used as the probe. When the genomic DNA was digested by 
EcoRI + Xbal, the expected size (2.5 kb) was found in lanes 2 and 3, while in lanes 4 (control) 
and 5 no hybridization was found.

genomic DNA of the resistant calli from the Arval variety was digested by EcoRI 
+  BamHI and hybridized with probes (Gus), the expected size was found in lanes
2 and 3, while in the control no hybridization was found.
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The crop improvement programme at the Nuclear Institute for Agriculture and 
Biology involves use of mutation breeding techniques, particularly for improving 
plant architecture, maturity, period and induction/incorporation of genes for biotic 
and abiotic tolerance in important food and fibre crops. Recent advances in 
molecular genetics offered us new techniques to elucidate differences at the 
molecular level in the mutated genes with the help of marker assisted breeding tech
niques, i.e. restriction fragment length polymorphism (RFLP) and random amplified 
polymorphic DNA (RAPD). Efforts are therefore being made to incorporate salt 
tolerance in cultivated wheat and rice from their wild relatives through wide 
hybridization.

Thirteen improved varieties of rice, cotton, mungbean and chickpea have been 
developed using the mutation breeding technique and then released for commercial 
cultivation. These improved varieties have played a significant role in increasing 
agricultural production in the country. In addition, a wealth of genetic variability has 
been developed for use in the cross-breeding programmes, and a few varieties of 
cotton have been developed in Pakistan with an induced mutation as one of their 
parents. M arker assisted wide hybridization in rice has helped to monitor the flow 
of genetic material carrying salt tolerance from wild to cultivated species. In wheat, 
DNA fingerprinting has been attempted to differentiate salt tolerant lines (hybrids) 
from their parents.
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1. INTRODUCTION

Random amplified polymorphic DNA (RAPD) was recently used to assess the 
variation and phylogenetic relationship of plant material [1-3]. Some work in this 
field has been done on sugar beet [4]. The results of a preliminary study to determine 
whether RAPD can be applied to discriminate between different beetroot (Beta 
vulgaris L.) breeding material are discussed.

2. MATERIALS AND METHODS

Four genotypes of beetroot were used: Crosby (an open pollinated cultivar), 
218 A (a male sterile line), 218 В (a maintenance line) and 218 x  279 (a hybrid). 
DNA was extracted from about 15 mg of fresh leaf material with СТАВ in the 
presence of chloroform:isoamyl alcohol (24:1) at 65°C for 30 min [5]. Extraction 
was carried out on ten plants o f each genotype separately. The DNA concentration 
was estimated and compared with a lambda DNA standard using ethydium bromide 
staining after 0.7% agarose gel electrophoresis.

Polymerase chain reaction (PCR) was carried out using a Hybaide OmniGene 
thermal cycler. The reaction volume was 25 ¡xL and consisted of 1.5 mM of MgCl2 
buffer and 0.5 units of Taq DNA polymerase (Boehringer Mannheim, Germany),
0.8 mM of dNTPs (Pharmacia, Sweden), 0.2 цМ of primer (Operon, United States 
of America) and 0 .1-0 .5  ng of template DNA, and this was covered with mineral 
oil. To perform amplification, a simulated tube control programme was used. The 
initial cycle lasted for 5 min at 94°C. It was followed by 45 cycles, where dénatura-
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tion was applied for 30 s at 94°C, annealing for 1 min at 35°C and extension for
2 min at 72°C; to complete the reaction, 72°C for 5 min was applied. The PCR 
products were separated for 4 h at 5 V/cm gel electrophoresis, using 1.2% agarose 
and TBE buffer, and then stained with ethydium bromide.

For multivariate analysis, the presence or absence of visualized bands for each 
plant was scored and cluster analysis was generated using the SAS computer 
package.

3. RESULTS AND DISCUSSION

Separation of the amplified DNA fragments resulted in one to six major and 
several minor bands, which correspond to DNA fragments ranging from 0 .2-2  kb 
in size. Four of the 26 primers evaluated showed a considerable degree of poly
morphism, and a total o f nine markers were scored for further analysis. Only one 
track did not reveal clear bands, therefore this sample was omitted.

Three clearly distinguishable groups were created by cluster analysis (Fig. 1). 
The first group consisted of all ten Crosby cultivar plants and represented the 
material least related to the other genotypes. In the next group, only plants o f the 
218 X 279 hybrid were found. The last group was not uniform in composition, 
consisting of both male sterile and maintenance lines.

A  - 2 1 8  A  male sterile line 
□  - 2 1 8  В  maintenance line

FIG. 1. Dendrogram generated by cluster analysis showing the relationship between 
individual plants derived from four beetroot genotypes.
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The results indicate that there is a considerable degree of polymorphism 
between beetroot genotypes. Use of only nine RAPD markers allowed us to identify 
groups that conform entirely with the expected pattern of genetic variation between 
these genotypes. The common group for both the male sterile and the maintenance 
lines probably resulted from the amplification of primarily genomic (and not 
mitochondrial) DNA, which should not differ in these lines. However, it was still 
possible to identify a subgroup in which six of the nine male sterile plants were 
grouped. The equality relationship between the hybrid and the maternal line geno
types, and between the hybrid and the Crosby genotypes, was probably to be 
expected because of the small number of markers used in the study . However, it 
should be possible to identify the pedigree relationship more clearly when more 
markers are evaluated.

Our results strongly indicate the potential for using RAPD to assess variation 
in beetroot breeding material.
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HIGH MOLECULAR WEIGHT GLUTENIN SUBUNITS 
A molecular marker used to estimate 
the quality o f wheat germplasm
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Recent progress made with electrophoretic separation of glutenin subunits, 
their genetics and their implication on breadmaking quality offers the possibility of 
performing indirect selection for quality using glutenin subunits whose expression 
is perigenetically independent.

The composition of the glutenin subunits (with a high molecular weight) of 
15 genotypes representative of the germplasm grown recently in Romania was 
analysed by electrophoresis in 15% polyacrylamide gel with SDS; eight proteino- 
gram types were established (Fig. 1).

The average technological indices for 3 years were used to determine the corre
lations and linear regressions of the different indices and to score the glutenin 
composition.

The glutenin scores [1] are presented in Fig. 1. It should be mentioned that 11 
of the 15 genotypes analysed contained subunits that have the most important effect 
on breadmaking quality. For the Aniversar and Lovrin 41 varieties, two to three bio
types were evident.
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FIG. 1. Proteinogram o f Romanian wheat genotypes.
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TABLE I. CORRELATION BETWEEN SEVERAL BREADMAKING INDICES 
AND THE GLUTENIN SCORES

Loaf
volume

Farino- 
graphic value

Sedimen
tation test

(¡rain
hardness

Protein
content

Glutenin
score

Loaf
volume

— 0.913a 0.923a -0 .6 3 1 a -0 .068 0.665a

Farino-
graphic
value

0.905a -0 .6 8 4 a -0 .077 0.637a

Sedimen
tation test

-0 .6 7 3 a -0 .073 0.581b

Grain
hardness

0.229 -0.161

Protein
content

— -0 .219

Glutenin
score

—

“ Very significant values. 
b Significant value.

The glutenin scores correlated significantly with the loaf volume, the farino- 
graphic value and the sedimentation test (Table I).

It was also shown that the electrophoretic method is useful in the early breeding 
stages because it reveals the polymorphic composition of glutenin subunits.

The role of glutenin is complex, but the variation in composition of high 
molecular weight glutenin subunits plays an important part in determining the 
differences in breadmaking quality between wheat varieties.
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The genomic organization of the rubber elongation factor (REF) gene in the 
Hevea genome was investigated by nucleotide sequence analysis and genomic 
Southern blots.

The nucleotide sequence of a genomic clone of the REF  gene was obtained. 
A genomic library of Hevea brasiliensis was constructed and screened with a REF 
cDNA clone [1]. Ten putative positive clones were detected, five of which were puri
fied by secondary screening. Comparison of the banding pattern derived by restric
tion and Southern blot analyses showed that these clones contained five different 
genomic inserts, two of which (containing the REF  gene) were subcloned in 
pBluscript plasmid vector to produce pGREFl and pGREF2 recombinant plasmids 
for sequencing.

A total of 1099 nucleotides was determined from the insert contained in 
pGREFl and found to encode 127 amino acids, including the carboxyl terminus of 
the REF protein. Nucleotide sequences that encode the rest of the amino terminal 
amino acids were then obtained using a polymerase chain reaction (PCR) product 
derived from the same genomic fragment.

The nucleotide sequence of the genomic clone revealed the presence of two 
introns within the coding region o f the gene (Fig. 1). The location of the putative 
intron/exon splicing sites of both the introns falls between the two codons. The
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FIG. 1. Nucleotide sequence and the derived amino acid sequence o f the REF genomic clone. 
Putative intron/exon slicing sites are indicated by vertical arrows. Solid bars indicate the 
homology o f the predicted amino acid sequence with the cDNA derived amino acid sequence, 
interrupted by substitutions o f amino acids, which are indicated by single letter codes. The 
PCR primer encoded nucleotides are underlined.
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FIG. 2. Segregation o f the REF gene in a family o f  six individuals (lanes 4-9) derived by 
crossing RRIC 110 (lane 3) and IAN 45/710 (lane 10). The genomic DNA was digested with 
the EcoRI  restriction enzyme. Lanes 1 and 2 included the parents o f RRIC 110, LCB 1320 
and RRIC 7.

coding region of the REF genomic clone showed 85 % nucleotide homology with the 
REF cDNA sequence, and the deduced amino acid sequence showed 91 % homology. 
The difference in nucleotide sequence between the cDNA and the genomic clones 
showed the occurrence of polymorphic forms of the REF  gene in the Hevea genome.

Genomic Southern blot analysis o f different Hevea genotypes with the REF 
cDNA probe revealed the presence o f restriction fragment length polymorphism 
(RFLP). Preliminary studies indicated that this polymorphism could be due to the 
presence of a multi-allelic .REF gene locus (Fig. 2). The RFLP pattern obtained using 
this DNA probe also showed that fingerprinting o f the commercial rubber clones is 
possible.
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Somaclonal variation in 13 R2  families and the FR-13A parent was inves
tigated at the DNA level using the random amplified polymorphic DNA (RAPD) 
method via polymerase chain reaction. Thirty-four random primers were employed 
to amplify the DNA segments. Six 10-mer primers revealed a total of 67 scorable

IAEA-SM-340/157P

M  1  5  1 0  1 5  2 0

FIG. 1. Amplification o f DNA from different FR-1 ЗА families (R¡ generation) with primer 
A-18 (M = molecular marker DNA cut with lambda DNA: EcoRI/Hindlll; lanes 1-5 = plants 
from family R ,: FR-13A; lanes 6-10 = plants from family R j: FR-13A-69 (awn); 
lanes 11-15 =  plants from family R¡: FR-13A-69 (awnless); lanes 16-20 =  plants from  
family R j: FR-13A-96; and lane 7 = variation in family R¡: FR-13A-69, with two 
polymorphic bands).
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bands, all of which were polymorphic across the 70 individual plants (five plants and 
65 R2  lines). On the basis of the simple matching coefficient of the RAPD banding 
patterns, all the somaclonal R2  families showed significant dissimilarity with the 
FR-13A parent (Fig. 1). This study demonstrated that molecular markers such as 
RAPD are useful in revealing changes in DNA sequence not readily seen in 
morphological or physiological screening.

IAEA-SM-340/165P

M IC R O P R O JE C T IL E  D E L IV E R Y  O F  DNA
T O  L E A F  C E L L S  IN  Dactylis glomerata
AND IT S  E X P R E S S IO N  IN  S O M A T IC  EM B R Y O S

P.D. DENCHEV*, D. SONGSTAD**,
J.K . McDANIEL*, B.V. CONGER*

♦Department of Plant and Soil Science,
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Knoxville, Tennessee

**Pioneer Hi-Bred International, Inc.,
Johnston, Iowa

United States of America

Development of techniques for gene transfer by bombardment with DNA 
coated microprojectiles has greatly expanded the potential for obtaining transgenic 
plants in cereals and grasses and has been successfully used in several species [ 1 ]. 
The leaf culture system in Dactylis glomerata L. (orchardgrass), in which embryos 
initiate and develop from single mesophyll cells [2, 3], is especially attractive for 
gene transfer experiments.

Tillers were selected from greenhouse grown plants o f Embryogen-P orchard
grass [4], and leaf segments were plated on SH medium with 30 /¿M dicamba 
(SH30), as previously described in Ref. [2]. Tungsten particles were coated with 
DNA plasmids containing the bar gene that encodes for phosphinotricin resistance 
(the active ingredient of the herbicides bialaphos and Basta), and the uidA. gene that 
encodes the enzyme /З-glucuronidase (GUS). Both genes were under control of either 
the CaMV35S or the maize ubiquitin Ubil promoter. Microprojectile bombardment 
was conducted with a particle inflow gun [5].
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FIG. 1. Effect o f  osmotic treatment on GUS expression from cultured orchardgrass leaf seg
ments after microprojectile bombardment. Treatment 1: 4 h before bombardment on SH30; 
Treatment 2: 4 h on SH30 with 150 g/L o f sucrose before bombardment; Treatment 3: 4 h on 
SH30 with 150 g/L o f sucrose before and 16 h after bombardment.

The effects of culture time before bombardment, the concentration of sucrose 
in the medium, the distance from the syringe filter (‘gun nozzle’) to the tissue, and 
the two promoters mentioned above on the transient expression of the GUS gene 
were studied. The highest expression was obtained when the leaf segments were pre
cultured for 48 h before bombardment. Culture for 4 h on the medium containing 
15% sucrose also enhanced GUS expression (Fig. 1). The most spots per leaf 
segment were obtained when the segments were placed 18 cm from the syringe filter. 
The maize Ubi 1 promoter gave 2.3 times more blue spots than the 35S promoter 
(Fig. 2), and the spots were larger and more intensely stained. Also, somatic 
embryos induced directly from mesophyll bombarded cells stained blue after treat
ment with X-gluc for 24 h at 37°C. Thirty-five putative transformed plants resistant 
to Basta were regenerated on medium containing 1.5% bialaphos. Six of these plants 
showed no reaction when the leaves were treated with 0.01% Basta, indicating 
resistance to the herbicide. The leaf tissue from these plants produced somatic 
embryos when cultured on medium containing 1.5% bialaphos. Somatic embryos 
from the leaf tissue of the regenerated plants also stained blue when treated with 
X-gluc. Putative transformants for both genes were confirmed by polymerase chain 
reaction techniques.
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FIG. 2. Comparison o f the promoter efficiency on GUS expression from cultured orchard- 
gross leaf segments after microprojectile bombardment.
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MODIFICATIONS OF GENOMIC DNA 
BY FLP SITE SPECIFIC RECOMBINASE 
UNDER THE CONTROL OF INDUCIBLE PROMOTERS 
IN MAIZE AND RICE
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Introduction of specific mutations into genomic DNA requires elimination of 
any unwanted foreign DNA sequences, including selectable markers and vector 
DNA. Inefficient intrachromosomal homologous recombinations or DNA replace
ment strategies in combination with negative selection procedures have been 
employed to achieve this task in current gene targeting procedures [1]. A newly 
emerging possibility is the application of site specific recombination systems to
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FIG. 1. The test vector pUFNeoFmG contains the neo gene (selectable marker) controlled by 
the 5 ' elements o f the maize ubiquitin gene. The neo gene is followed by the promoterless gusA 
gene (recombination marker). The FRT sites are located within the first untranslated exons 
o f the ubiquitin gene leader sequences. A successful site specific recombination should lead 
to excision o f the neo coding sequences and activation o f the gusA gene.
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FIG. 2. Screening for GUS activation in retransformed protoplasts with the pUbiFLP 
expression vector, and hygromycin resistant cells containing the integrated pUFNeoFmG 
vector (line 56P).

f f l  П I  15 &
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FIG. 3. The product o f FLP catalysed excision can be identified by PCR analysis o f the 
genomic DNA. Lane M  shows markers, lane 1 indicates the amplification product o f the 
pUbiFRTG vector. Lane 2 represents an untransformed original maize suspension line (PCE). 
Lanes 3 and 4 indicate the amplification products o f lines 56P and 122, respectively (before 
and after retransformation with the FLP expression vector). The length o f the amplified 
fragment should be 1.2 kb, i f  excision took place.
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FIG. 4. Southern blot analysis o f FLP mediated recombination in a selected hygromycin 
resistant maize callus. The genomic DNA (10 fig) was digested with Xho/ and SacI  and probed 
with the neo (left panel) or the gusA (right panel) coding sequences. The DNA from the 
untransformed callus is described as PCE. Line 122 was generated from the original line 56 
after retransformation with the pUbiFLP vector.

accomplish similar results [2, 3]. If the efficiency of DNA excisions catalysed by a 
recombinase is relatively high and its activity is controlled, negative selection can 
be eliminated and gene targeting can be reduced to a single transformation and selec
tion procedure followed by polymerase chain reaction (PCR) screening to identify 
the mutated target sites.

The yeast FLP recombinase protein can recognize the FRT sites integrated into 
maize and rice genomes and excise a fragment of DNA flanked by its cognate recog
nition sites in about 50% of maize cells expressing the FLP protein. This enzyme 
can remove selectable marker genes from genomic DNA and/or activate expression 
of foreign genes such as gusA (Figs 1-4).
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FIG. 5. Maize protoplasts were co-transformed with pUFNeoFmG (recombination test 
vector), pUbiGR (glucocorticoid receptor expression vector, marked GR), and pGREsFLP 
(FLP expression vector containing glucocorticoid receptor elements attached to the short 
CaMV35S promoter, marked FLP). After transformation, the protoplasts were incubated for  
2 days on media with or without dexamethasone. Control vector pUbiGUS is indicated as 
GUS. GUS activity in the protoplasts incubated on medium with dexamethasone was about 
5 units, or 5% o f the activity observed in the protoplasts transformed with the pUbiGUS. 
(MU = (4-methyl-umbelliferyl).)

Control of FLP  recombinase gene expression can eliminate the need for 
retransformation or cross-breeding experiments. We selected the soybean heat shock 
promoter from the Gmhspl7.5-E  gene [4] to control expression of the FLP  gene 
by an environmental factor (heat shock) and the mammalin steroid response ele
ments [5] as an example of a chemically inducible expression system. Both systems 
demonstrated that regulated expression of the FLP  recombinase gene can activate 
expression o f the gusA gene in maize cells (Figs 5 and 6 ).

Maize protoplasts were stably co-transformed with the heat shock inducible 
FLP expression vector (pHsFLP) and the recombination test vector pUFNeoFmG. 
Eighty-four transgenic callus lines selected on medium containing kanamycin 
(100 uglraL) were screened for GUS activity induced by heat shock treatment 
(Fig. 7). In this experiment, 14 independently transformed lines responded to the 
higher temperature by activating gusA expression.
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FIG. 6. Maize protoplasts were co-transformed with p  UFNeoFmG and pHsFLP or p UbiFLP. 
GUS activity was similar to the background levels (mock treatment with no DNA) in the 
protoplasts transformed with the pUFNeoFmG vector alone (before and after heat shock) and 
in the protoplasts co-transformed with pHsFLP without heat shock. Heat shock treatment o f  
protoplasts cd-transformed with pUFNeoFmG and pHsFLP induced the GUS activity to 
increase to 40% o f the control treatment (the protoplasts were co-transformed with 
pUFNeoFmG and pUbiFLP). (MU = (4-methyl-umbelliferyl).)

Western analysis of the protein extracts probed with a rabbit anti-FLP serum 
confirmed heat inducible synthesis of the FLP protein in the transgenic lines (Fig. 8 ). 
The FLP protein was not detected in cells incubated at 24°C, but was identified after 
the heat shock treatment (overnight incubation at 37 °C). The DNA products of the 
recombination reaction were identified in the genomic DNA of responsive callus 
lines (Fig. 9).

We have demonstrated that the yeast FLP/FRT  recombinase system can be 
used for DNA fragment excision from the genome of a plant cell. We found that the 
soybean heat shock promoter can control expression of the FLP gene in maize and 
rice cells. Now that the site specific recombination system can be turned on and off 
at will, its application should become extremely valuable for the genetic engineering 
of crop plants.



POSTER PRESENTATIONS

/ / -

t

/ v'' ч
№

C a l l u s  

line
■ л

S E *  3 2

FIG. 7. GUS activity is induced by heat shock treatment in the suspension culture line 
expressing the FLP recombinase gene from the pHsFLP plasmid.
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FIG. 8. Immunoblot analysis o f FLP protein accumulation in extracts from selected trans
genic lines following heat shock treatment (+H). Gel was probed with rabbit antibody to FLP 
protein. The position o f the native FLP protein is shown in the FLP lane. PCE lanes indicate 
protein extracts from non-transformed maize cells.

FIG. 9. Southern blot analysis o f the genomic DNA isolated from transformed cells incubated 
at 24°С or subjected to heat shock treatment (H). Lanes 1 and 2 represent 10 and 5 copies, 
respectively, o f the substrate and the reproduction product.
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Expansion of genetic variability is critical to crop improvement, but ready 
access to many hidden genetic traits is often not available using standard breeding 
technology. An attempt is being made to control and direct the in vitro creation of 
somaclonal tomato variants with high solids contents by using feedback inhibition
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challenging to increase the reducing sugar content. Somaclonal tissue culture tech
nology [ 1 ] has been successfully used to create agriculturally useful crop variants. 
Feedback inhibition has also been used to modify the plant composition [2]. By 
applying chemical and/or environmental stresses to tomato explants (leaf discs and 
leaf rachis) in culture medium and challenging the feedback inhibition system, which 
regulates the concentration of the specific end product (sugar) in the cells, genetic 
variants with very high solids contents and increased invertase activity have been 
created and identified.

Preliminary studies to determine the cause of the increased solids content of 
high solids tomato variants suggest that increases in sucrose content, and a several 
fold increase in invertase activity, may be involved. A large increase in sucrose up 
to the time of ripening, and its rapid conversion to reducing sugar by high invertase 
activity during ripening, could result in a substantial increase in the reducing sugar 
content found in high solids variants. Over 300 tomato variants were created with 
solids contents from 7.0 to 15.0%. It is estimated that a 1.0% increase in solids 
content could offer a US $70-80 million benefit to the tomato industry in the United 
States of America. The average processing tomato has a solids content of about 
5.0-5.5% .

High solids variants, and hybrids made among them and with commercial 
cultivars and breeding selections, also yielded high solids tomatoes with other valu
able raw material traits, including an exceptionally deep red colour; a low pH; a high 
juice consistency; distinctly different flavours; and extensive changes in size and 
shape (small, extra sweet, semi-determinate cherry tomatoes; medium sized, hard, 
processing tomatoes; and 150-450 g fresh market tomatoes). Somaclonal/feedback 
inhibition challenge strategies are being developed to incorporate as many of these 
traits as possible into selected high solids variants. Co-operative field trials with a 
commercial seed company and a biotechnology company are determining the com
mercial feasibility of the high solids variants and hybrids.

To enhance the commercial potential of valuable high solids variants, in vitro 
pollen selection screening strategies are being developed. Pollen screening has the 
advantage of being able to challenge hundreds of pollen grains in a petri dish within 
1-3 h. Pollen can be easily exposed to many stress factors, using little space and low 
cost equipment compared with expensive greenhouse facilities, or conducting large 
field trials. Pollen germination and tube growth represent the growth of the 
gametophyte. Several studies have shown that many physiological functions are 
important to both the gametophyte and the sporophyte and are controlled in each by 
the same genes.

Studies using tomato cultivars and breeding selections with known tolerance 
or susceptibility to heat stress [3] have shown that by exposure of the flowers to 
controlled heat stress in a growth chamber, and evaluation of the germination and 
tube growth of the stressed pollen in culture media, it was possible to identify heat 
tolerant tomato selections. This technique is being applied to United States Depart-
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ment of Agriculture high solids variants and hybrids, and is being tested for commer
cial cultivars by industry breeders.

In other preliminary trials, tomato pollen protoplasts released by modification 
of a non-enzymatic pollen protoplast release process [4] as well as arrested pollen 
tubes (extended partial protoplasts) are showing promise as possible DNA transfer 
mechanisms for tomatoes.

In vitro pollen challenging with toxins of both the Fusarium and Vertcillum 
races isolated from liquid growth media has shown that disease resistance can be
detected in some high solids tomato variants. Pot tests of tomato variants subjected 
to disease organisms are being used to verify in vitro evaluations. A modification 
of this disease screening technology has been developed to create disease tolerant 
variants from disease susceptible high solids variants.
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FOR WHEAT TRANSFORMATION 
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Advances in plant biotechnology will prove to be a novel and powerful tool 
for plant improvement through the delivery, integration and expression of defined 
foreign genes into plant cells. In recent years, microprojectile bombardment of tissue 
derived from immature embryos has become the established procedure for wheat 
transformation [1-4]. In our laboratory, we established a transformation protocol 
that yielded multiple transformed wheat lines without excessive effort, was reprodu
cible on a regular basis and yielded fertile transgenic lines that passed on the geno
types and phenotypes to successive generations. Research has since been conducted 
on improving and modifying the existing protocol. These approaches included 
manipulation of media components, DNA delivery modification and transformation 
selection strategies. Vain et al. [5] have reported that osmotic conditioning of the 
target cells resulted in a 6 . 8  fold increase in recovery of the stably transformed maize 
clones. It was suggested that the basis of osmotic enhancement of transient expres
sion and stable transformation resulted from plasmolysis of the cells, which may 
have reduced cell damage by preventing extrusion of the protoplasm from the bom
barded cells. Our experiments showed that by maintaining scutellar calli on 0.4M 
mannitol containing medium for 4 hours prebombardment and 16 hours post
bombardment greatly increased the transformation efficiency. The osmotic condi
tioning treatment has increased our transformation efficiency to greater than 1  %.

The selection procedure is another aspect of the protocol that we have 
improved upon. Previous results have shown that both phosphinothricin acetyl 
transferase (PAT) and /З-glucuronidase (GUS) assays are not strictly indicative of 
transformation. In addition, PAT assay involves use of a radioisotope, which makes 
it inconvenient to apply because of the safety and waste disposal conditions, and the 
GUS assay is destructive, killing the tissue that is sampled. Also, selection based on 
herbicide containing medium can be tedious and time consuming. Kramer et al. [6 ] 
have described a method for identifying transformed cells with the inclusion of a 
pH indicator in the culture medium. The method allows for identification of the
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transformed tissue more quickly and efficiently by observing a colour change from 
red to yellow in the medium; it is also non-destructive to the plant tissue. We have 
applied this procedure to the selection of putative transformed shoots in our protocol. 
This method has made it possible to select transformants after 2 days rather than the 
usual 2 weeks. It has also significantly reduced the number of escapes and cultures 
that would have to be carried forward.

There has been some public concern and debate over the presence of herbicide 
resistance genes that have been introduced into food crops. Therefore, we are 
attempting to develop a selection protocol that is not based on use of herbicide 
resistance genes. Calli have been bombarded with an osmolyte gene and selected on 
medium with a low water potential. Callus cells that have been transformed with the 
osmolyte gene should be able to grow in the presence of a low water potential and 
be easily selected. The presence and expression of the osmolyte gene will be critical 
for selection but may also be beneficial to the plant and contribute to plant 
improvement.

We feel that our current protocol is now adequate to initiate wheat bio
engineering experiments. One goal o f our laboratory is to use the transformation 
methodology to improve the quality of wheat. An example of wheat quality related 
genes are high molecular weight glutenins. These polypeptides play a critical role 
in the formation of a disulphide cross-linked protein matrix, which has been 
correlated to bread dough properties.
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Seed storage proteins from naturally occurring lysine rich cultivars selected for 
their resistance to (S)-2-aminoethyl-L-cysteine [1] were analysed biochemically and 
immunologically and compared with the cultivar White Martin (low lysine content) 
and a chemically induced high lysine mutant P721o [2]. Quantitative analysis o f these 
cultivars indicated a 10-25% decrease in synthesis of the alcohol soluble proteins 
(kafirins and alcohol soluble reduced glutelins) and a two times increase in albumins 
and globulins without affecting the total protein content. SDS-PAGE and two- 
dimensional gel electrophoresis indicated that the kafirins consist o f at least six to 
eight polypeptides, which were immunologically characterized as a-kafirins (25 kD 
and 27 kD), /3-kafirins (18 kD and 19 kD) and 7 -kafirins (28 kD ) . 1 All these kafirin 
polypeptides are represented in White Martin, while in the case of the high lysine 
mutant P721o, a general decrease in alcohol soluble proteins has been reported [3]. 
Both the 25.3 kD and 25.9 kD kafirin polypeptides are missing in cultivars IS 21702, 
CVS 365 and G 1058, while only 25.9 kD is missing in G 205 compared with 
White Martin and P721o. Immunological studies have shown that these missing 
proteins belong to the a-kafirin group. The strong cross-reactivity observed between 
a-zein serum and a-kafirins indicates a high homology among these proteins. NH 2  

terminal amino acid sequence analysis of 25.3 kD a-kafirin showed 6 8  and 60% 
homology with 22 kD a-zein and previously reported а -like kafirin [4], respectively. 
Two distinct albumin proteins of 22 kD and 25 kD were observed in IS 21702, while 
only the 25 kD protein was observed in cultivars CVS 365, G 1058, G 205 and 
CVS 549. These extra albumin bands are absent in P721o and White Martin. They 
were partially purified from IS 21702 for amino acid analysis and sequencing. We 
presume that the absence of the alcohol soluble a-kafirin fraction and the relative 
increase in the albumin and globulin fractions were associated with the absolute and 
relative increase in lysine content observed among these cultivars with a potential 
high nutritional value.

IAEA-SM-340/184P

1 1 dalton =  1 u (unified atomic mass unit)
=  1.66 x  lO'27 kg.
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1. INTRODUCTION

Mangroves are one of the most complex and unique plant communities; they 
are salt tolerant and inhabit estuarine and intertidal regions in tropical and subtropical 
belts of the world. These are a specialized group of plants, since they have adapted 
well, both morphologically and physiologically, because of their constantly fluctu
ating growth conditions. The mangrove ecosystem is of great significance because, 
apart from forming a connecting link between terrestrial and aquatic ecosystems, it 
also protects coastlines by preventing sea water inundation and maintaining a coastal 
ecological balance. India, with a coastline of 7500 km [1], harbours about 8 % of the 
world’s mangroves [2]. The Indian mangroves comprise approximately 59 species

* Research carried out with the support of the IAEA under Research Contract
No. 8491/RB.
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TABLE I. MOLECULAR MARKER ANALYSES CARRIED OUT ON THREE 
MANGROVE SPECIES

A. ilicifolius A. marina E. agallocha

RAPD analysis

Intrapopulation

Population 10 10 6
No. of plants/population 6-8 8-10 5-7
No. of primers 13-16 8 17
No. of amplified products 69-75 72-76 124-146
Percentage of polymorphic products 4-6 2-5 20-30

Interpopulation

Population 10 10 6
No. of plants/population 48 88 36
No. of primers 13 6 17
No. of amplified fragments 74 52 149
No. of polymorphic fragments 39

RFLP analysis

14 98

Interpopulation

Population 8 4 3
No. of plants/population 8 8 2

No. of probes/enzyme combination 15 (5/3) 24 (6/4) 4 (2/2)
Total/polymorphic loci 96/44 48/18 11/4

in 49 genera and 29 families, with an equal number of associated species [3]; 
predominant occurrence is found along the eastern coast (82%), including the 
Andamans and Nicobar Islands.

Despite the uniqueness characteristic of these systems, little or no experimental 
research has been done on them and detailed studies are lacking in all major areas, 
including the physiological, cytological, reproductive and molecular aspects. 
Substantial accumulation of latex, mucilage, phenolics and other secondary meta
bolites makes it a difficult system to study, since these interfere with protein and 
nucleic acid isolation and related studies. Pressure on the mangrove ecosystems is 
on the rise because of urbanization, expansion of agriculture, coastal aquaculture and 
increasing exploitation of natural resources. Because of these ever growing threats,
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along with the absence of any plans of action for conservation and sustainable utiliza
tion, mangroves along the Indian coast have reached an almost alarming stage; about 
50% of the mangrove areas have already been lost over the past 25 years from both 
natural and human induced causes. In an effort to protect, restore and conserve this 
ecosystem, a multifaceted approach has been initiated at our Centre on mangroves 
that would otherwise be under serious threat. As an essential prerequisite to our on
going conservation programme, efforts are under way to study the genetic structure, 
relationship and variability of mangroves using cytological and molecular markers 
to elucidate the intraspecific and population specific polymorphism in order to select 
distinct/elite genotypes for long term conservation.

Unlike morphological markers, molecular markers are stable, not prone to 
environmental influences and portray precisely the genetic relationship between plant 
groups [4-7]; hence, they are widely used in genetic resource characterization and 
conservation. Details of cytological and molecular marker based analyses of 
intraspecific and intrasite polymorphisms in three Indian mangrove species are given 
in Table I.

2. CYTOLOGICAL STUDIES

Information on cytological analysis of mangrove species is scanty. At our 
Centre, the somatic chromosome number has been determined for six mangrove 
species: Avicennia marina (2n =  58); Rhizophora mucronata (2n =  36); Ceriops 
decandra (2n =  36); Acanthus ilicifolius (2n =  48); Excoecaria agallocha 
(2n =  140); and Sesuvium portulacastrum  (2n =  48). Studies of other species are 
in progress.

3. RAPD ANALYSIS

Random amplified polymorphic DNA (RAPD) markers provide convenient 
and rapid assessment of differences in the genetic make-up of related individuals. 
From our investigations it has been observed that the extent of polymorphism in 
mangroves varies from species to species. 1 пЛ. ilicifolius, on analysing eight distinct 
populations belonging to different ecogeographical zones, the intrapopulation varia
tion was low, with 3-6%  of the amplified products being polymorphic, while inter
population polymorphism was 22%. The same applies to A. marina, another wide
spread tree species. In E. agallocha, a dioecious species, the eight populations 
studied showed on the contrary 65% polymorphism at the interpopulation level 
and 20-30% within populations. Other genera on which intrapopulation diversity 
has been determined are Lumnitzera racemosa, A. officinalis, Heretiera fomes, 
Xylocarpus granatum  and Bruguiera gymnorrhiza; in these species, the poly
morphism ranged between 17 and 34% (Fig. 1).
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FIG. 1. Genetic distance between different populations (RAPD markers).

4. RFLP ANALYSIS

For our restriction fragment length polymorphism (RFLP) studies, specific 
probes have been developed from all those species under study, either by polymerase 
chain reaction generated DNA fragments or by constructing a genomic library at the 
Pstl site in the pUC 18/pUC 19 plasmid vectors. Restriction enzyme digested, 
electrophoretically separated and membrane transferred DNAs were probed with 
fluorescein-11-dUTP labelled probes (non-radioactive detection (ECL Version П, 
Amersham, United Kingdom)). In A. ilicifolius, of 64 RFLP loci, three were poly
morphic within a population (4.5%); at the interpopulation level, 44 of the 96 RFLP 
loci revealed by 15 probe/enzyme combinations were polymorphic (45.8%). RFLP 
studies of other species are in progress.

5. FINGERPRINTING AND rDNA SEQUENCING IN MANGROVES

Traditionally, identification of mangrove species has been based on morpho
logical traits, which are very often misleading. Hence, the taxonomic relationships 
in this group of plants (besides RFLP and single copy nuclear sequences) can be
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additionally clarified by repetitive DNA components (minisatellites) and sequence 
analysis o f cytoplasmic ribosomal DNAs. Ribosomal gene sequences, which are 
subjected to a relatively rapid rate of concerted evolution [8 ], produce DNA 
fragmentation patterns that are highly homogenous within individuals and among 
closely related populations/species, yet exhibit characteristic heterogeneity between 
groups. Ribosomal DNA variations have been widely described in many plant 
species [9, 10]. Hence, the promising and unique properties of rDNA coupled with 
minisatellite probing are being used to generate novel evolutionary insights and 
biosystematically useful information on mangroves.

6 . CONCLUSIONS

In general, the mangrove ecosystem is unexplored and poorly understood. The 
unique habitat preference and the complexity of the system make it difficult to study. 
From our investigations, the overall genetic polymorphism encountered in these 
plants is species specific and to a large extent independent of morphological varia
tions and sexual differences. Because of the growing threat to this ecosystem, 
formulating plans of action that will ensure its restoration, conservation and sustain
able utilization is o f paramount importance. To this end, combined efforts have 
begun and a Genetic Resource Centre for assembling unique morphological and 
distinct genotypes capable of tolerance to sea water has been set up by our Centre 
at Pichavaram in Tamil Nadu State. It is hoped that these efforts will ensure long 
term conservation. They also form part of an anticipatory research programme to 
face the possible changes in growing conditions that may arise in the future from the 
rise in sea level as a result of global warming.
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1. INTRODUCTION

Our goal is to develop DNA based marker systems in order to assess the 
genetic variability of oak populations and to enable construction of genetic linkage 
maps. For these purposes, we prefer to develop systems that provide: (1) several 
alleles for a given locus; and (2) relatively simple analysis. Therefore, we are in the

* Research carried out in association with the IAEA under Research Agreement
No. 7637/CF.
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process of identifying repetitive elements of the nuclear genome such as micro and 
minisatellite loci. These marker systems provide us with co-dominant alleles that can 
be visualized by polymerase chain reaction based techniques.

2. MICROSATELLITES OF THE OAK GENOME

Two oligonucleotides ((AG ) 9  and (GT)9) were used to screen for the 
microsatellite regions. Several positive clones were selected by colony hybridization 
from small fragment oak DNA libraries. So far, five different regions have been 
identified, sequenced and the microsatellite ‘core’ analysed. The allele number 
varied between 5 and 10 per locus. Altogether, we have identified 36 alleles for these 
five loci.

Sequence analysis of the alleles revealed that variability is not always the result 
o f variation in the length o f the core, and that some other changes may also occur 
in the flanking regions.

Analysis of the population o f one o f the microsatellite regions (GA16) revealed 
the presence of six alleles, three of which were frequent (compromising approxi
mately 90% of all the alleles) and three rare.

3. MINISATELLITE LIKE ELEMENT OF THE OAK GENOME

We have identified a 2.2 kb random amplified polymorphic DNA fragment that 
yields a minisatellite like hybridization pattern in Southern hybridizations, providing 
individual specific banding if  it is used as a hybridization probe on oak genomic 
DNA.

Sequence analysis of this fragment revealed the presence of three different 
types of repetitive element. One results in the highly variable minisatellite like 
hybridization pattern (the element is identified as a 590 bp long subfragment), while 
the other two possibly represent non-variable types of repetitive element with core 
sequences of 50 and 42 bp long, respectively.
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1. INTRODUCTION

The potential of in vitro tissue culture as a breeding tool has received wide 
attention, recognizing the genetic changes induced by callus culture [1]. Phenotypic 
markers that are stable in conventional vegetative propagation provide a tool for 
examining the rate and extent of these changes. Development of molecular markers, 
particularly for sugar cane genome mapping, is currently being performed by restric
tion fragment length polymorphism (RFLP) and polymerase chain reaction technolo
gies [2 ].

Detection of major genes and their linkage to markers will be used in selecting 
improved varieties with desirable agronomical traits such as disease resistance, 
productivity and stress tolerance. Resistance to eyespot disease of sugar cane has 
been characterized in a group of resistant somaclones obtained by tissue culture from 
a highly susceptible donor variety [3]. A group of somaclones with a high sugar 
content and tolerant to salinity stress was characterized at the mitochondrial and 
genomic DNA levels by RFLP analysis.

2. MATERIALS AND METHODS

Eight somaclones tolerant to salinity stress and three with a high sugar content, 
derived by tissue culture from a highly susceptible variety to salt stress (C 87-51), 
were studied.

* Research carried out with the support o f the IAEA under Research Contract
No. 8137/RB.
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2.1. Preparation of total DNA, blotting and hybridization

Total DNA was isolated following the procedure of Dellaporta et al. [4]. The 
digested DNAs were transferred to nylon membranes (Amersham, United Kingdom) 
according to the manufacturer’s instructions. As the heterologous probe, we used 
maize ribosomal DNA, kindly provided by J. Messing and G. Beaulieu (Department 
of Botany, Washington University, Seattle, United States o f America). Probe DNA 
was labelled with 3 2 P-dATP by nick translation. After hybridization, the filter 
membranes were washed twice at 65 °C for 20 min and then exposed to Fuji RX 
X ray film at —70°C using two intensifying screens.

2.2. Mitochondrial DNA analysis

Mitochondrial DNAs from the apical shoot segments of 4 -6  month old plants 
were isolated as described by Erickson et al. [5], with modifications. The RNA was 
removed by 100 /xg/mL of RNase A treatment. Digestion of mitochondrial DNA 
(0.5-3 ^g) with Ncol, Sail, EcoRI and EcoRV was performed under the conditions 
recommended by the supplier (Heber Biotec, Havana, Cuba). The digested DNAs 
were electrophoresed through 0.7 % horizontal submarine agarose gel in the presence 
of 0.5 /ig/mL of ethidium bromide in TAE buffer for 16 h at 1 V/cm. The DNA was 
visualized and photographed on a 300 nm transilluminator.

3. RESULTS AND DISCUSSION

The autoradiograph of the blotted DNAs from the salt tolerant mutants exposed 
to the ribosomal probe visualized several major bands. Hybridization of the Hincffll 
and EcoRI digested DNAs detected differences in the somaclones studied. Various 
RFLPs were observed, indicating heterogeneity in the salt tolerant mutant population 
obtained compared with the donor susceptible variety, for example, the second 
uppermost bands (22.4, 14.6, 10 and 9.4 kb) in lanes 3, 4, 5 and 7 of the EcoRI 
digest, and the minor bands (23.9, 11.5 and 10.2 kb) in lanes 3, 4, 5, 7 and 10 of 
the H indin digest (Fig. 1).

Evaluation under field conditions has demonstrated the tolerance of these 
somaclones to salinity stress. Currently, we are trying to evaluate the possible role 
of cytoplasmic (mitochondrial and chloroplast) DNA in tolerance to salinity stress, 
combining the use of specific probes such as PSCR and BADH.

For high sugar content mutants, a novel 17 kb EcoRI fragment appeared in one 
of the somaclones, and three EcoRV fragments of 24, 23.4 and 23 kb can be seen 
for the other two mutants. Deletions were also detected. Several bands were missing 
for the restriction patterns of these somaclones using Ncol. No differences in Sail 
digestion were observed.
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FIG. 1. Autoradiograph o f blot hybridization o f the nick translated GL-26 ribosomal 
probe to (a) H indlll and (b) EcoRI digested total DNA from the С 87-51 donor 
susceptible variety and the salt tolerant somaclones.

According to yield evaluation, the three mutants had improved their sugar 
content compared with the donor variety. Furthermore, no differences in other eco
nomic traits were detected.
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Earlier studies on genetic variation and genome analysis of Hevea brasiliensis 
were based primarily on restriction fragment length polymorphisms (RFLPs) [1]. 
Notwithstanding that the RFLP technique is a powerful tool, the technique is slow, 
laborious and requires highly polymorphic hybridization probes. Owing to the 
narrow genetic base from which commercially cultivated H. brasiliensis is derived, 
coupled with the paucity of polymorphic probes, genetic analysis of Hevea by RFLPs 
has often been uninformative. Recent novel polymerase chain reaction (PCR) based 
marker techniques, such as random amplified polymorphic DNA (RAPD) [2, 3], 
DNA amplification fingerprinting (DAF) [4] and amplified fragment length poly
morphism (AFLP) [5], appear more attractive than the conventional RFLP tech
nique. Since these techniques are fast, easy and do not require DNA probes, the 
suitability of one of these techniques, namely DAF, was chosen for study. DAF was 
applied as a novel DNA fingerprinting technique for the study of genetic variation 
in Hevea, including plants produced by in vitro culture and mutagenesis.

Genomic DNA from seven Hevea species and ten H. brasiliensis clones were 
isolated as described in Ref. [1] and used in the experiment. The plants produced 
by in vitro culture and mutagenesis were from the H. brasiliensis clones GL 1 and 
RRIM 905, respectively. The DNA from bifoliate leaves obtained from gamma 
irradiated buds [6 ] was studied and compared with the DNA from bifoliate leaves 
obtained from non-irradiated materials.

The multiplex DAF technique [4] was adopted. Pairs of random 10-mer 
oligonucleotide primers were tested for their ability to elicit DNA polymorphisms. 
Preliminary results indicated that the number of amplified products varied with the 
annealing temperature and the primer pairs. Although it was found that the annealing 
temperatures had to be varied for different primer pairs in order to achieve satisfac
tory amplification, all DNA amplification was carried out at a fixed annealing 
temperature in order to increase the efficiency of screening primer pairs for their

IAEA-SM-340/189P
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ability to reveal comprehensive DNA fingerprints. DNA samples loaded in denatur
ing buffer and separated through denaturing polyacrylamide gels were found to be 
more informative than samples loaded in non-denaturing buffer. Staining with silver 
nitrate was much more sensitive than with ethidium bromide.

All seven Hevea species examined were found to display distinctly different 
DAF profiles. Except for one DNA band, which appeared to be shared by all the 
species, all the others differed in size, number and intensity when viewed after silver 
nitrate staining.

Intraspecific differences in the DNA profiles were observed in all 
ten H. brasiliensis clones examined. Because of the close genetic relatedness 
between the clones, a greater similarity in band size and number was demonstrated 
between these clones than between species.

Comparison of the DNA profiles of 48 plants produced by in vitro culture 
revealed a heterogenous DNA pattern, suggesting that these plants were not geneti
cally homogenous. Although some plants had very similar DNA profiles, others 
were distinctly different. The significance of these differences is not apparent at 
present, but these DNA differences will be monitored, together with other quantita
tive parameters.

DNA fingerprints of normal, non-irradiated plants with trifoliate leaves were 
shown to differ from those of the rarer, non-irradiated plants with bifoliate leaves. 
Similarly, the bifoliate leaves derived from the gamma irradiation buds displayed 
DNA fingerprints that were distinctly different from those of the bifoliate leaves of 
the control (non-irradiated) plants. These DNA fingerprints also varied with the 
increasing dosage of irradiation.

The DAF marker technique has been developed successfully for Hevea studies. 
Preliminary investigations with the technique demonstrated that DAF can generate 
very complex and informative DNA fingerprints and promises to be useful for 
genetic variability, family relationship and population studies. The technique does 
not require sophisticated equipment, and is also more robust and reproducible 
than RAPD.
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1. INTRODUCTION

Deciduous fruit cultivars are traditionally distinguished by means of their 
phenotypic traits. Since the fruit characteristics are assessed, confirmation of the 
authenticity of the cultivars can be delayed for as long as 3-4  years. Random ampli
fied polymorphic DNA (RAPD) markers generated by polymerase chain reaction 
(PCR) [1 ,2 ] have been successfully used to differentiate cultivars in other crops [3]. 
Therefore, use of RAPD markers was investigated as a means of providing the South 
African fruit industry with a technique that can rapidly and reliably identify cultivars.

2. MATERIALS AND METHODS

Genomic DNA was isolated from 15 plum (Prunus salicina) cultivars and two 
rootstocks according to a microwave miniprep method [4]. RAPD assays were per
formed in 25 fiL  volumes containing 20 mM of (NH 4 )2 S 0 4, 75 mM of Tris-HCI 
(pH9.0), 0.01 % (wt/vol.) Tween, 0.2 mM of each dNTP, 1 ¡iM of primer (Operon,

* Research carried out with the support of the IAEA under Research Contract
No. 7638/RB.
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FIG. 1. RAPD profiles o f 15 plum cultivars amplified (a) with primer 1 (genotypes A to I) and (b) with primer 2 (genotypes J  
to Q). The numbers above the lanes correspond to the following cultivars: 1 =  Methley; 2 =  Reubennel; 3 = Sapphire; 
4 = Songold; 5 =  Redgold; 6 =  Harry Pickstone; 7 =  Casselman; 8 = Santa Rosa; 9 = Kelsey; 10 = Laetitia; 11 = Simka; 
12 = Gaviota; 13 =  Celebration; 14 =  Red Beaut; and 15 = Eldorado. The genotypes are scored alphabetically at the bottom 
o f lanes and the polymorphic fragments are indicated by arrows. The phage lambda DNA marker (m) was a Pst 1 digest.
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FIG. 2. RAPD profiles o f plum rootstocks generated using primer 3 (P3) and primer 4 (P4) 
(a) with and (b) without the incorporation o f a-(32P)dCTP. The plum rootstocks, Marianna 
and Maridon, are marked A and B, respectively. The phage lambda DNA marker (m) was a 
Pst 1 digest.

Almeda, California, United States of America), 3.5 mM of MgCl2, 17 mM of 
betamercaptoethanol, 10 ng of genomic DNA and 1.5 units of Taq polymerase. In 
some cases, 1 ¡xL o f a - ( 3 2 P)dCTP was added to the mixture before cycling. 
Amplification was performed in a thermal cycler programmed as follows: initial 
dénaturation at 96°C for 120 s, followed by 39 cycles of 30 s at 92°C, 30 s at 37°C 
and 60 s at 72°C. The final extension was for 120 s. The non-radioactive and 
radioactive PCR products were separated on 1.5% agarose gels and 5% polyacryl
amide gels, respectively. The latter gels were dried and exposed to X ray film at 
— 80°C for 16 h.

3. RESULTS

Initially, the cultivars were screened for primers that generated polymorphic 
DNA fragments (data not shown), and from these tests the most discriminatory 
primers were selected and used for identification. Scoring of the polymorphic DNA 
fragments was based on their presence or absence, and on whether they were 
reproducible.

The fingerprints generated for the cultivars when amplified with primer 1 are 
shown in Fig. 1(a). Six of the 15 cultivars had unique fingerprints, while the other 
nine shared three different RAPD profiles. The cultivars that shared similar finger
prints (Fig. 1(a), genotypes В, С and E) were screened with additional primers, and
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Fig. 1(b) shows that, except for Casselman and Santa Rosa (genotype L), all the cul
tivars were differentiated with primer 2 .

Figure 2 shows the fingerprints o f the two rootstocks generated with and 
without a - ( 3 2 P)dCTP. Amplification of Marianna DNA with primer 3 generated 10 
compared with 14 bands for the radioactive and non-radioactive gels, respectively. 
In both cases, the rootstocks were differentiated with primer 4.

The reproducibility of the fingerprints was tested by amplifying the DNA from 
different isolations of the same cultivar, as illustrated in Fig. 2(b).

4. CONCLUSIONS

The RAPD techniques differentiated 13 of the 15 plum cultivars and the root
stocks tested. The identical fingerprints obtained for the two cultivars were not sur
prising, since the one originated as two repeated bud mutations of the other.

Incorporation of a - ( 3 2 P)dCTP into the PCR assay generated polymorphisms. 
However, the bands were diffuse and difficult to analyse. Furthermore, the time 
factor and labour input were increased by using polyacrylamide gels, drying and 
exposing to X ray film. Therefore, use of a - ( 3 2 P)dCTP was omitted from the 
experimental work.

Depending on the primer and genotype combination, identification of a cultivar 
can be accomplished in less than 6  h.
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A reliable protocol for regenerating barley from seedling explants, including 
leaf bases with a complete apical meristem, has been developed at the Institute of 
Genetic Engineering. The system was established with Bulgarian barley cultivars 
(Ruen, Karnobat, Obzor and Yubilei) and reconstructed genotypes (K. Gecheff IG). 
Pretreatment of the mature embryos with a high concentration of 2.4D generated 
valuable and stable genetic deviations in the régénérants. The brewery cultivar Ruen 
was selected as the model genotype. It has been demonstrated that genetic variations, 
such as higher yield, earlier maturation and lower protein content, have been induced 
and maintained for 5 years. Comparative experiments, including treatment of barley 
mature seeds with “ Co gamma rays (10 and 20 krad) and sodium azide (1.10 ' 3  M 
and 5 x  10" 4  M), were also carried out . 1

The results obtained showed that both treatments stimulated calusogenesis and 
regeneration of the plants. Molecular markers such as proteins, restriction fragment 
length polymorphisms (RFLPs) and random amplified polymorphic DNAs (RAPDs) 
were applied in studies on the mutagenic effects of 2.4D, gamma rays and sodium 
azide, and a combination thereof, on the quality and quantity of the genetic diversifi
cation generated in tissue culture of the Bulgarian barley cultivars Ruen, Kamobat, 
Obzor and Yubilei and the reconstructed genotypes.

The 17% SDS-PAGE electrophoretic hordein patterns were examined to assess 
the genetic uniformity of the new somaclonal variants. Differences in patterns, cor
responding to the С and В hordein groups, were observed in the somaclones obtained 
after in vitro cultivation, but not in those of the MSC2 régénérants obtained after 
mutagenic treatment.

IAEA-SM-340/192P

* Research carried out with the support of the IAEA under Research Contract 
No. 7233/RB.

1 1 rad =  1.00 x 10'2 Gy.
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RFLP analysis o f barley nuclear ribosomal DNA (18S, 5.8S, 26S) showed sig
nificant quantitative variations in the two sizes of ribosomal DNA repeat units in two 
of the six SC3 and SC4 régénérants screened. The EcoRI +  BamHi profile of the 
rDNA repeat units in one of the somaclonal variants lacked the 3.5 kb fragment. 
Using reconstructed karyotypes it will be possible to determine the perfect chro
mosomal localization (NOR 1 or NOR 2) of the major rDNA units differing in 
length.

EcoRI RFLP analysis of 5S ribosomal DNA did not reveal any differences 
among the somaclones but did show cultivar differences. A direct comparison was 
made of the ability of selected RAPD primers and microsatellite (GATA)4 as the 
polymerase chain reaction primer to detect genetic variation in the barley 
somaclones. O f the 20 RAPD primers (Operon, Almeda, California, United States 
of America) initially tested, only five showed differences between the somaclones 
and the control; only two were distinguished in three barley cultivars. The PCR pro
files of the different barley cultivars and their somaclonal variants obtained with 
microsatellite (GATA)4 showed no or minor alteration.

IAEA-SM-340/193P

APPLICATION OF MOLECULAR MARKERS 
TO RICE MUTATION BREEDING
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Institute of Genetics,
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Two salt tolerant rice mutants (M20 and M l 6 ) were obtained through selection 
in vitro. The salt tolerance character has been stably inherited over ten generations 
and most of the traits of the mutants and the original variety (77-170) are very 
similar.

A comparison of 77-170 and its mutants with the F, o f M20/77-170 and 
M l6 /7 7 -170 showed an obvious improvement in salt tolerance; the vigour and 
1000 grain weight were intermediate between the parents. These results are consis
tent with those reported earlier.

Every F 2  individual (mutants/77-170) was split into two parts, one of which 
was planted under normal conditions and the other under saline conditions containing 
0.3% or 0.5% NaCl, and inheritance of salt tolerance was studied. Under normal
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TABLE I. RATIO OF SEED SETTING PLANTS TO WILTING PLANTS IN 
THE F2  POPULATION UNDER 0.5% NaCl STRESS

Cross Ratio of seed setting plants to wilting plants

20/170 72:28 (~ 2.6:1)

170/20 73:27 (~ 2.8:1)

170/16 88:30 (~ 2.9:1)

conditions, there was no apparent segregation among the F 2  individuals; however, 
under saline conditions, especially during the maturity stage, segregation of the traits 
was obvious. According to the standards (77-170, mutants and F ,) and the parents 
and F], a score of >  12 was regarded as sensitive (S), between 11 and 6  as moder
ate (M) and < 5  as tolerant (T). Thus, the ratio of T:M :S =  25:42:18, in accordance 
with 1:2:1 under 0.3% NaCl. When the concentration of NaCl under growth condi
tions was increased to 0.5% , the ratio of salt sensitive:salt tolerant was about 3:1 
(Table I). The results suggest the existence of a major tolerant gene showing partial 
dominance.

The gene was tagged by a single copy DNA probe, RG4, which was located 
on chromosome 7 and selected out by restriction fragment length polymorphism 
analysis with 130 probes approximately equally distributed on 12 chromosomes of 
rice. The genetic distance between the salt tolerant gene and RG4 was 
7.0 ±  2.9 cM, or 8.1 ±  3.1 cM, corresponding to the phenotype evaluated by our 
score system or bimodel distribution of the 1 0 0 0  grain weight, respectively . 1

A new molecular marker (OPS 12-3) was found between two salt tolerant/salt 
sensitive pools from the F 2  population of M 20/77-170 by using 220 10-mer 
random primers for random amplified polymorphic DNA analysis and tested in 
80 F 2  individuals. The genetic distance between the major salt tolerant gene and 
OPS12-3 was 10 +  3 cM. It appeared that a major gene controlling salt tolerance 
in rice exists, at least in our materials.

1 cM =  centimorgan. Morgan is a unit o f relative distance between genes on a chro
mosome. One morgan represents a crossover value of 100%; a crossover value of 1% is a
centimorgan.
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THE SEMI-DWARF GENE, sd-1, OF RICE 
(Oryza sativa L.)
Construction of a rice YAC library 
fo r map based cloning
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Map based cloning is defined as the isolation of a gene based on its position 
on a genetic map and often includes four basic elements: target gene mapping; physi
cal mapping; chromosome walking; and gene identification. Current studies are 
focused on the isolation of a semi-dwarf gene (sd-1) in rice as a model system for 
map based gene cloning.

From inheritance studies on esterase isozymes by isoelectric focusing in poly
acrylamide gels, four loci (Est I - l , Est 1-2, Est 1-3 and Est 1-4) were identified and 
inherited independently of each other. The Est 1-2 locus had two active allozymes 
of monomeric structure and one zero form, which were designated ‘a ’, ‘b ’ and ‘n ’, 
respectively [1, 2]. The Est 1-2 locus was tightly linked to the sd-1 gene on chromo
some 1  in segregating populations derived from crosses between several semi-dwarf 
testers and tall rice varieties, with a recombination value of 0-1.87% , equivalent to 
approximately 0.89 cM [3, 4 ] . 1

The Est 1-2 and two restriction fragment length polymorphism markers, 
R G 109 and RG  220, were linked tightly at a distance of less than 1 cM with the sd-1 
gene of chromosome 1. These markers со-segregated with each other and were 
linked at a distance of 0.8  cM on the basis of analysis of 60 F 3  families. It was 
demonstrated that these molecular markers were useful in predicting stature at a 
young age, before the effect o f the semi-dwarf gene could be clearly detected pheno- 
typically, and also provided an efficient way of selecting for the presence of sd-1 in 
a population that showed continuous variation for plant height [4]. The Est 1-2 iso
zyme protein was purified and characterized. By immunoscreening of the cDNA 
libraries using the monoclonal Est 1-2 antibody, a few putative Est 1-2 cDNA clones 
were identified and sequenced.

1 cM =  centimorgan. Morgan is a unit o f relative distance between genes on a
chromosome. One morgan represents a crossover value of 100%; a crossover value of 1%
is a centimorgan.
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A rice yeast artificial chromosome (YAC) library was constructed for physical 
mapping and chromosome walking in rice using a yeast strain, AB1380 (MATa, 
Ura3, trp l, ade201, can201, canl-100, lys2-l, his5), as the host and pYAC-RCE 
as the vector. The source of high molecular weight DNA was prepared from suspen
sion culture o f the rice variety Nagdongbyeo (japónica type containing Sd-1). Frag
mentation of high molecular weight DNA was made by digestion with a few rare 
cutting enzymes, such as Notl, Mlul and Sail. Selection for size was done by pulsed 
field gel electrophoresis, with the fragment larger than 50 кВ. The library consists 
o f approximately 15 000 YACs, with insert sizes ranging from 50 to 700 kb (aver
age 150 kb). Some positive YAC clones were screened by colony hybridization and 
polymerase chain reaction using the DNA markers tightly linked to the sd-1 gene.

We are currently using these tighdy linked DNA markers to determine the rela
tionship between the genetic and physical distances in this region of chromosome 1  

with a larger population, and to initiate a chromosome walk aimed at cloning the sd-1 
gene, in collaboration with S. McCouch’s group at Cornell University, Ithaca, NY, 
United States of America.
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In the Plant Molecular Breeding group of the Nuclear Institute for Agriculture 
and Biology, efforts are being made to use random amplified polymorphic DNA 
(RAPD) markers for: (1) identifying wild and cultivated rice varieties; (2) identi
fying Basmati and non-Basmati rice varieties; (3) identifying Basmati rice cultivars 
and their radiation induced mutants; (4) monitoring the interspecific and intervarietal 
flow of genetic material; and (5) examining the possibilities of tagging gene(s) of 
interest.

To achieve some of these objectives, genomic DNAs were extracted (using the 
СТАР method) from different accessions of wild rice species with AA, BB, CC, 
BBCC and CCDD genomes; non-Basmati rice cultivars, namely, Pokali, 
Nonabokra, IR - 6  and Jhona-349; Basmati rice cultivars, namely, Basmati-370, 
Basmati-Pak, Basmati-198 and Kashmir-Basmati, and their radiation induced 
mutants, including the dwarf (DM-2, DM-25, DM-107-4 and DM-15-13-1) and 
early flowering (EF - 6  and EF-76-1) mutants. All the DNAs were separately ampli
fied for 35 cycles in a Perkin-Elmer (Norwalk, Connecticut, United States of 
America) DNA thermal cycler using 2.5 /xL of 1X polymerase chain reaction buffer;
2.5 piL (2.5 mM) of MgCl; 2.5 fiL  (0.2 mM each) of dNTPs; 0.2  /xL (one unit) of 
Taq polymerase; 0.5 fiL  (0.4 /¿M) of 10-mer primer and 5 ixL (5 ng/^L) of genomic 
DNA with 11.5 juL of water all mixed in a 0.5 /xL microfuge tube.

On the basis o f different amplification products, three of five cultivated and 
five of eleven wild rice species were differentiated from each other [1]. Identification 
was based on 99 RAPD markers, of which 50 (51%) were cultivar specific and 
49 genome specific. All these markers were generated through Operon (Almeda, 
California, USA) primers of series S, particularly S-12 and S-17 to S-20. These 
markers are particularly helpful in detecting the intraspecific differences that exist 
in different accessions.

To identify Basmati and non-Basmati rice cultivars, about 20 different primers 
of the S and R series were used, of which only three (S-13, R-02 and R-15) success

* Research carried out with the support o f the IAEA under Research Contract
No. 7002/RB.
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fully identified non-Basmati rice varieties from Basmati cultivars. O f the 15 poly
morphic fragments used for such identification, eleven (73%) were Basmati specific 
and only four (27%) Jhona-349 specific. DNA fragments specific for IR - 6  were not 
detected with these primers. However, it is possible to detect major differences in 
these cultivars if  more primers are used for amplification.

To identify Basmati rice cultivars and their radiation induced mutants, 
40 primers (20 each from the S and R series) were utilized, o f which only seven 
(18%) (R-9, R-13, R-15, R-17, S-09, S-13 and S-18) produced 45 polymorphic 
markers. Of these 45 markers, 15 (38%) were used for differentiating four Basmati 
rice cultivars from each other, 13 (29%) for differentiating different mutants from 
Basmati cultivars, and another 13 (29%) for differentiating different mutants from 
each other. The remaining four markers were found to be monomorphic in some of 
the mutants and rice cultivars. In this study, identification of mutants was largely 
based on the presence and/or absence of major polymorphic fragments [2 ].

To monitor the interspecific and intervarietal flow of genetic material, wild 
species and cultivated rice varieties (for which species specific markers were identi
fied) were crossed, and the DNAs extracted from the F! hybrids were amplified 
with different primers. In the interspecific F, hybrids, most of the primers ampli
fied sequences from the male parents [3]; however, in the F 2  segregating population 
of an intervarietal cross, most of the primers amplified in the F 2  plants were DNA 
sequences from the female parents. In one of such reciprocal crosses made between 
Kashmir-Basmati (tall (165 cm) and early flowering (95 days)) and Basmati-198 
(dwarf (129 cm) and late flowering (more than 120 days)), ten plants (five each from 
a reciprocal cross) were selected on the basis of earliness (about 5 weeks) and short 
stature (13-19% reduction in plant height). One of these plants (Basmati-198 X 

Kashmir-Basmati) flowered about 5 weeks early, while all the remaining characters 
were from Basmati-198. The amplification profile of this plant showed the elimina
tion of two fragments that were monomorphic between Kashmir-Basmati and 
Basmati-198. Another two plants o f the same cross, showing 5 weeks earliness in 
addition to a 6-11%  increase in plant height over Basmati-198, indicated in their 
amplification profile the elimination of a major DNA fragment specific for 
Basmati-198. Similarly, a plant selected (on the basis o f a 15% reduction in plant 
height) from a cross of Kashmir-Basmati x  Basmati-198 showed an amplification 
profile similar to that of Kashmir-Basmati. Another two plants with an 11-12% 
reduction in plant height showed in their amplification profile the same DNA frag
ment specific for Basmati-198 that was eliminated in those plants selected from a 
cross of Basmati-198 x  Kashmir-Basmati. Whether this fragment is co-segregating 
with plant height is not yet certain; however, the study did indicate the possibilities 
of tagging gene(s) for earliness and plant height if  the DNAs from the selected plants 
are amplified with different primers seperately, followed by bulk segregant analysis 
for all the plants showing earliness and a reduction in plant height.



618 POSTER PRESENTATIONS

REFERENCES

[1] FAROOQ, S., SHAH, T.M ., ASKARI, A., ZAIDI, A.A., ARIF, M., Utilization of 
RAPD markers for the identification of cultivated and wild rice species, Pak. J. Bot. 
27 (in press).

[2] IQBAL, N., ZAIDI, A.A., ARIF, М., FAROOQ, S., “Identification of Basmati rice 
cultivars and their radiation induced mutants with random amplified polymorphic 
DNAs (RAPDs)” , Application of Molecular Biological Techniques in Agriculture, 
Health and Environment, Center for Excellence in Molecular Biology, University of 
the Punjab, Lahore, Pakistan, 1995.

[3] FAROOQ, S., et al., Rapid identification of rice genotypes through RAPDs, Rice 
Biotechnol. Q. 19 (1994) 14-15.

IAEA-SM-340/196P

L r l9  TRANSLOCATION IN COM M ON WHEAT*

R. PRINS**, G.F. MARAIS***, Z.A. PRETORIUS + ,
B .J.H . JANSE++, A.S. MARAIS***

**Small Grain Institute,
Agricultural Research Council,
Stellenbosch

***Department of Genetics and Institute 
for Biotechnology,

University of Stellenbosch,
Stellenbosch

+Department of Plant Pathology,
University o f the Orange Free State,
Bloemfontein

++Department of Microbiology,
University o f Stellenbosch,
Stellenbosch

South Africa

* Research carried out in association with the IAEA under Research Agreement
No. 7003/CF.



POSTER PRESENTATIONS 619

The ‘Indis’ translocated chromosome segment on chromosome 7DL of com
mon wheat was derived from Thinopyrum [1]. It carries a very effective leaf rust 
resistance gene, L rl9 , a gene that codes for a water soluble protein of unknown 
function, W sp-D l, the stem rust resistance gene, Sr25, and the deleterious genes, 
Sd l (segregation distortion), and Y1 and Y2 (yellow endosperm pigmentation). The 
Thinopyrum segment does not pair with homoeologous wheat segments during 
meiosis, which complicates attempts to recombine its genes or to study linkage rela
tionships [2]. Following gamma irradiation, Marais [3] derived 29 mutant lines, each 
homozygous for different deletion o f the L r l9  translocation. The deletions were used 
to determine the linear sequence of four marker genes on the translocated 7DL arm 
as: centromere — L r l9  — Wsp-Dl — Y1 — Y2. Marais [4] made use of the p h lb  
and p h lb  mutants in Chinese Spring to induce allosyndetic pairing and crossovers 
between the translocation and homoeologous areas of the wheat genome. Three 
recombined forms of the translocation obtained appeared to have retained L r l9  and 
Sd, but may have lost the other genes. A further recombinant retainedL rl9 , Wsp-Dl 
and Sd. The white endosperm recombinants apparently resulted from double cross
over events and were apparently relocated to currently unknown chromosomes. 
Marais [5] attempted to determine the new chromosome locations of the segments, 
but the results were ambiguous as a result of the actions of a segregation distortion 
mechanism, and the preliminary allocations may be wrong [6 ]. Data obtained by 
Marais [3] suggested that the Indis translocation has homoeology to 7DL of common 
wheat and homo(eo)logy to the Thinopyrum ponticum  derived T4 L r l9  transloca
tion [7, 8 ]. The two translocations produce identical Ер-D l, Wsp-Dl and a-Amy-D2 
polymorphisms [2, 3]. The presumed origin of the Indis translocation is suspect, 
since natural populations of Thinopyrum distichum  are often heavily infected with 
stem and/or leaf rust [6 , 9]. Its primary amphiploid with wheat is similarly 
susceptible to local races of leaf rust.

In the present study, a deletion mapping strategy was followed in an attempt 
to determine the linear order and physical distance of further marker loci in relation 
to the genes already mapped on the translocation segment. The new marker loci 
included three cDNA markers (7DL) that showed restriction fragment length poly
morphisms for the Thinopyrum segment (X psrl65 , Xpsrl05  and Xpsrl29), and the 
segregation distortion locus (Sdl). The frequencies of irradiation induced breaks 
between marker loci were used to calculate the physical distances between loci. 
Owing to the complexity of the gametocidal interaction it was not possible to 
unequivocally distinguish genotypes showing complete, impaired or no gametocidal 
activity. From the results it appears that more than one gametocidal gene occurred 
on the translocation. These genes interact with responders in the Inia 6 6  background 
to produce the various gametocidal effects. Variability for responder alleles can 
probably be attributed to intervarietal variation and the high doses of irradiation used 
to induce the deletions [3, 10, 11]. It was therefore merely possible to detect game
tocidal activity or altered gametocidal activity when it occurred. In some deletion
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populations these effects may have remained unnoticed simply because the specific 
genotypes did not allow for their expression. The mutants and recombinants were 
tested for resistance (Sr25 and Lrl9) with a number of stem rust and leaf rust races.

From deletion mapping data, the relative locations of the new markers 
on the translocation segment were determined as: centromere — Sd l — Xpsrl65  — 
XpsrlOS — X psrl29  — L r l9  — WspDl — Sr25 — Y1 — Y2. The recombined trans
locations were then also characterized using these marker loci. In the relocated 
recombinant translocated segments, Thinopyrum chromatin was removed on both 
sides of L rl9 . Apparently, double crossovers had indeed occurred which relocated 
L r l9  to currently unknown chromosomes. A relatively small segment of Thinopyrum 
chromatin surrounding the L r l9  complex had apparently remained. The data con
firmed the reported homoeology between the L r l9  translocation and 7DL; however, 
the relocation events in some of the recombined forms are an indication that L r l9  
is not fully homoeologous to 7DL.

The origin of the Indis translocation is still being studied. Preliminary results 
suggest that L r l9  resistance is determined by at least two loci, which may not be 
closely linked; segregation distortion appears to be caused by more than one Sd  locus 
on the translocation.
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Barley yellow dwarf (BYD) is the most damaging virus disease in wheat and 
other cereal crops worldwide and the yield loss inflicted by the virus (BYDV) can 
be quite severe. While some protection against the disease can be realized by crop 
management practices, resistant varieties clearly offer the greatest opportunity for

* Research carried out in association with the IAEA under Research Agreement
No. 7006/CF.
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reducing yield losses. Possible sources of В YD resistance have been found in wheat, 
barley, rye and wheatgrass species. Among them, the Yd2 gene from chromosome 
3H of barley currently shows the best genetic resistance in any cereal species and 
it has been widely deployed in many leading barley varieties. Efforts to transfer the 
Yd2 gene from barley to wheat have been under way at the University of California, 
Davis, United States o f America. Because the plant symptoms resulting from infec
tion by BYDV are highly sensitive to environmental conditions, reliable evaluation 
of materials for resistance to this disease requires replicated tests under field condi
tions that are time consuming and expensive. An indirect screening method would 
minimize the costs of seed increase and field screening. Use of restriction fragment 
length polymorphism (RFLP) marker loci closely linked to the Yd2 gene is such an 
indirect method. Markers closely linked to Yd2 will be useful in efficiently tracking 
this gene in barley breeding programmes as well as in the transfer of Yd2 from barley 
to wheat.

We have developed 94 F 2  derived families from the cross between Betzes, a 
susceptible barley variety that does not carry Yd2, and Atlas 6 8 , a resistant variety 
that has Yd2. These families were evaluated in two and three replicate tests for В YD 
symptom expression in field nurseries at Davis, California, and at Aberdeen, Idaho, 
respectively. At the Davis site, naturally occurring aphid flights and their associated 
BYDV serotypes provide the infection mechanism. The BYDV serotype PAV has 
been shown to be the predominant serotype occurring at this site. At the Aberdeen 
site, there was no natural incidence of BYDV at the time of screening, therefore 
infection was achieved by manual inoculation of plants with greenhouse reared, PAV 
infected aphids. To minimize the mapping effort at this early stage, we used 18 and 
23 homozygous resistant and susceptible F 2  derived families, respectively, and have 
identified RFLP markers that are closely linked to Yd2. We are now moving to the 
next phase of this work, which is to extend the RFLP mapping population size to 
include all the F 2  derived families and to saturate the region carrying Yd2 with 
marker loci available to us from genome mapping programmes in barley, wheat and 
other related species.
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Undoubtedly, cytogenetic materials containing chromosomal alterations, such 
as translocations, and inversions derived from X ray irradiation or other means have 
made a tremendous contribution to our understanding of chromosome behaviour in 
plants. In maize, such materials have been applied to gene mapping and linkage 
group assignment dating back to the 1930s [1, 2]. During meiosis, plants hetero
zygous to parametric inversion will give rise to a dicentric bridge following a cross
over within the inverted segment. Random breakage at this bridge configuration can 
further lead to the formation o f altered chromosomes with deficiencies or duplica
tions. The fate of the chromosomes with broken ends has been examined and it was 
found that when a chromatid is broken at meiotic anaphase fusion will occur between 
the two sister halves of this chromatid and a bridge will re-form during the following 
mitotic anaphase [3]. This process is referred to as the breakage-fusion-bridge 
cycle. It has also been demonstrated that this cycle will continue in all subsequent 
gametophytic and endosperm mitoses following its origin at meiotic anaphase

IAEA-SM-340/198P
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[4, 5]. H ow ever, this cycle will cease when the broken chrom osom e enters the 
zygote. The broken end heals perm anently, since no further fusion and breakage are 
found in sporophytic mitoses or any other tissues o f  later generations.

A  series o f  term inal deficient mutants involving the short arm  o f chrom o
some 9 derived from  the breakage-fusion-bridge cycle has been used to determ ine 
the physical o rder o f genes for pale yellow (pydl), yellow -green (yg2) and white 
(w d l) seedlings [6]. W ith the recent rapid developm ent o f restriction fragm ent length 
polym orphism  (RFLP) technology, term inal deficient mutants with deletions ranging 
from  small to whole arm  have been used to construct R FLP based physical maps in 
wheat [7, 8] and to position the centrom ere in tomato [9]. The purpose o f  this present 
study was to use a series o f term inal deficient m aterials reported by M cClintock [6] 
in o rder to establish the physical order o f  six R FLP m arkers and five m orphological 
m arkers located at the distal end o f chrom osom e 9S.

The starting m aterials w ere derived from  M cClintock’s original stocks [6] 
involving a rearranged chrom osom e 9 with duplication o f  the short arm  containing 
the genetic m arkers С  (coloured aleurone), Sh and Wx. The gene order on the dupli
cated segm ent is in the inverted orientation with respect to those on the norm al arm. 
C rossovers in plants containing a rearranged chrom osom e 9 and a norm al chrom o
some 9 will result in the form ation o f a dicentric bridge during meiosis. Seeds with 
variegated endosperm s are an indication o f  broken chrom osom es as a result of 
random  breakage at the bridge, followed by a continuation o f the breakage-fusion- 
bridge cycle. F rom  this process we have recovered 11 lines with pale yellow 
seedlings (denoted pyd lines) and six lines with white seedlings (denoted w d lines). 
Com plem entation tests w ere done by crossing both the pyd and wd lines to testers 
containing either yg2, v28 (virescent) o r v31. The resulting physical order has been 
established as p y d l — yg2 — w dl — v31 — centrom ere. Since all six wd lines failed 
to  com plem ent v28, the actual physical location o f v28 cannot be inferred in this 
study. In addition, we did not recover any deletion lines for yg2.

R FLP analysis was subsequently carried out for the pyd and wd lines. 
The current UM C R FLP map has the following order for the distal end of 
chrom osom e 9S: a g rr ll8  — bnl9.07  — um el09 — phplOOOS — csu95 — u m c ll3  — 
C l — centrom ere. The results indicated that bnl9.07  was absent from  all the pyd and 
w d lines exam ined. W hile um cl09  was present in all the pyd lines and two o f  the 
wd lines (lines G2 and G4) but absent from  three w d lines (lines G3, G5, G7), 
wd line G6 was not included in the analysis. This clearly implicates that all the lines 
we have recovered are derivatives o f random  breaking events during the breakage- 
fusion-bridge cycle. The location o f v31 in relation to the R FLP m arkers was deter
mined by interval mapping o f  the F2 population segregating for v31 ; the location is 
at the interval flanked by csu95 and um cll3 . T herefore, the com bined physical 
map for both the m orphological m arkers and the R FLP m arkers at the distal end of 
9S is the following: a g rr ll8  — (bnl9.07 — pyd l) — yg2 — w dl — um cl09 —  
php10005 — csu95 — v31 — u m c ll3  — centrom ere.
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Molecular characterization of the telomeres has indicated the nature of 
tandemly repeated simple sequences at the ends of chromosomes. The sequence is 
very similar, from simple eukaryotes to complex organisms such as humans and 
higher plants [10]. Evidence from humans [11] and Tetrahymena [12] has suggested 
that the healing of broken ends is a result of the direct addition of G rich telomere 
repeats on to the broken ends. The materials we have isolated in this study should 
provide us with an opportunity for investigating the mechanism required for healing 
broken ends in higher plants. Since direct isolation of telomere sequences specific 
to 9S can be complicated by the telomeres present at the other 19 ends, the strategy 
we are using is the following: we employed pulsed field gel electrophoresis to first 
establish the physical distance from the most distal RFLP marker to the telomere 
repeat. The fragment, if found hybridized to both RFLP and the telomere repeat, was 
then subjected to BAL31 digest to confirm that it is physically located at the end 
rather than as a result of the co-migration of two different fragments of similar size. 
This fragment can then be isolated for cloning and future characterization. The 
results have shown that a 250 kb Ascl fragment from the wd lines G3 and G5 was 
found to be hybridized to both phplOOOS and the telomere repeat. BAL31 digest has 
concurred that this fragment is truly at the end. Using the same approach, we found 
that a 330 kb Mlul fragment of B73, a normal inbred, detected by a g rr ll8  also con
tains telomere sequences, indicating that this marker covers the end of the 9S map.

Why a broken chromosome end in the sporophytic tissues can heal, whereas 
that in the gametophytic and endosperm tissues cannot, is intriguing. An exception 
to this phenomenon is a ring shaped chromosome that can proceed through breakage 
and fusion cycles in sporophytic tissues without showing any signs of healing [13]. 
With the increasingly advanced development of molecular genetic techniques it is 
hoped that the differences may be resolved in the near future.
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Molecular markers such as restriction fragment length polymorphisms 
(RFLPs) and polymerase chain reaction (PCR) based markers such as random ampli
fied polymorphic DNAs (RAPDs) are being widely used for genetic analysis and 
DNA fingerprinting. In addition to biochemical markers for isozyme analysis, 
combined with morphological, physiological and pest and disease reactions, we have 
established RAPD markers as tools for assessing the genetic diversity in cassava

* Research carried out in association with the IAEA under Research Agreement
No. 7230/CF.
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(Manihot esculenta Crantz L.) and yam (Dioscorea species). In cassava, a prepara
tory study was conducted to characterize 24 cassava elite clones. A preliminary 
survey of 60 different commercially available primers from Operon, Alameda, 
California, United States of America (OPA, В and С series) was performed to iden
tify those primers that gave good DNA fingerprinting. The results obtained show a 
relatively low degree of polymorphism. Nevertheless, the detected polymorphism 
allowed us to distinguish clones from one another. In addition, a similar DNA finger
printing analysis o f 28 accessions of cassava germplasm collected from Benin and 
Togo was made by RAPD. One hundred primers (OPA, D, E, F and О series) were 
screened on the two genotypes and 12 primers selected for analysis. These primers 
detected 6-14 polymorphic fragments and allowed us to distinguish 28 genotypes. 
Genetic similarities were calculated between each pair of genotypes on the basis of 
the sharing banding patterns. Cluster analysis of genetic distance was also 
performed.

In yam (Dioscorea species), PCR-RAPD analysis was carried out to detect 
DNA polymorphism in the improved clones and land races of cultivated yams 
D. rotundata as well as in 11 wild species of the genus Dioscorea from Africa. Eight 
primers from the OPB and С series revealed polymorphism in the International Insti
tute of Tropical Agriculture elite clones and land races. Two random primers (OPB-1 
and OPB-2) gave excellent scorable polymorphism, allowing us to detect 
17 different fragments that were scored as unit characters and used to draw phylo
genetic relationships in Dioscorea using the computer program PAUP (phylogenetic 
analysis using parsimony).
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Selection of promising parental pairs and prediction of heterosis are of special 
importance in breeding for heterosis and growing of hybrid seed. Certain combina
tions of inbred lines give the best results in terms of heterosis, and therefore make 
it genetically significant for some crops. The perspectives of applying molecular 
biology to studies on heterosis and development of rapid and precise methods for 
predicting heterosis have recently been demonstrated. Biochemists and physiologists 
have developed methods for selecting parental pairs on the basis of biotests and 
serological differences in proteins.

We attempted to predict heterosis in the grain productivity of grain sorghum 
using electrophoresis of the kafirin in the parental lines. The study was carried out 
on four sterile lines (A-83, A-342, A-458 and A-10598) and 38 pollinator lines.

To select parental lines with the highest level of heterosis using electrophoresis 
of the proteins, a comparison was made of the kafirin banding patterns in the parental 
lines.

The kafirin banding patterns contain components that are common to both the 
pollinator and the maternal lines, and those that are specific only to the pollinators 
but are missing in the maternal lines. This made it possible to divide the pollinators 
into four groups that differ from the sterile lines according to their kafirin banding 
patterns.

The first group comprised pollinators with a pattern that was identical to that 
of the maternal line (nine accessions); the second group contained eight accessions; 
the third, 12 accessions;' and the fourth, nine accessions, with bands 1, 2 and 3 of 
the electrophoretic patterns absent in the maternal lines.

As a result, a positive relationship was found between the degree of difference 
in parental banding patterns and the level of heterosis in hybrids. On average, 
hybrids with more specific components in the paternal banding pattern revealed a 
higher heterosis in grain productivity than those with parents that differed little, if 
at all, in kafirin banding pattern. On average, the percentage heterosis was 9, 20, 
25 and 40 for the four groups, respectively (Fig. 1).
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FIG. 1. Dependence ofheterosis on the number o f kafirin specific components in the parental 
lines (+ is A-83; -  is A-458; * is A-10598; = is A-342; and — is the mean arithmetic).

Dispersion analysis of the heterosis data has shown a reliable relationship 
between the number of specific components in the banding patterns of the pollinators 
and the rate of heterosis in grain productivity.

Therefore, comparison of the parental kafirin banding patterns has led us to 
expect either low, or the absence of, heterosis in hybrids from parents with identical 
patterns: crosses of maternal lines with pollinators from the second and third groups 
would yield medium heterosis and pollinators from the fourth group would yield high 
heterosis.

The present method makes it possible to select promising parental pairs from 
an unlimited number of accessions at the early stages of the breeding process, thus 
making field trials unnecessary. Therefore, it is reasonable to apply kafirin electro
phoresis for selecting parental pairs in breeding sorghum for grain productivity.

We also studied the relationship between commercial utilization of the 
sorghum accession groups and the kafirin banding patterns.

Electrophoresis has proved that the grain groups Feterita and Hegari have simi
lar kafirin banding patterns and include accessions with identical types of pattern 
(No. 38), which testifies to their belonging to one species, S. caudatum (Ruiz, et 
Pavón) Snowd. The Millo group is also characterized by a uniformity in kafirin 
banding pattern (No. 13) and unites the accessions belonging to S. subglabrescens 
Schweinf. et Aschers. These types of pattern (Nos 13 and 38) are specific to the 
above groups and, hence, can be used for their marking. The Kaoliang group of grain 
sorghum includes four species and is characterized by several types of banding 
pattern (Nos 16, 14 and 1), o f which only No. 14 has a specific pattern. In this case, 
only separate biotypes that possess pattern No. 14 can be identified in the group.
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The broomcom group is rather uniform, is characterized by pattern No. 37 and 
includes accessions belonging to S. saccharatum (L.) Moench and S. bicolor (L.) 
Moench. At the same time, accessions of S. saccharatum  and S. bicolor, which 
possess different types of banding pattern, do not belong to the broomcom group. 
Thus, kafirin banding pattern No. 37 is the marker for this biotype of broomcom.

The data obtained testify to the possibility of marking a series of sorghum bio
types belonging to diverse commercial groups by means of applying kafirin banding 
patterns.
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A DEVELOPMENTAL BARLEY MUTANT
WITH TEMPERATURE CONDITIONED EXPRESSION
AND VEGETATIVE AND SEXUAL REPRODUCTION

A.R. PRINA
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Castelar, Argentina

Seeds of a two row cultivated spring barley (Hordeum vulgare) received 
several combined treatments of X rays and sodium azide. One of the treatments con
sisted of 15 kR (carried out at 15 mA, 120 kV) applied to seeds with 12% moisture, 
and post-soaking in sodium azide aqueous solution (1 mM, pH 6 , 20 h) . 1

In an M 4  family that originated in the treatment mentioned above, some plants 
having stems with a high variation in intemode number (diverse number of inter
nodes =  dni) were identified in a field nursery. The progenies from selfing these 
dni plants showed that this characteristic bred true. Under field conditions, the 
number of intemodes in the fully grown stems of the mother line ranged from four 
to seven, while the dni mutants usually showed diverse types of stem in the same 
plant, from normal ones to some that were extremely multinoded, carrying more 
than 20 internodes. The proportion of each stem type depended on the sowing time 
(from April to September), normal steins being more frequently observed in the 
sowings in June, which coincided with the sowing season for barley in this region.

The Fj families from several reciprocal crosses were normal, while in the 
F 2  generation the segregation of dni versus normal plants did not differ from a 
1:3 ratio. Segregation analyses in the F 3  and F 4  generations from crosses between 
the dni mutant and that known as MC90 (barley mutant insensitive to exogenous 
gibberellic acid, located in chromosome 2  [1 ]) indicated that these genes were closely 
linked. Double homozygous mutants were isolated from this material without" 
evidencing any marked change in the expression of both mutant characteristics.

In growth chamber experiments, under short day conditions the dni plants 
presented exclusively vegetative multinoded stems. Under long day or continuous 
light, at temperatures below 15°C, the dni plants behaved normally, while at 
increased temperatures they presented both normal and multinoded stems, some of 
which carried at the top abnormal organs with characteristics of an intermediate form 
between leaf and flower. Similar effects of temperatures on the degree of homoeotic

IAEA-SM-340/70P

1 1 R =  2.58 x  10" C/kg.
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conversion have been previously observed in Arabidopsis mutants [2] and in some 
decanalized Drosophila genotypes [3]. Under diverse environmental conditions, the 
dni plants showed several other abnormalities, such as multibranched culms, a 
stolonifer habit, anthocyanin overproduction, changes in phyllotaxy, hair like organs 
emerging from the coleoptile and sectorial spikes. The latter frequently showed two 
clear cut transver sally delimited areas: the one at tire bottom carried normal spiké- 
lets, while that at the top had vegetative organs. Multinoded stems and some of the 
vegetatively abnormal organs showed a strong tendency to avoid normal senescence. 
Besides, they were able to differentiate roots and to propagate vegetatively.

Results indicate that the entire abnormal behaviour of dni plants stems from 
a nuclear gene, which is located in chromosome 2. The mutant allele has both reces
sive and temperature conditioned expression. It is hypothesized that DNI/dni is a 
gene involved in the establishment and maintenance of meristem identity [4, 5]. This 
would correspond to a master gene whose product, probably a transcription factor 
protein, is necessary for the proper setting of basic developmental commitments in 
the shoot meristems. The conditional expression of the dni mutant is explained as 
a consequence of a gradual dénaturation of that mutant protein at increased tempera
tures. Under these conditions, normal epigenetic commitments seem to be partially 
undertaken, giving rise to abnormal organs with high diversity in the degree of 
differentiation and suggesting that several developmental programmes, other than 
those that are normal, potentially exist in a barley plant. From another point o f view, 
the dni mutant could be interpreted as a low canalized genotype whose lack of 
developmental homeostasis could be a useful characteristic for testing the influence 
on development of both environmental and genetic factors. This mutant is promising 
material for gene expression and development studies, including those related to in 
vitro culture. In addition, it allows cultivation of barley as a conditional perennial 
plant, opening new possibilities for handling experimental material.
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A DISEASE RESISTANT AND HIGH YIELDING 
BLACKGRAM VARIETY, BINAMASH-1,
DERIVED THROUGH INDUCED MUTATION*

M.A.Q. SHAIKH, M.A. MAJID 
Bangladesh Institute of Nuclear Agriculture,
Mymensingh, Bangladesh

Blackgram (Vigna mungo L.), the second most important pulse crop of 
Bangladesh, is low yielding as well as susceptible to Cercospora leaf spot and yellow 
mosaic virus [1]. Air dried seeds of the local cultivar, BINA accession No. B-10, 
were irradiated with a 500 Gy dose of ^C o gamma rays and 1382 Mj plants were 
chosen for collecting the M2 seeds. Macromutants were selected from the M2 popu
lation and plant progeny rows were grown during the M3 generation for identifying 
true breeding lines.

The true breeding lines were further tested in the M4 generation. Observation 
trials, preliminary yield trials, yield trials, advanced yield trials, zonal yield trials 
and on-farm trials followed in the succeeding generations. In all these trials, one 
mutant (M-25) showed its superiority with respect to seed yield (Table I). On 
average, it produced a 31 % higher yield than its parental cultivar, B-10. The mutant 
also showed a moderately resistant to resistant reaction against Cercospora leaf spot 
and yellow mosaic virus diseases (Tables П and Ш). The mutant M-25 was released 
as a national variety in 1994 and named BINAMASH-1.

REFERENCE

[1] SHAIKH, M .A.Q., et al., “ Achievements in blackgram and grasspea improvement 
through nuclear and conventional techniques” , Ten Years of Agricultural Research in 
Bangladesh (Proc. Symp. Dhaka, 1985), Bangladesh Agricultural Research Council, 
Mymensingh (1985) 47-48.
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TABLE I. YIELD PERFORMANCE OF M-25 AND B-10 IN FARMERS’ 
FIELDS AT DIFFERENT LOCATIONS IN BANGLADESH

Location Year
M-25

(kg/ha)
B-10

(kg/ha)
% increase over 

the cultivar B-10

On farm

Kishoregonj 1989-1990 1190 890 34
Raj shahi 1991-1992 867 800 8

Ullahpara (Pabna) 1991-1992 600 500 2 0

Trishal 1991-1992 770 650 18
Muktagacha 1991-1992 1190 890 34
Sadar Mymensingh 1991-1992 1225 950 28
Kalibazar 1991-1992 1250 1025 2 2

On station

BJRI Farm, Kishoregonj 1983-1984 2 0 2 0 1072 8 8

RARS, Ishurdi 1983-1984 1062 253 319
Kishoregonj 1984-1985 725 512 41
BINA Farm 1985-1986 493 541 —
BJRI Farm, Kishoregonj 1985-1986 644 610 5
RARS, Ishurdi 1985-1986 656 640 2

BINA Farm 1986-1987 569 452 26
BJRI Farm, Kishoregonj 1986-1987 626 412 51
RARS, Ishurdi 1986-1987 802 649 23
BINA Farm 1987-1988 585 438 33
RARS, Ishurdi 1987-1988 922 660 39
BINA Farm 1988-1989 880 870 1

RARS, Ishurdi 1988-1989 1077 756 42
BINA Farm 1990-1991 1034 955 8

RARS, Ishurdi 1990-1991 820 639 28
Rangpur 1990-1991 790 680 16

M ean over location and yea r 904 689 31
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TABLE П. REACTION OF SIX MICROMUTANT LINES OF BLACKGRAM 
TO TWO MAJOR DISEASES UNDER NATURAL FIELD CONDITIONS AT 
ISHURDI AND KISHOREGONJ (1983-1984)

Reaction of lines

Disease

Resistant

Ishurdi

Intermediate Susceptible Resistant

Kishoregonj

Intermediate Susceptible

Yellow
mosaic
virus

Cercospora 
leaf spot

M-18, M-25, 
M-68

M-23, M-36, 
M-58

M-23, M-25 M-18, M-36, 
M-58, M-63

M-25 M-23, M-18, 
M-36, M-63, 
M-68

M-18, M-25, 
M-36, M-63

M-23, M-58

TABLE Ш. MEAN SEVERITIES OF CERCOSPORA LEAF SPOT AND 
YELLOW MOSAIC VIRUS IN BLACKGRAM MUTANTS/STRAINS DURING 
THE WINTER SEASON OF 1990-1991a

Mutant/
cultivar

Cercospora leaf spot Yellow mosaic virus

Mean disease 
severity 

(1-9)

Disease
reaction

Mean disease 
severity 

(1-9)

Disease
reaction

M-23 1 . 0 R 1.9 MR
M-25 2 . 0 MR 1.3 MR
B-10 (control) 3.7 MS 3.1 MS

a R =  resistant; MR =  moderately resistant; MS =  moderately susceptible.
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DEVELOPMENT OF THE HIGH YIELDING AND 
DISEASE RESISTANT MUNGBEAN VARIETY, BINAMOOG-2,
USING NUCLEAR AND CROSS-BREEDING TECHNIQUES*

Z.U. AHMED, M.A.Q. SHAIKH, S. BEGUM 
Bangladesh Institute of Nuclear Agriculture,
Mymensingh, Bangladesh

Mungbean yellow mosaic virus (MYMV) causes up to 40% losses in yield [1] 
in mungbean (Vigna radiata L. (Wilczek)). Seeds of the mungbean accession 
No. MB-55 [2] were irradiated with doses of 500-900 Gy of gamma rays, and a 
mutant (MB-55(4)) with tolerance to MYMV was isolated. The mutant could not be 
grown during the summer because of its photosensitive character. This mutant was 
crossed with a summer adaptive, but MYMV susceptible, AVRDC line, V-2273.

The Fj and F2 populations were grown in 1984 and 1985, respectively. From 
the F2 population, some recombinants were selected on the basis of better plant 
ideotype, increased number of pods/plant, bigger seed size, higher seed yield and 
better reaction to diseases and insect pests. These selected hybrid lines were evalu
ated further in subsequent F3 and F4 generations. Observation trials were carried 
out in the F4 generation.

One promising hybrid line, MC-246, four exotic summer lines and one parent 
variety were subjected to preliminary yield trials along with two controls (MB-87, 
collected from Bhola Island, and Mubarik, a released variety). The other parent 
(MB-55(4)) is a photosensitive line which does not flower in the summer season and 
hence was not included in the trials. On the basis of performance, MC-246 and two 
other elite genotypes (V-2272 and MB-8) were selected.

In all the zonal yield trials at five locations in 1990 and three locations in 1991, 
the strain MC-246 showed superior yield performance (Tables I and П). Similarly, 
MC-246 retained its superiority over the released variety, Kanti, in yield perfor
mance tests conducted in farmers’ fields at seven locations (Table Ш). In addition, 
MC-246 showed a resistant reaction to MYMV when tested with other lines 
(Table IV). This line was released in 1994 and was named BINAMOOG-2.

IAEA-SM-340/73P

* Research carried out in co-operation with the IAEA under Technical Co-operation
Project No. BGD/5/019.
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TABLE I. SEED YIELD (kg/ha) OF MC-246 IN ZONAL YIELD TRIALS AT 
FIVE LOCATIONS (1990)a

Strain/
variety Ishurdi Barisal

Location 

Rangpur Faridpur Mymensingh
Mean

MC-246 1483.0a 762.5a 850.0a 583.5a 393.0a 814.4

MB-87 (control) 1081.0b 225.0c 383.0c 471.6b 266.5b 485.4
Mubarik (control) 1093.0b 408.5b 467.0b 263.3c 241.5b 494.7

a Means followed by letters in common are not significantly different at the 1 % level accord
ing to Duncan’s new multiple range test.

TABLE П. SEED YIELD (kg/ha) OF THE IMPROVED SUMMER MUNGBEAN 
STRAIN MC-246 IN ZONAL YIELD TRIALS AT THREE LOCATIONS (1991)a

Strain/variety
Ishurdi

Location

Faridpur Mymensingh
Mean

MC-246 1933a 1015a 500a 1149.3
Kanti 1583b 860b 400ab 947.7
MB-87 (control) 1033c 455c 290b 592.7

a Means followed by letters in common do not differ significantly at the 5 % level according 
to Duncan’s new multiple range test.

TABLE Ш. YIELD PERFORMANCE (kg/ha) OF MC-246 AND THE VARIETY 
KANTI IN FARMERS’ FIELDS AT DIFFERENT LOCATIONS (1992)

Location MC-246 Kanti
% increase 
over Kanti Disease reaction

Rahmatpur 1189 941 26 At all locations, the strain
Faridpur 1225 930 32 MC-246 was tolerant to
Ishurdi 1440 940 53 Cercospora leaf spot and
Satkhira 1084 746 45 MYMV, and the variety Kanti
Rangpur 579 431 34 susceptible to these diseases
Trishal 810 715 13
Mymensingh 870 705 23
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TABLE IV. RESISTANT REACTION TO MYMV OF SUMMER MUNGBEAN 
HYBRID LINES AT MYMENSINGH (1990)a

Total number 
of lines

Line/variety
Reaction

grade
Mean disease 

severity 
(1-9)

1 MC-246 R 0 - 1 . 0

19 +  2 =  21 1, 4, 5, 7, 17, 18, 21, 26, 36, 37, 42, 
43, 48, 53, 58, 6 6 , 69, 79, 106, Kanti, 
MB-87

MR 1.1-3.0

6 + 1 = 7 13, 14, 19, 29, 46, 58, VC-1560 MS 3.1-5.0

a R =  resistant; MR =  moderately resistant; MS =  moderately susceptible.
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IN VITRO MUTATION INDUCTION FOR RESISTANCE 
TO Fusarium WILT IN THE BANANA*

A. TULMANN NETO, B.M.J. MENDES, R. LATADO 
Centro de Energía Nuclear na Agricultura,
Piracicaba

P. CESAR DOS SANTOS, A. BOLlANI 
Faculdade de Agronomía,
Universidade Estadual Paulista,
Ilha Solteira

Sâo Paulo, Brazil

IAEA-SM-340/80P

In Brazil, which is one of the world’s principal banana production regions, 
almost all production is consumed within the country. Consumers show high 
preference for the cultivar Maçâ (AAB group). However, it is becoming increasingly 
difficult to produce bananas of this type because of their high susceptibility to 
Fusarium wilt, caused by Fusarium oxysporum f. sp. cúbense. Sexual breeding, 
which consists of recombination and selection, is limited in the banana [1] because 
of polyploidy and sterility [2]. Spontaneous somatic mutations are an important 
source of new cultivars, and mutation breeding might be particularly important to 
generate genetic variation [3]. Because of this, the mutation breeding approach has 
been used in Brazil [4]. The objective of this research was to induce gamma ray 
mutations for resistance or to increase the level of tolerance to Fusarium wilt in the 
banana cultivar Maçâ on the basis of screening under field conditions.

The plants used for screening originated from shoot tips and the culture 
medium was composed of MS macro and micronutrients, with the following added: 
Morel vitamins; BAP (5 mg/L); saccharose (30 g/L); agar (6.5 g/L); at pH5.7. 
Cultures were allowed to grow in a controlled environment at 27° С and 16 h illumi
nation. The roots were induced on solid MS medium (half-strength) supplemented 
with NAA (0.1 mg/L) for a period of 30 d. Plantlets with a height of 5-10 cm were 
transplanted to soil and cultured for 4 d in a moisture growth chamber in the green
house. Thereafter, the plantlets were maintained in the greenhouse until they had 
reached a height of 15 cm.

* Research carried out with the support o f the IAEA under Research Contract
No. 7612/RB.
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On the basis of this methodology, shoot tips were irradiated in vitro with 
gamma rays (20, 35, 40 and 60 Gy). Continuous shoot proliferation was maintained 
at 21-30 day subculture intervals and advanced to the MjV4 generation. A total of 
2177 plaints, including the control and the resistant cultivars, were planted in holes 
for screening under field conditions. The soil used to cover the plants in these holes 
was contaminated with Fusarium and originated from a commercial banana field 
affected by the disease. These plants were observed in the field for 2 years.

Plants from the resistant cultivars were able to grow well and to produce fruits. 
Initial observations revealed that some of the plants showed the effects of 
mutation and/or somaclonal variation: deformation in leaves, alterations in the 
colour of the leaf and the pseudostem, and dwarf plant height. The majority of the 
M jVí  and control plants from the Maçâ cultivar did not survive, showing typical 
symptoms of the disease: chlorosis, necrosis, splitting of the base of the pseudostem 
and wilting.

In the last evaluation, the nine surviving plants were micropropagated in vitro 
in order to obtain at least 25 plants from each selection. These plants (and the original 
cultivar) are now undergoing yield trials under the same field conditions in order to 
determine if an increase in tolerance is possible.
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EFFECT OF MUTANT GENES
ON THE GERMINATION ABILITIES
OF TOMATO AND PEPPER
UNDER OPTIMAL AND STRESS CONDITIONS*

B. ATANASSOVA, L. SHTEREVA, S. DASKALOV 
Institute of Genetics ‘Akademik D. K ostoff,
Bulgarian Academy of Sciences,
Sofia, Bulgaria

In looking for new sources of salt tolerance during the germination of nearly 
500 lines and cultivars of Lycopersicon esculentum Mill, and Capsicum annuum L ., 
we paid special attention to the fact that the majority of the salt tolerant lines estab
lished carried well known mutant genes that affect anthocyanin synthesis. Eleven 
mutations that affect quantity, distribution and/or synthesis of anthocyanin in tomato 
are known [1]. In pepper, there are eight mutations [2].

To study the effect of these genes on the tomato and pepper germination abili
ties under optimal and stress conditions, the isogenic (ILs) or near isogenic lines 
(NILs) of seven mutant genes (six tomato and one pepper) were provided by the 
Station d’amélioration des plantes maraîchères, Montfavet, France, and the Tomato 
Genetics Resource Center ‘C.M. Rick’, Davis, California, United States of 
America, or were created at our institute. Investigations were performed on 
16 tomato and three pepper genotypes and on their ILs/NILs. The effect of each gene 
on the tomato and pepper germination abilities was investigated on at least two geno
types: baby lea syndrome (bis): six pairs of IL; Hoffmann’s anthocyaninless (ah): 
five pairs of IL; anthocyanin without (aw): three pairs of IL; entirely anthocyaninless 
(ae): two pairs of IL; anthocyanin gainer (ag): three pairs of IL; anthocyanin absent 
(aa): two pairs of IL; anthocyaninless 1 (alj): three pairs of IL. The seeds included 
in the study were produced in the same year and under the same conditions. In all 
the experiments, the germination responses were visually scored as the percentage 
germination (radicle protrusion) at different intervals, depending on the treatments.

The results presented in Table I show the enhancing effect of the bis gene on 
the germination abilities of two tomato genotypes. The same enhancing effect was 
observed in all the pairs of IL/NIL studied with regard to the following genes: ah, 
aw and ae in tomato, and al¡ in pepper. There were significant differences between 
the percentage germination of the initial lines and their ILs or NILs for the above

IAEA-SM-340/81P

* Research carried out in co-operation with the IAEA under Technical Co-operation
Project No. BUL/5/010 and with the support o f the IAEA under Research Contract
No. 7640/RB.
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TABLE I. COMPARISON OF THE GERMINATION RESPONSES OF TWO 
ISOGENIC TOMATO LINES DIFFERING IN THE bis GENE TESTED UNDER 
OPTIMAL AND STRESS CONDITIONS

N accession Germination (%)

Optimal (24 °C) PEG 6000 (2 0 %)
(h) (d)

24 48 72 96 3 7 1 2

Monfavet 168 0 42 93 99 0 19 2 2

Monfavet 168 bis 1 0 94 99 99 9 36 43
Ailsa Craig 0 3 54 80 0 7 15
Ailsa Craig bis 1 6 6 94 97 4 2 1 23

NaCl 11°C 35 °C
(215 . 6  mM) (Ф (d)

(d)

6 1 2 2 0 28 3 5 8

Monfavet 168 14 59 34 80 28 84 96
Monfavet 168 bis 40 85 72 95 6 6 87 95
Ailsa Craig 9 17 1 5 35 80 93
Ailsa Craig bis 33 60 3 30 44 82 93

mentioned genes under optimal and stress conditions. The enhancing effect of the 
genes varied, depending on the genotype and the treatments, from 50% to several 
times. The ag and aa genes had no effect on the tomato germination abilities.

The only criterion for selecting the majority of the NILs was the mutant charac
ter, and some of the ILs were created after detecting spontaneous mutation. On the 
other hand, the fact that in the tomato four genes (localized on different chromo
somes, all of which enhance the germination abilities) were established gives us 
reason to assume that no linkage existed between those genes that control the germi
nation abilities and the four above mentioned mutant genes.

Three of the four genes that enhance the tomato germination abilities (ah, aw, 
bis) were classified in the same group as those mutants that control the intermediate 
stages of anthocyanin synthesis because they synthesize flavones and/or flavonols but 
not anthocyanins. The aa and ag genes were placed in other groups [3]. In this sense,



POSTER PRESENTATIONS 645

it could be assumed that mutations affecting the intermediate stages of anthocyanin 
synthesis may also influence some of the early developmental stages in the tomato.

Significant differences were observed in the reciprocal crosses blsbls x 
bls+bls+, ahah X  a h + a h + , a w a w  X  aw +aw + and aeae X  ae+ae+. The probable 
cause for such differences might be the seed structure: diploid embryo, triploid 
endosperm and diploid seed coat (tissue entirely of the maternal genotype). Bearing 
in mind these characteristics of the genes and of the seed structure, as well as the 
results of genetic and molecular analyses of the plant anthocyanin synthesis [4], some 
pleiotropic effect of bis, ah, ae, aw and al¡ may be assumed (bis also controls 
compact habits) [1]. This effect may have been caused by metabolic processes and/or 
the physical, physiological or other properties of the seed that provoke more rapid 
germination under optimal and stress conditions. Analysis of the results obtained 
showed that the total enhancing effect of ah, bis, aw, ae and al¡ may be character
ized by a significant maternal effect, including those contributions that originated 
from different maternal sources: endosperm, testa and maybe cytoplasm, and as a 
result of embryo-endosperm and/or testa interaction. The results reported here could 
be a serious possibility for improving the tomato and pepper germination abilities 
under optimal and stress conditions on the basis of morphological markers. On the 
other hand, the important maternal effect established would also permit use of this 
phenomenon in the breeding of hybrid varieties.
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DEVELOPMENT OF A SEEDLESS CITRUS CULTIVAR 
THROUGH BUD RE-IRRADIATION

X. TANG, S. WU, C. PENG, Z. LI, G. YI 
Fruit Tree Research Institute,
Guangzhou

M. LUO, C. WU, H. HUANG 
Fruit Tree Research Institute,
Lian Jiang City

Guangdong Province, China

Hong Jiang Cheng is an important sweet orange cultivar in the Guangdong 
Province of China. The fruit is of a very high quality, but it has too many seeds. 
The objective of this study was to induce a commercially seedless or less seedy 
cultivar in an effort to improve the fruit quality further through mutation breeding.

In January 1978 and 1987, mature autumn shoots were taken from the seedy 
adult trees of Hong Jiang Cheng and the shoot leaves stripped. The buds were irradi
ated with “ Co gamma rays at a dose of 8 kR and at a dose rate of 250 R/min.1 In 
the winter of 1986 and in January 1988, the shoots taken from the once irradiated 
trees were re-irradiated at the same dose but at a dose rate of 230 R/min. After irradi
ation, all the treated buds were single bud grafted on to Hong Ning Meng (C. limonia 
Osbeck) rootstock. After the survivors sprouted new shoots, the survival rate and 
the morphological aberration frequency were investigated. In January 1988, those 
shoots with morphological aberrations were selected from the 47 young plants grow
ing from the re-irradiated (1986) buds for top grafting. In the winter of 1988, the 
common shoots (no selection for morphological aberration) were cut from the once 
irradiated (1987) and re-irradiated (1986 and 1988) plants for single bud grafting 
on to Hong Ning Meng rootstock. These grafted plants were transplanted in Lian 
Jiang City in May 1989. The trees began to produce fruit in 1991. The number of 
seeds, fruit size, quality, yield and ratio of red flesh fruit were investigated during 
the fruit maturing period. The effects of different kinds of shoot and re-irradiation 
on the mutation rate were considered statistically. A survey of the abortive mutant 
pollen grains was made.

Thirteen seedless and less seedy mutants were obtained in the top grafted plants 
from those shoots with morphological aberrations; the mutation rate was 38.24%.

IAEA-SM-340/87P

1 1 R =  2.58 x  10" C/kg.
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TABLE I. EFFECT OF DIFFERENT KINDS OF SHOOT ON THE ISOLATION 
OF SEEDLESS AND LESS SEEDY MUTANTS

No. of No. of Mutation rate
fruiting plants mutated plants (%)

Shoots with morphological aberrations 34 13 38.24

Common shoots 505 28 5.54

TABLE П. EFFECT OF RE-IRRADIATION ON THE INCREASE IN 
SEEDLESS AND LESS SEEDY MUTATIONS

Treatment
No. of No. of Mutation rate

fruiting trees surveyed mutated plants (%)

Once irradiated 616 3 0.48

Re-irradiated 539 41 7.61

TABLE Ш. CHARACTERS OF SOME OF THE MUTANTS

Mutant
Fruit weight 

(g)
No. of 
seeds

Seed range
Soluble solid content 

(%)

18-8-9 133 1 . 8 0-5 13.0

2 - 6 - 2 133 1.9 0-5 14.0

3-9-15 138 3.1 0-7 13.0
3-9-4 134 5.0 0 - 8 13.5

Control 127 19.0 15-23 13.0
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However, 28 mutants were obtained in the plants from those shoots without morpho
logical aberrations; the mutation rate was 5.54%. Thus, the mutation rate of the 
former was 5.9 times higher than that of the latter (Table I). In the second vegeta
tively propagated progeny, 41 seedless and less seedy mutants were obtained in the 
re-irradiation treatment (7.61 %), whereas only three mutants were obtained in the 
once irradiated treatment (0.48%). Thus, the mutation rate of the former was 
14.7 times higher than that of the latter (Table П). The average number of seeds per 
fruit of the mutants was 0.87-5.97, and that of the control, 18.9-19.5 (Table Ш). 
The two best seedless and the two best less seedy mutants were used for production. 
The results showed that re-irradiation of the shoots could increase the mutation rate 
significantly, and that the morphological aberrations of the young plants with treated 
buds might be considered an effective measure for selecting seedless and less seedy 
mutants during the early developmental stages. The high rate of abortive mutant 
pollen grains was the main reason for the seedless and less seedy fruits.
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IMPROVEMENT IN RICE RESISTANCE 
TO Pyricularia oryzae 
THROUGH MUTAGENESIS*
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1. INTRODUCTION

Rice (Oryza sativa L.) is the staple diet of Costa Ricans. Normally, people eat 
rice at least twice daily. This cereal is very important both for production and con
sumption. The sowing area in Costa Rica is approximately 70 000 ha/a.

The rice area is characterized by high temperatures and high humidity, which 
are also the conditions required for the high inoculation of pathogens. Of the diseases 
that prevail under such conditions, blast disease, caused by Pyricularia oryzae, is one 
of the most severe, resulting in yield losses of up to 90% when attacks are severe.

Use of induced mutations in cereals has been shown to be an excellent tool, 
often using gamma rays as the mutagen agent for crop improvement. The main 
objective of our work was to induce resistance to blast disease in the commercial 
variety CR-1113, which is the most important cultivar in Costa Rica.

2. MATERIALS AND METHODS

Seeds of the rice cultivar CR-1113 were irradiated with ^C o gamma rays 
using doses of 15 and 20 krad.1 Before the mutagenic treatment, the seeds were 
dried to 12% water content.

The irradiated seeds were sown in bulk to obtain the M! plants and the M2 
seeds. The M2 seeds were planted in trays for germination; 2 weeks after germina
tion, the seedlings were transplanted in a field with high inoculum pressure. A total

* Research carried out in co-operation with the IAEA under Technical Co-operation 
Project No. COS/5/017 and with the support of the IAEA under Research Contract 
No. 7643/RB.

1 1 rad =  1.00 x  10"2 Gy.
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of 160 000 seedlings (80 0000 per treatment) were individually evaluated using the 
International Rice Research Institute (Manila, Philippines) and Centro Internacional 
de Agricultura Tropical (Cali, Colombia) criteria at growth stages 2 and 4, and 
finally at harvest.

The plants selected in M2 were considered for the following trials:

(1) Verification of disease resistance: plants from these lines were sown in nursery 
beds and inoculated;

(2) Fertilization: five mutant lines and three commercial varieties in Costa Rica 
were used;

(3) National: one of the five lines was included in these trials (National Seed 
Bureau) for commercial evaluation and released as UNP-9027, a new commer
cial variety.

3. RESULTS

A new commercial variety resistant to Pyricularia oryzae was produced using 
induced mutations in rice. UNP-9027 has a higher yield (26%) than the original 
CR-1113 and a higher response to nitrogen fertilization (it requires only 80 kg N/ha, 
while the original variety requires 140 kg N/ha). There is also no longer the need 
to control Pyricularia with fungicides.
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USE OF IRRADIATION IN THE DEVELOPMENT OF 
INBRED LINES FROM THE MAIZE VARIETY 
BELJSKI ZUBAN (BELJE YELLOW DENT)

D. PARLOV, B. PALAVERSIC, I. BUHINICEK 
Institute for Breeding and Production of Field Crops,
Zagreb, Croatia

The variety Beljski Zuban was used in the investigation. In 1964, 1000 plants 
of Beljski Zuban were selfed and of these about 600 ears were selected; 512 ears 
were separately shelled and then divided into three groups. The first group was 
irradiated with a dosage of 10 000 R (zj), the second with 15 000 R (z2), while the 
third remained unirradiated.1 In 1965, each group of ears was planted in a separate 
row (unirradiated, z¡ and z2). The same year, seeds from another 92 ears were 
planted using the ‘ear to row’ method without being exposed to irradiation. At the 
same time, the same number of ears was irradiated with the same dosages as ъх and 
z2. Gamma rays from a cobalt bomb were used for irradiation, the dosages being 
determined by A. Tavcar, who was head of the investigations in the Department of 
Breeding, Genetics and Method of Investigation at the Agronomic Faculty, Zagreb. 
The standard method of breeding was used for developing the inbred lines. Each 
year, five to seven plants were selfed; these were chosen at random from each row 
of ear to row progeny from the lines selected the previous year. During the following 
years of breeding, emphasis was placed on evaluating the morphological and physio
logical traits.

The inbred lines developed from the variety Beljski Zuban are presented in 
Table I.

Testing of the developed lines started in the S3 generation of selling in 1968 
and continued (S4 and S5) over the next 2 years. After 8 years of selfing and testing, 
25 inbred lines were developed from the unirradiated control sample, eight from the 
sample irradiated with zb and only one from the sample irradiated with z2.

In 1974, eight inbred lines were developed from Beljski Zuban, of which five 
were developed from the unirradiated seeds, and three from the seeds exposed to the 
lower dosage (zj). It should be stressed that line B14 (which exhibits a very good 
combining ability with the lines originating from the heterotic group Iowa stiff stalk 
synthetic and Lancaster sure crop and which is at the same time the most valuable 
inbred line developed from this breeding process) belongs to the group of registered 
inbreds developed from seeds irradiated with the initial dosage.

IAEA-SM-340/92P

1 1 R =  2.58 x  10" C/kg.
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TABLE I. INBRED LINES DEVELOPED FROM THE VARIETY 
BELJSKI ZUBANa

Year S-k S-Z( S-Z2 S,-k S]-Zi S1-Z2 S„

1965 92 92 92 512 512 512 1

1966 40 23 2 482 276 1 0 0 2

1967 27 15 4 296 142 44 3
1968 6 1 3 114 56 9 4
1969 9 — — 99 6 6 5 5
1970 5 — — 63 37 1 6

1971 4 — — 58 23 1 7
1972 3 — — 2 2 8 1 8

a S-k =  selfed ears; S-z, =  irradiated ears (10 000 R); S-z2 =  irradiated ears (15 000 R); 
S,-k =  control kernels; Sr z, =  irradiated kernels (10 000 R); S,-z2 =  irradiated kernels 
(15 000 R); Sn =  generation of selfing.

This line and several other lines from the variety Beljski Zuban were included 
in the second cycle of breeding on the basis of early testing. Under conditions of 
artificial infection, Beljski Zuban was found to carry the genetic basis for monogenic 
resistance to Northern leaf blight (Exerochilum turcicum (Pass.) Leonard and 
Suggs).
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DROUGHT RESISTANT RICE MUTANTS 
AND THEIR FEASIBILITY FOR PLANTING  
IN SEMI-ARID AND DESERT AREAS

A.M.T. ABO-HEGAZI 
Nuclear Research Centre,
Atomic Energy Authority,
Inshas, Egypt
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A mutation breeding programme on rice was started in 1978 with the aim of 
increasing the protein content of the grain [1]; later, in 1982, the programme 
progressed to selecting for stress resistance (water and salinity).

The programme included: collection of available germplasm for rice; irradia
tion of seeds with 100-200 Gy of ^C o gamma rays; crosses, backcrosses and 
selection, taking into consideration the yearly reduction in irrigation water. This 
started at the normal rate for local varieties in Egypt, i.e. 21 000 m 3/ha [2], but the 
rate has been reduced to 10 000 m3/ha over the past 4 years. This programme has 
led to the selection of 32 drought resistant rice mutants [3].

Planting was carried out during the 1991 season in 3 m x  3 m plots with four 
replications on clay and sandy loam soils. In 1992, planting was carried out in the 
same way, but only on sandy loam soil (62.2% sand, 13.2% clay and 24.6% silt).

Because there were no significant differences between the characters inves
tigated in the three experiments, the data presented here represent the means (x) of 
the three experiments, the standard error (SE) and the range (r); rough estimates for 
variability were taken from the 1992 experiment only. Two widespread varieties in 
Egypt, Giza 171 and Giza 181, both of which need 21 000 m3/ha for normal 
planting, were used in the three experiments for comparison with four drought resis
tant varieties (Hegazi-Fo, Hegazi-Go, Hegazi-7 and Hegazi-10). The irrigation rate 
of the experiments was 10 000 m3/ha, which is less than half of the normal water 
requirements for Giza 171 and Giza 181.

The results showed that Giza 171 and Giza 181 produced a very poor yield,
i.e. 181 and 272 kg/ha, respectively (Table I). On the other hand, the yields of the 
four drought resistant mutant lines, under the same conditions (sandy loam soil and 
8000-10 000 m 3/ha of irrigation water), were 8488, 9063, 10 755 and
11 400 kg/ha of paddy for Hegazi-10, Hegazi-Fo, Hegazi-Go and Hegazi-7, 
respectively.

The grains of some of the mutants showed different widths compared with 
Giza 171 and Giza 181 (Table I).



654 POSTER PRESENTATIONS

TABLE I. MAIN CHARACTERISTICS OF TWO STANDARD VARIETIES 
AND FOUR DROUGHT RESISTANT RICE MUTANTS GROWN ON SANDY 
LOAM SOIL UNDER 10 000 m3/ha OF IRRIGATION WATER

Variety/
mutant
line

Grain
length-width

Days to 
flowering 
(x ±  SE)

Days to 
maturity 

(x +  SE)

Length of main 
panicle (cm) 

(x (r))

Yield
(kg/ha)

Giza 171 Short-thin 98 ± 3 147 ±  13 25 (23-27) 181
Giza 181 Long-thin 93 ± 2 151 ±  13 26 (25-27) 272
Hegazi-Fo Long-medium 89 ± 7 141 ±  22 23 (21-27) 9 063
Hegazi-Go Long-thin 83 + 7 137 +  15 28 (27-29) 10 755
Hegazi-7 Long-wide 79 + 8 136 +  19 23 (20-25) 11 400
Hegazi-10 Long-medium 8 8  ±  8 150 ±  23 24 (20-26) 8  488

The drought resistant mutants were earlier in both flowering (up to 19 days) 
and maturing (up to 15 days) (Table I). However, their variability seemed to be 
higher than that of Giza 171 and Giza 181.

Small differences were observed in the length of the main panicle in the germ
plasm tested. However, the ranges in this character were somewhat wider in the 
mutant lines (Table I).

Because of their high yield and favourable long grains, it is concluded that 
these drought resistant rice mutants can be recommended as nuclei for drought 
resistant rice varieties which could produce a good yield on about half of the usual 
irrigation water requirements. Moreover, they could be grown on sandy loam soils, 
which are frequent in the semi-arid and desert areas of many Arab countries, if a 
total of about 10 000 m 3/ha of irrigation water is available.
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POSSIBILITIES FOR INDUCING DROUGHT TOLERANCE 
IN WHEAT USING GAMMA RAYS
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A.A. EL-SEOUDY**, E.M. FAHMY**, T.Z. SALAM*

*Nuclear Research Centre,
Atomic Energy Authority,
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**Department of Genetics,
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Ain Shams University,
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Drought is a limiting factor in the production of wheat in arid and semi-arid 
regions. Programmes for improving this crop through mutations are taking place in 
many countries [1-4]. Therefore, the present research was carried out to reveal the 
possibilities for inducing drought resistance in a local bread wheat cultivar 
(Giza-157) using gamma rays. The seed lots of this cultivar were irradiated with 
0 (control), 75, 100 and 125 Gy of ^C o gamma rays and planted to produce 
M! seed. In the following seasons, this process was repeated on fresh seed and the 
off-spring of Mj and M2 in such a way as to ensure the planting of the Mb M2 and 
M3 generations in one field experiment. To study the effect of drought, the second 
and fourth irrigations in the drought stressed treatment were withheld. The normal 
irrigation treatment consisted of four irrigations between planting and harvesting.

The results (Table I) showed that under drought stress irrigation conditions 
(especially at 125 Gy) significant earliness occurred in the M2 and M3 generations, 
which could be encouraging for inducing better drought tolerance. The mean weight 
of seed yield/plant increased at 100 and 200 Gy (M2) and at 100 Gy (M3) under 
drought conditions. The latter treatment produced the highest seed yield, i.e. better 
drought tolerance. It is concluded that inducing drought resistance in some cultivars 
of bread wheat using different doses of gamma ray can be recommended as a goal 
for inducing earliness, which could lead to a relatively good yield under drought 
conditions.

IAEA-SM-340/96P
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TABLE I. MEAN OF DAYS TO FLOWERING (EARLINESS) AND GRAIN 
YIELD/PLANT (g) OF THE GIZA-157 WHEAT CULTIVAR IN THE Mb M2 
AND M3 GENERATIONS AFTER “ Co GAMMA RAY SEED IRRADIATION 
(0, 75, 100 AND 125 Gy) UNDER DROUGHT (D) AND NORMAL (N) 
CONDITIONS3

Earliness Grain yield/plant (g)
Generation Irrigation

0 75 1 0 0 125 0 75 1 0 0 125

M, N 95.1a 96.4b 91.9c 94.9a 16.13a 14.30b 13.15c 12.46d
D 99.2a 99.6a 98.5b 97.0c 7.44a 8.61b 5.84c 8.06b

M2 N 96.0c 92.7d 1 0 0 .0 b 1 0 1 .6 a 11.37b 5.64c 11.99b 13.30a
D 97.5b 90.7c 99.7a 99.9a 7.83b 6.54c 10.54a 9.86b

M3 N 103.1b 103.7b 105.9a 1 0 1 .6 c 18.67a 16.41b 15.29c 16.76b
D 93.3a 92.7a 92.3a 90.2b 1 0 .8 6 a 11.37a 11.50a 10.54a

a Numerals with the same letter are not significantly different at the P = 0.05 level for seed 
irradiation doses (rows) per selection criteria (columns).
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GENOTYPE x  ENVIRONMENT INTERACTION 
AND THE STABILITY AND ADAPTATION 
OF SOME INDUCED SESAME GENOTYPES 
THROUGH MUTATION BREEDING

A.I. RAGAB 
Radiobiology Department,
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Inshas

A.A. HOBALLAH 
Agronomy Department,
Faculty of Agriculture,
Cairo University,
Giza

Egypt

The present study was conducted to provide information on the effect of 
genotype x  environment interaction on the seed yield and the seed oil content of 
sesame genotypes, as well as the yield stability and adaptation of each genotype. 
Ten sesame genotypes, including the local variety Giza 32 and two promising 
induced gamma ray mutants (Mut. 6 and Mut. 8) as well as seven F5 hybrid popula
tions derived from crossing between the local variety and the two induced mutants, 
were used in this investigation.

These genotypes were evaluated in the Experimental Farm Project of the 
Nuclear Research Centre, Atomic Energy Authority, Inshas, and at the Agricultural 
Experiment and Research Centre, Faculty of Agriculture, Cairo University, Giza, 
as well as on a private farm at El-Saf during 1992 and 1993. The three locations were 
chosen to provide differences in soil type, which were classified as clay loam, sandy 
loam and sandy oil at Giza, Inshas and El-Saf, respectively. Two experiments were 
conducted at each location over the 2 years. The combinations of 2 years and three 
locations were considered as six different environments.

The results indicated that combined analysis of variance revealed highly 
significant differences as a result of the environments, genotypes, and their inter
actions, for data recorded on seed yield and oil content, indicating that the genetic 
potential of genotypes interacted considerably with the varying environments.

Estimates of the parameters that describe stability of performance over 
environments indicated that Mut. 6 was the most stable genotype for seed yield,

IAEA-SM-340/99P



658 POSTER PRESENTATIONS

2 . 6  

2.4 

2 . 2  

b  2 . 0  

Г  1.8

I  1 6

I  14
с  1-2 
О

Í3 1 0  фfe 0 . 8  
œ
ОС 0.6 

0.4 

0 . 2  

0

* Seed yield +  Regression coefficient

*

+
+  +

*  *

i i i_____i_____i_____i_____i_____i_____i_____i____
Giza 32 H3 H18 H12 H20 H17 H21 H7 Mut. 6 Mut. 8 

Genotypes

1 .0

0.9

0 . 8

0.7 %  

0 6  §  

0 . 5 -
Ф

0.4 ‘5* 
■o 
ф

0 . 3 ®

0 . 2

0 .1

0

FIG. 1. Genotype adaptation estim ated according to  the regression coefficient ( ‘b ’) and the 
mean seed  y ie ld  fo r  10  sesam e genotypes.

based on the regression coefficient ( ‘b ’ value) and deviation from  the regression 
m ean square. The high yielding genotypes, i.e . M ut. 8  and H7 (M ut. 8  X M ut. 6 ) 
with significant ‘b ’ values above unity, w ere less stable. Also, the low yielding geno
types, i.e . G iza 32, H3 (Giza 32 X M ut. 8 ) and H18 (Giza 32 X M ut. 6 ) with 
significant ‘b ’ values low er than unity, w ere considered unstable.

Adaptability estim ates revealed that M ut. 6  and H21 (M ut. 6  x  M ut. 8 ) 
appeared to have adapted to  all environm ents, as indicated by their high m ean yield 
and insignificant ‘b ’ values. H ow ever, M ut. 8  and H7 (M ut. 8  X M ut. 6 ) appeared 
to have adapted m ore to high yielding environm ents because o f a m ean yield that was 
higher than the grand m ean and significantly higher than unity ‘b ’ values (see 
Fig. 1). In contrast, the local variety Giza 32 and H18 (Giza 32 X M ut. 6 ) w ere iden
tified as having adapted to low yielding environm ents.

It is therefore suggested that M ut. 6  can be recom m ended for any breeding 
program m e aim ed at im proving seed yield stability and/or adaptability o f sesame.
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A g ro p y ro n  r e p e n s  (L .) B eauv . x  B ro m u s  in e rm is  LEY SS cv. n an u s
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♦Department o f  Genetics and Plant Breeding,
University o f  A gricultural Sciences,
Godôllô, H ungary

**Institut für Pflanzenbau und Pflanzenzüchtung,
U niversitat fur Bodenkultur,
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Szarvas, Hungary

1. INTROD U CTIO N

A large num ber o f  agronom ically im portant species (S e c a le , T riticum  and 
H o rd eu m ) belong to the family Gram ineae, including several forage grasses species: 
F estu ca , L o liu m , A g ro s tis ,  B ro m u s  and A g ro p y ro n . Smooth brom egrass (B rom u s  

in erm is  Leyss) is an im portant forage species and has high yields o f highly digestible 
forage. Smooth brom egrass is strongly rhyzomatous and widely adopted. Quack- 
grass (A g ro p y ro n  re p e n s  L .) is a hexaploid perennial Eurasian species that has 
becom e established as one o f  our most valuable forage grasses. It is o f  great 
im portance because o f  its drought tolerance through the vigour o f an aggressive 
spreading habit, and it produces palatable high quality forage [1]. The hybrid 
between A g ro p y ro n  re p e n s  (L .) Beauv. (2n =  6 x =  42) and B ro m u s in erm is  Leyss 
cv. nanus (2n =  6 x =  42) was produced by Janovszky [2] and seemed to unify the 
advantageous properties o f  the parents. The A g ro m u s  hybrid shows serious partial 
seed sterility [3]. This phenom enon is not unusual in several intergeneric hybrids 
[4, 5]. The possible reason for low plant fertility may be the abnormality in meiotic 
chrom osom e pairing because o f  the genom e inhomology (the A g ro p y ro n  contains 
S1S1S2S2XX genom es and the B ro m u s  has AiAiAiAiBiBi genomes) [3]. A brief 
description is given o f  the m eiotic behaviour o f the hybrid and its somaclones.

2. M ATERIALS AND M ETHODS

The intergeneric hybrid and its somaclones w ere regenerated from  the inflores
cence prim ordia derived callus using the m ethod o f Gyulai et al. [3]. The régénérants

IAEA-SM-340/113P



660 POSTER PRESENTATIONS

TABLE I. M EA N  NUM BER OF UNI-(I), BI-(II), TRI-(III) AND 
QUADRIVALENTS (IV) IN A g ro p y ro n  (A), B ro m u s  (B), THE 
A g ro m u s  (AB) HYBRID, AND TH E SC b  SC2 AND SC 3 SOM ACLONES

I II III IV

A 2 1 75 2 2

В 28 6 8 2 1

AB 2 2 73 1, 5 2, 5
SC! 30 65 1 3
SC2 15 84 0 1

SC3 19 77 1 2

w ere transferred to the experim ental field and grown to m aturity. Spikes for 
cytological analysis w ere fixed in 95% ethanol:glacial acetic acid (3:1) for 24 hours, 
stored in 70% ethanol under refrigeration until examined and stained in propionic 
acid orcein, squashed in 45% acetic acid and examined using a Leitz D M  RB 
microscope.

3. RESULTS

M eiosis was studied in  A g ro p y ro n , B ro m u s, the A g ro m u s  hybrid, and the 
SC b  SC 2 and SC 3 somaclones o f A g ro m u s  to determ ine and com pare the meiotic 
pairing conditions. During this investigation, most o f the m eiosis stages were 
examined. Usually, m eiosis was regular, although some aberrations w ere observed 
(chrom osom es lagged in anaphase, m etaphase, and an inversion bridge and its 
associated fragm ent appeared in some cells). The intergeneric hybrid A g ro m u s  and 
its somaclones have sim ilar chrom osom e associations per cell. The num ber o f 
bivalents in most cases was 21, with intensive chiasm ata form ation. Among the 
somcclones, SC2  has the most bivalents (84% ) and SC! the least (65% ). The 
meiotic chrom osom e pairing o f A g ro p y ro n , B ro m u s, A g ro m u s  and its somaclones 
can be seen in Table I.

4. DISCUSSION

The unusual regularity o f meiosis o f  the intergeneric hybrid A g ro m u s  and its 
somaclones (the form ation o f  bivalents in 65-84%  and the presence o f  univalents in
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15-30%) cannot explain the considerable sterility of the hybrid. The frequency of 
the occurring fragments, bridges and laggings in the hybrid is similar to that of the 
abnormalities observable in the parents. As is known, Agropyron repens is a segmen
tal auto-allohexaploid, commonly forming 21 bivalents at metaphase I. The chromo
somes of Bromus inermis are capable of autosynthesis in hybrid combination in the 
absence of exact homologues. Quadrivalents have been reported in both species. 
(The genome architecture and the chromosome pairing conditions of the intergeneric 
hybrids show some similarity [4-6].) The mostly regular meiosis of the intergeneric 
hybrid (with a different genome architecture to that of the parents) can hardly be the 
reason for the low fertility of the plants. Other methods of investigation are required.
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INDUCED GENETIC VARIABILITY
FOR TOLERANCE TO SALINITY, pH AND PHOTOPERIOD 
IN STEM NODULATING Sesbania rostrata

D.C. JOSHUA, S. RAMANI, M.S. SHAIKH, V.V. ATHALYE 
Nuclear Agriculture Division,
Bhabha Atomic Research Centre,
Bombay, India

The stem nodulating green manure plant Sesbania rostrata and its late flower
ing mutant, TSR-1, were studied for their response to abiotic stresses, namely, salin
ity, pH and photoperiod. Three genotypes, S. rostrata, TSR-1 and S. aculeata, were 
planted in pots containing soil (soil + farm yard manure (FYM) and soil — FYM) 
with electrical conductivity values ranging from 0.08 to 5.3 mmhos/cm2. 1 For the

1 mmhos/cm2 =  amount of current passing through cm2/s.
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pH studies in hydroponics, 20 day old seedlings were transferred to minus N medium 
adjusted to and maintained at pH levels of 3.5, 4.5, 5.5, 6.5 and 8.0. The plants were 
inoculated 25 days after sowing. Sodium-22 and 36C1 were used to study the uptake 
and translocation of Na and Cl. The parent variety and TSR-1 plants were exposed 
to an 8 hour photoperiod for 10 days at four different stages of growth to study their 
flowering response to short photoperiods. Gel electrophoresis was used to study the 
polypeptides induced by salinity stress.

The range of salinity used did not adversely affect plant growth in any of the 
genotypes. Salinity induced better growth when the soil had no FYM. Salinity did 
not affect stem nodulation, the number of nodules being commensurate with plant 
growth.

In the range of pH levels used, the growth of TSR-1 was better than that of 
the parent and S. aculeata. Both the parent and TSR-1 grew well with acidic and 
alkaline pH. At a lower pH, the root nodules were large, few in number and present 
on the tap root. As the pH increased, the nodules became smaller and were present 
on the secondary roots. Unlike the root nodules, stem nodulation was not affected 
by the pH. TSR-1 had more stem nodules than the parent at all the different 
pH levels.

The high level of salinity in soil + FYM reduced the percentage N. However, 
in soil -  FYM, the salinity did not affect the N content, although a marginal increase 
was observed. The percentage N was reduced by the high pH of the medium.

Radiotracer studies showed that in S. rostrata and TSR-1 less Na was trans
located to the stem and leaves than was taken up.

Exposure to a short photoperiod induced early flowering in the parent but not 
in TSR-1. Despite being exposured to a short photoperiod at four different stages of 
growth it flowered, along with the control, after only 220 days.

Polyacrylamide gel electrophoresis showed repression, overexpression or 
induction of polypeptide bands by growing the seedlings of different genotypes in 
200 mM NaCl.
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MUTATED GENE(S) OF SELF-POLLINATED PLANTS 
STUDIED ON THE BASIS OF SEGREGATION 
OF THE M3 SISTER LINE(S)
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N um erous mutants have been reported in different crop species, many o f  
w hich have been officially released as m utant varieties [1]. H ow ever, very lim ited 
inform ation is available on their m utated genes. W hen breeding objectives becam e 
the focus o f alm ost every mutation breeding program m e, inform ation on the mutated 
gene becam e less im portant than im proving the character o f  the m utant itself. The 
genetic explanation o f  a m utated gene is based only on the perform ance o f a mutant 
in the M 3 generation. I f  the selected character o f the m utant appears to be 
hom ogeneous in the M 3  line, then it is said that the dom inant gene has been mutated 
to  becom e a recessive gene and that possibly only one gene has been mutated. So 
far, this prediction has been true, but a homozygous selected character that per
form ed homogeneously in the M 3 line could also be controlled by a dom inant gene, 
although this probability is very low.

In general, to identify the m utated gene the m utant should be crossed with the 
original variety and then the perform ance o f the selected character in the F j and its 
progeny segregation in  the F 2  generation should be analysed. H ow ever, this proce
dure requires a great deal o f w ork and is tim e consuming. F or a practical breeding 
program m e, therefore, these activities are not encouraged.

The segregation ratio  o f the M 3 sister lines o f  the m utant in a self-pollinated 
plant can be studied in order to understand the direction and num ber o f m utated 
genes. This m ethod is m uch easier, because one does not have to w ait for parental 
m aterial until the m utant is stable nor does one have to cross the original variety. 
Therefore, it is suggested that this m ethod be included in every m utation breeding 
program m e for self-pollinated plants.

The basic explanation o f  the m ethod is as follows. A fter m utagenic treatm ent, 
a chim eric M j plant is produced [2]. Each flow er o f  this chim eric M 1 plant develops 
either from  a norm al cell o r a m utated cell. Self-pollination that occurs in the flower 
yields an M 2  seed with a hom ozygous, heterozygous or homozygous mutant 
character. These three zygous types are to  be found in the w hole seed o f each 
mutated M j plant. If  these seeds are planted in M 2  (panicle per row or plant per 
row ), the visible m utants w ill be recognized; if  the m utant is homozygous recessive, 
the sister plants will be phenotypically norm al; how ever, if  the visible m utant is con-

IAEA-SM-340/123P
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TABLE I. APPLICATIO N  O F TH E M ETH OD  IN  SOM E M UTATION 
BREEDING PROGRAM M ES

Original variety Mutated character
Segregation in 
M3 sister lines

Original Mutant

No. 
of genes

Genetic
change3

Rice

Gebang Awned 310 1 0 2 0 1 R to D
Seratus malam Awnless, small seed 1 2 1 0 411 1 D to R
Nani Sukro Small seed 1271 427 1 D to R
Pelita I/I Early 1230 419 1 D to R
Raja Imut Dark red 30:1374 218 3 R to D, red H

Mungbean

Manyar Sterile 1 2 1 39 1 D to R

a D = dominant; R =  recessive; H =  heterozygote.

trolled by a dom inant gene its sister plants will be phenotypically sim ilar to the 
mutant. In this case, the mutant and its sister plants will both be selected. It is 
believed that every M} flow er develops from  a single cell and that the seed which 
is produced by this flow er automatically originates from  the same cell [3]. This 
means that M 2  plants contain no chim erism , and if  the M 2  plant is a heterozygote, 
its progenies in  the M 3 generation will segregate in  the sam e m anner as progenies 
o f Fj plants in the F 2  generation. Segregation follows the M endelian rule. There
fore, a com parison o f  M 3 segregation with M endelian segregation will reveal the 
m utated gene. Since segregation occurs, the heterozygous plants are  still present. 
Therefore, if  there are insufficient data, analysis o f  M endelian segregation could be 
continued into further generations, as long as heterozygous plants are available. The 
only obstacle is that the M 2  and M 3 plantations m ust be arranged according to the 
pedigree method, i.e . either by ear, spike, panicle per row  or plant per row. Besides, 
there should be enough plants per M 3 row  for appropriate statistical analysis. 
Table I shows the application o f  the m ethod in some mutation breeding program m es.
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1. INTRODUCTION

Barley is one of the most suitable plants for mutation breeding because of its 
diploid nature. It covers some 680 000 ha of irrigated lands in the cold and temperate 
regions of the Islamic Republic of Iran. In the past, the crop was cultivated in early 
spring when the frost was over. During the past 4 years, a newly released winter 
barley (Makooei) has been widely grown in the cold areas of the country. Winter 
planting has led to the production of lines with a high potential for resistance to cold. 
Through crosses between land races and improved barley varieties, several winter 
types and new cold resistant lines have been obtained and tested in different trials. 
The average yield (obtained from two cycles of 3 years in a uniform, regional barley 
yield trial) has risen from 3.8 t/ha to more than 6 t/ha.

2. MATERIALS AND METHODS

Two commercial barley varieties, Walfajr and Zarjow (500 g each), with a 
moisture content of 18% were irradiated with four doses (10, 15, 20 and 25 krad)
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TABLE I. EAR TO ROW LINES IN 
THE M2 GENERATION (13 562)

Dose (krad)

Variety 1 0 15 2 0 25

Walfajr 2334 1756 1430 530

Zarjow 2512 2327 1833 840

TABLE П. PLANTS SELECTED 
IN THE M3 GENERATION (483)

Dose (krad)

Variety 1 0 15 2 0 25

Walfajr 28 31 73 2 0

Zarjow 24 195 1 0 1 1 1

TABLE Ш. LINES SHOWING 
RESISTANCE TO COLD IN THE 
M4 GENERATION (84)

Dose (krad)

Variety 1 0 15 2 0 25

Walfajr 3 13 5 —

Zarjow 1 2 28 2 1 2

TABLE IV. LINES SHOWING 
RESISTANCE TO COLD IN THE 
M5 GENERATION (30)

Dose (krad)

Variety 1 0 15 2 0 25

Walfajr 1 4 — —

Zarjow 4 15 6 —

from a ^C o source.1 For each treatment, the seeds were planted in eight lines, 
24 m long, and were irrigated immediately. At the maturing stage, all the main 
spikes of the Mj plants were harvested and 30 seeds from each spike were planted 
in two 1.5 m long lines with 30 cm row spacing.

The number of ear to row lines (M2) was more than 13 000 (Table I). Of 
these, 483 plants were selected in the M3 generation on the basis of their phenotype 
(Table П).

The harvested seeds were planted early, both at the main station (four rows,
12 m long) and at the three other cold area stations (four rows, 2.5 m long). Data 
were collected after the frost was over; 84 lines showed resistance to cold 
(Table Ш).

To prepare and arrange the M4 seeds, 25-30 plants from each selected plot 
were selected for their desired agronomic traits, and four spikes from each plant 
were harvested using the bulk method. Analysis of data showed that in the selected

1 1 rad =  1.00 x  10'2 Gy.
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plots the number of M5 lines had decreased to 30; depending on their relative 
genetic purity, these lines were planted at 12 stations for preliminary yield trials 
(Table IV).

3. RESULTS

The 20 and 25 krad doses were lethal, whereas the effect of 15 krad showed 
that the local variety Zarjow had the highest desired variation.
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Spontaneous mutations have played an important role in the development of 
new cultivars in the worldwide important Citrus species. Nevertheless, conventional 
cross-breeding is undoubtedly continuing to be a most important way of producing 
improved new cultivars. One of the recent obstacles to releasing newly selected high 
quality mandarins is the presence of many seeds. A parthenocarpic tendency is an 
important prerequisite for seedlessness. Mechanisms leading to seedlessness have 
been reviewed by Iwamasa [1]. It is difficult to assess the parthenocarpic tendency 
in self-pollinator cultivars. An attempt to assess the parthenocarpic tendency by 
irradiated pollen [2] confirms the stimulatory effect of irradiated sterile pollen on the 
development of seedless fruit in both self-incompatible and self-compatible cultivars.
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TABLE I. PERCENTAGE SEEDLESS AND LOW SEEDED MUTANTS (0-7 
SEEDS PER FRUIT) IN mV2 POPULATIONS OF MURCOTT, ORAH AND 
YAFIT IRRADIATED AT DIFFERENT DOSE RATES

Dose
Murcott Orah Yafit

(Gy) No. of % No. of % No. of %
trees mutants trees mutants trees mutants

27.5 151 9.9 — — — —

30.0 184 8.7 70 1 0 . 0 34 12.5

32.5 — — 41 53.0 — —
35.0 532 7.3 28 7.0 31 9.7

37.5 36 8.3 23 4.3 — —

40.0 366 5.7 170 2.3 73 9.6

42.5 25 8 . 0 — — — —

45.0 1568 9.0 338 13.3 196 1 0 . 2

47.5 16 12.5 — — — —

50.0 404 6.7 23 21.7 — —

55.0 9 0 126 11.9 53 7.5

60.0 44 6 . 8 90 17.7 1 1 1 1 2 . 6

65.0 57 12.3 — — — —

Total 3392 7.9 909 1 2 . 8 496 10.5

It appears that the parthenocarpic tendency is widely distributed within Citrus. 
Irradiation of seedy clones has resulted in commercially acceptable seedless cultivars 
[3-5]. It seems that development of new cultivars by a combined method involving 
both conventional crosses and mutation breeding may pave the way for obtaining 
new seedless cultivars with a wider range of colour and time of maturity.

Mutation is a one cell event, while generally multicellular apices are treated
[6] and thus different mutations can be induced at the same apice. To avoid chimera 
formation it is preferable to start selection for potential mutants in mV2.

On the basis of the LD50 values, valuable information has been gathered on 
the radiosensitivity of different Citrus species [7]. To enable use of higher irradiation 
doses, techniques such as shielding the base of an irradiated scion and using a 
shallow layer of water have been developed. Do we really need to employ DL50 or 
any dose rate above it?
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Preliminary results are given of our mutation breeding programme aimed at 
inducing seedlessness or low seed number fruits in non-juvenile self-pollinating 
mandarin cultivars.

Buds were irradiated from a 60Co source (for the dose rates, see Table I) at 
the Nahal Soreq Nuclear Center at a rate of 13.3 Gy/min. Troyer rootstocks were 
budded with the unirradiated control and the treated individual bud to form the mV { 
and subsequent mV2 plants. The seed content was determined for two to three 
seasons. Pollen fertility (stained with 2% acetocarmine) was determined in mature 
anthers derived from control and low seeded trees.

The three self-pollinating mandarin cultivars selected for the present 
experiment were Murcott, Orah ( 9  Temple X c  Dancy) and Yafit ( 9  Clementine 
X O’ Wilking). All have a wide range of seeds, i.e. up to 30 seeds per fruit.

Selection of low seeded mV2 individuals in the three highly seeded cultivars 
was accompanied throughout by the presence of highly pollen fertile, non-mutant 
individuals in the field. The percentage seedless and low seeded mutants (0-7 seeds) 
of the three cultivars is given in Table I. Some of the radiation doses resulted in a 
small number of trees only, thus the percentage mutants in these populations can be 
considered biased. Apart from such cases, Table I shows a rather similar percentage 
mutants, irrespective of the radiation dose, in Murcott and Yafit. The results of Orah 
are different. A very high percentage mutants was obtained with 32.5 Gy, and a low 
percentage with 40 Gy. The percentage mutants with Murcott and Yafit, in dosages 
below LD50 (about 40 Gy), was not materially different from that of dosages 
above LD50.

Another criterion for selection was pollen fertility. Trees in which a low seed 
number (0-7) was observed showed variable pollen fertility, generally in the range 
of 2-30%, while in the control it was 80-95%. Pollen fertility was determined for 
two seasons, showing quite good consistency.

On the basis of our selection criteria (seed number, pollen fertility and produc
tivity), 30 individual mV2 trees of Murcott, 19 of Orah and 4 of Yafit were 
propagated for further observations.

In conclusion, examination of our results so far has shown a trend for similar 
results as to the achievement of low seeded irradiated plants, almost irrespective of 
dosage. Pollen fertility resulted in a rather satisfactory correlation with seed number 
per fruit. Most selections for repropagation were from the lower dose range, i.e. 
below LD50. Observation of low Seeded selections in solid blocks is, however, 
warranted as the parthenocarpic tendency and fruit set may be significantly modified, 
in at least certain selections, by the new setup of solid blocks.
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S.K. DATTA
Mutation Breeding Laboratory,
National Botanical Research Institute,
Lucknow, India

Extensive mutation breeding work in the Mutation Breeding Laboratory, 
Lucknow, has resulted in the development of about 70 new and novel varieties in 
different vegetatively propagated ornamentals, such as Bougainvillea, Chrysan
themum, Hibiscus, Perennial portulaca, Rose, Rosa damascena, Tuberose and 
Lantana depressa, through gamma ray induced genetic variations which are of direct 
use in the floriculture trade (Table I) [1]. Radiosensitivity, the technique of selecting 
for proper types/stages of plant material for experiments, detection of mutation at 
the right stage of development, isolation and multiplication of the chimeric mutant 
tissue of all experimental materials have been standardized. Cyto-karyomorpho- 
logical, anatomical and biochemical analyses of mutants have indicated that somatic 
flower colour changes take place through gene mutation and not through changes in 
chromosome number or aberration or through changes in karyomorphology [2].



POSTER PRESENTATIONS 671

TA BLE I. M UTANTS D EVELO PED  IN  TH E M U TA TIO N  BREEDING 
LABORATORY, LU CK N OW , THROUGH GAM M A IRRADIATION [1]

Material
No. of 
mutants

Mutant character

Bougainvillea 4 Chlorophyll variegated leaves

Chrysanthemum 42 Change in flower colour/type

H ibiscus 1 Change in flower type

Lantana depressa 3 Chlorophyll variegation in leaves 
and change in flower colour

Perennial portulaca 6 Change in flower colour and type

Rose 1 2 Change in flower colour

Tuberose 2 Chlorophyll variegation in leaves

Total 70

Qualitative and/or quantitative changes in pigm ent as a result o f  gene mutation 
induced by gam m a rays during pigm ent biosynthesis w ere the reason for flower 
colour changes [3-5]. Repeat experim ents with the same and/or different varieties/ 
ornam entals clearly indicated that if  white varieties are irradiated and if  there is any 
mutation, the mutation will be in the flow er shape or colour (yellow). Red varieties, 
on the other hand, will produce either completely yellow or a m ixture o f red and 
yellow mutations. The flow er colour (pigment com position) o f  the parent cultivar 
was found to be an im portant indicator for new flower colour mutations. Studies have 
clearly proved that m utation breeding has trem endous potential for successful 
manipulation o f  the genes responsible for flower colour pigm entation in order to 
create novelties in ornam entals by producing a w ider range o f  flow er colours and 
intensities in  already adapted, m odem  genotypes w ithout altering the rem aining, and 
often unique, part o f  the genotype. W ork on the identification and quantitative 
estim ation o f  the pigm ent o f  originals and mutants is in progress, along with the 
preparation o f a colour chart on the basis o f the pigm ent com position and the 
spectrum  o f induced genetic diversity for flow er colour mutations from  the starting 
variety (colour). Studies suggest that breeders will be able to create the desired 
flower colour mutation (directive mutation) when necessary for the floriculture 
trade.
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1. INTROD U CTIO N

Perilla (P e r il la  fru te sc e n s  Britton), like sesame, has been cultivated as an oil 
crop for a long tim e in the Republic o f Korea. The oil o f perilla has been used for 
food and industry, and especially the leaf is favoured by K oreans as a vegetable food 
for side dishes. The seeds o f perilla contain about 30-45%  high quality oil, which 
is com posed o f  about 90% unsaturated fatty acids such as oleic, linoleic and linolenic 
acids. The leaf contains a high am ount o f vitamins; the total vitam in content 
(10 000 IU) in the leaf is 10 tim es higher than that o f lettuce.

Recently, the dem and for seeds and leaves has drastically increased. H owever, 
the plants have many undesirable characters, such as their seed productivity, plant 
architecture and m aturity. W hile the natural germ plasm s o f this crop are lim ited, 
mutation induction could be used to expand the genetic variability. The present study 
was undertaken with a view to im proving some o f the undesirable characters using 
radiation m utation.
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The seeds o f local perilla cultivars were irradiated with 250 and 350 Gy of 
60Co gam ma rays at a dose rate o f  4 .7  X 103 R /h in the Korea Atomic Energy 
Research Institute gam ma ce ll . 1 The irradiated seeds w ere directly sown in the 
field. A t m aturity, the M 2 seeds w ere harvested from  the clusters o f  each M j plant 
and the seeds w ere planted in the following year. During M 2  plant growth, various 
mutants w ith the desired traits w ere identified and selected. The agronom ic traits 
w ere observed and screened in the M 3 -M 5 generations. The seeds o f  M 2 -M 5 were 
sown in the nursery and one plant per hill (60 cm  x  30 cm) was transplanted for 
evaluation o f  the agronomic characters. Chemical analyses w ere conducted in the 
M 4 - M 5  generations.

2. MATERIALS AND METHODS

3. RESULTS

A total o f 55 mutants w ith prom ising agronom ic traits w ere selected in the 
M 2 generation; 23 and 32 mutants w ere isolated from  the 250 and 350 Gy M 2 

irradiated plants, respectively. These mutants w ere characterized by early or late 
flowering and m aturity, a short o r tall plant height, dense and large pods, leaf shape 
and colour variants, high yield, etc. Am ong the mutants selected, plant height ranged 
from  122.4 to 171.8 cm com pared with that of the original cultivar (147.8 cm ). The 
num ber o f branches and nodes was also affected by the gam m a ray treatm ent. The 
num ber o f flow er clusters changed drastically (from  47.7  to 132.4), as did the seed 
yield (from  75.1 to 160.0 kg/10 are ) . 2  The seed weight o f 1000 grains ranged from  
2 .64  to 3 .97 g (the non-irradiated control was 3.22 g) (Table I). The flow ering date 
o f the m utant line was observed between 28 August and 20 Septem ber (Table П). 
F rom  these lines, early m aturing mutants w ere selected.

The seed coat colour varied from  light brown to dark brown in the M 3 genera
tion but most o f  the seed colour was inherited in later generations (M 4 -M 5). There 
was a w ide spectrum  o f leaf shape and size in the mutants. The leaf shape was lobed 
in several m utated plants; mutants with an increased leaf size w ere selected. Mutants 
with a reduced trichom e on the leaf and stem surface w ere isolated. One o f  these 
mutants might be released as a prom ising green vegetable cultivar. The purple colour 
o f the leaf and stem changed to green in several o f the mutants selected. M utant lines 
with a densely podded flow er cluster w ere induced from  the perilla irradiated with 
250 Gy. A bout 80% o f the isolated m utant lines w ere genetically fixed; o f these, 
2 0 % w ere segregated in later generations.

1 1 R =  2.58 x lo "4  C/kg.
2 1 are =  1 0 0  m2.
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TABLE I. VARIATION IN AGRONOMIC CHARACTERS OF THE M4 
MUTANT LINES DERIVED FROM GAMMA IRRADIATED PERILLA SEEDS

Plant height No. of No. of No. of 1000 grain weight Grain yield 
(cm) branches nodes flower clusters (g) (kg/ 1 0  are)

Maximum 171.8 27.7 17.1 132.4 3.97 160.0
Minimum 122.4 19.1 1 1 . 8 47.7 2.64 75.1
Mean 145.7 22.7 14.5 101.7 3.25 102.9
SD 12.5 2 . 1 1.3 15.1 0.32 15.8
CV 8.5 9.1 9.0 14.8 9.80 15.4
Control 147.8 23.0 14.7 1 0 0 . 1 3.22 106.3

TABLE П. FLOWERING DATE OF THE SELECTED MUTANT LINES IN THE 
M4 GENERATION DERIVED FROM GAMMA IRRADIATED PERILLA 
SEEDS

Flowering date

Dose (Gy)
August 

28 29 30 31 1 2 3 4
September

5 6  7 8  9 12 20 Total

250 1 1 1 2 1 4 9 2 4 24
350 1 1 1 4 3 3 3 3 4 5 2 1 1 32
Control 4 8 6 18

The total oil content of the perilla mutant seed ranged between 23.59 and 
44.46%, with 36.54% for the non-irradiated control (Table Ш). However, there was 
some variation in the saturated and unsaturated fatty acid contents of perilla seed oil. 
The crude lipids in the leaves varied between mutant lines, the lowest being 6.49% 
and the highest 10.37% (Table IV). The fatty acid composition of the leaves varied 
little between mutant lines (Table V).
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TABLE III. FATTY ACID COMPOSITION IN THE M4 MUTANT LINES 
DERIVED FROM GAMMA IRRADIATED PERILLA SEEDS

Percentage oil and fatty acids

Oil Palmitic Stearic Oleic Linoleic Linolenic Saturate2 Unsaturateb

Maximum 44.46 7.27 2.32 17.47 15.23 66.15 8.77 92.84
Minimum 23.59 5.47 1.50 12.69 1 1 . 2 0 60.70 7.06 90.75

Mean 36.08 6.30 1.84 14.79 13.16 63.56 8.14 91.50
SD 4.63 0.35 0.19 1.07 0 . 8 6 1.35 0.39 0.43
CV 12.80 5.60 10.30 7.20 6.50 2 . 1 0 4.80 0.50
Control 36.54 6.24 1.99 16.27 12.76 62.30 8.23 91.32

a Saturate: palmitic +  stearic. 
b Unsaturate: oleic +  linoleic +  linolenic.

TABLE IV. CRUDE LIPID CONTENTS IN THE PERILLA LEAVES OF 
MUTANTS IN THE M5 GENERATION (% DRY WEIGHT)

Percentage crude lipids

Control Original 39 9 17-3 73 31 30-1 60 67

Crude lipids 8 . 0 1 8.07 8.76 10.37 8.83 7.37 9.72 6.49 6.60 9.80

4. CONCLUSIONS

The selected mutants were characterized by higher seed and oil yields. In addi
tion, some other morphological and agronomic traits were improved, including early 
maturity, large seed size, short plant height, densely podded cluster and leaf shape. 
Furthermore, the trichome of the leaf surface was drastically reduced in several 
mutant lines.



TABLE V. FATTY ACID COMPOSITION IN THE PERILLA LEAVES OF MUTANTS IN THE M5 GENERATION

Fatty acid
Percentage fatty acids

Control Original 39 9 17-3 73 31 30-1 60 67

Lauric 0.81 1 . 0 2 1.39 1.34 0.85 1.41 0.95 0.99 1.03 1.31

Myristic 1.99 0.31 0.44 1.23 6.94 0.55 0.74 0 . 6 8 0.62 1.06

Palmitic 14.85 12.36 14.67 15.95 1 2 . 1 1 13.55 14.71 16.82 13.75 16.04

Palmitoleic 1.15 1.04 1.19 0.77 0.95 1.25 0.89 1.28 1.03 1.61

Stearic 1.76 1.74 1 . 8 8 2.23 1.76 2.04 2.38 2.29 2.33 2.13

Oleic 3.52 3.29 3.99 2.78 3.36 2.67 2.60 3.45 2.75 2.85

Linoleic 7.64 7.94 7.65 8.83 9.72 6.70 6.16 7.56 7.45 8.24

Linolenic 66.77 70.70 67.34 64.42 62.69 70.55 69.72 65.19 69.15 64.52

Arachidic 1 . 1 1 1.17 1.03 1.76 1.31 0.95 1.51 1.29 1.52 1.76

Behenic 0.40 0.44 0.42 0 . 6 8 0.31 0.33 0.36 0.44 0.37 0.48

Total saturated fatty acids 
Total unsaturated fatty acids

20.92
79.08

17.04
82.97

19.83
80.17

24.19
76.80

23.28

76.728

18.83
1.17

20.65
79.37

22.51
77.48

19.62
80.38

22.78
77.22
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REGENERATION AND MULTIPLICATION CAPACITY 
OF LOCAL BANANA (Musa spp.) CULTIVARS 
USING CALLUS AND SHOOT TIP CULTURES

M . M A RZIA H, A. ROSLAN
D epartm ent o f Biochem istry and M icrobiology,
U niversiti Pertanian M alaysia,
Serdang, Selangor,
M alaysia

1. INTR OD U CTIO N

Conventional clonal propagation o f  banana cultivars using suckers is very slow 
and limited. In M alaysia, areas for banana plantation are increasing and there is an 
urgent dem and for a quick source o f  planting materials. In addition, there is interest 
in im proving and developing local banana cultivars for com m ercial production. In 
vitro  culture techniques can provide an effective m ethod for rapid m icropropagation 
o f  new banana plants. Both solid and liquid m edia can be used in this m icropropaga
tion technique; use o f  liquid m edia is reported to have several advantages, including
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enhancement of shoot proliferation [1] and growth [2], and a shorter subculturing 
period [3]. A description is given of the regeneration and multiplication of plantlets 
of local banana cultivars using callus and shoot tip cultures.

2. MATERIALS AND METHODS

For the regeneration study, the initial explants used were shoot tips, approxi
mately 1 cm in size. Small plantlets, 5-7 cm in height and 2-3 g in weight, were 
utilized for shoot multiplication. The cooking banana cultivars studied were Pisang 
Tanduk, Pisang Helang and Pisang Nangka, while the dessert cultivars were Pisang 
Rastali, Pisang Intan and Pisang Montel (Cavendish type). Regeneration of shoot tips 
was carried out on solid MS [4] medium supplemented with different concentrations 
(5-20 /xM) of 6-benzylaminopurine (BAP), kinetin or zeatin with 2.5 g/L of gelrite 
and 3% sucrose. The pH of the media prior to autoclaving was 5.8. The regenerated 
plantlets were multiplied in MS solid and liquid media supplemented with 5 /xM 
BAP. All the cultures were incubated at 26 + 2°C, with a relative humidity of 
70-80%, and under the illumination of fluorescent lamps and a 16 hour photoperiod. 
Cultures in the liquid medium were placed on an orbital shaker at 80 rev/min. Each 
treatment was carried out in ten replicates. The time of shoot regeneration was 
observed and the number of shoot formation recorded at 3 day intervals for 27 days. 
The shoot multiplication rate was calculated as the average number of shoots formed 
per initial shoot of the explant.

Callus tissues were induced from the shoot tip tissues of P. Intan in MS 
medium supplemented with 5 /xM picloram. Eight week old callus cultures were used 
for plantlet regeneration and suspension cell establishment. Cell suspension cultures 
were examined for their regenerative capacity. The regeneration medium contained 
different levels of BAP.

3. RESULTS AND DISCUSSION

Zeatin appeared to be not as effective as BAP in inducing shoot formation. 
P. Nangka produced shoot buds after 4-5 weeks of culturing with 5 /xM BAP, while 
P. Tanduk, P. Rastali and P. Helang produced shoot buds at a later period, i.e. after 
8-9 weeks of culturing, and required a higher BAP concentration (20 jxM) for shoot 
formation. The number of initial shoots formed was low (one to three shoot 
buds/explant). However, when transferred to the liquid medium, each shoot bud 
multiplied as efficiently and at the same capacity as P. Intan or P. Montel, within 
3-4 weeks of culturing. Studies with P. Intan and P. Montel showed that they were 
more efficient in producing plantlets in the liquid culture medium than in the solid 
medium. The multiplication rate of P. Montel was observed to be higher than that
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of P. Intan, indicating that it has a greater growth rate. The multiplication rate of 
P. Intan ranged from 0.1 (at 3 days) to 4.1 (at 27 days) in the liquid medium and 
from 0.3 (at 3 days) to 2.4 (at 27 days) in the solid medium. For P. Montel, the 
multiplication rate ranged from 1.1 to 4.5 in the liquid medium and from 0 to 3.8 
in the solid medium at 3 and 27 days, respectively. Enhanced shoot proliferation in 
the liquid culture system indicated its potential for use in the bioreactor or automated 
micropropagation systems to increase banana plantlet production.

Rhizomes obtained from P. Intan formed callus tissues easily with 5 /xM piclo- 
ram. No plantlet regeneration was observed in the callus tissues as a result of 
browning. However, regeneration was achieved from callus tissues derived from the 
cell suspension culture. Plantlet regeneration was observed after 8-10 weeks of 
culturing and maximum regeneration (90%) was obtained in the treatment with 
5 ¿iM BAP.

Rooting of the regenerated plantlets occurred easily in some cultivars, while 
others required supplementation of IAA (indole-3-acetic acid), IBA (indole-3-butyric 
acid) or NAA (1-naphthaleneacetic acid) to induce root formation.

4. CONCLUSIONS

Plantlet regeneration of P. Intan was achieved via callus tissues derived from 
the cell suspension cultures. The planting materials for P. Nangka and P. Tanduk 
were difficult to obtain because of poor sucker formation. However, this study 
showed that the multiplication rate of plantlets of these cultivars is high and poten
tially useful in producing high and uniform planting materials.
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GAMMA FUSION BETWEEN Lycopersicon esculentum (DONOR)
AND Nicotiana plumbaginifolia (RECIPIENT)
AND THE PRODUCTION OF HIGHLY ASYMMETRIC HYBRIDS

G .B. GHARTI-CHHETRI*
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Tribhuvan U niversity,
Ram pur, Chitwan,
K athm andu, Nepal
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1. IN TR OD U CTIO N

The purpose o f asym m etric hybridization is to overcom e sexual barriers in 
w idecrosses and to transfer fragments o f  chrom osom e, generated by irradiation and 
containing an uncloned, uncharacterized m ultigenic trait, from  the donor to  the 
recipient partner. Sym m etric somatic fusion com bines the entire nuclear genome o f 
the receptor and the donor partners, while the transfer and integration o f  only a 
fragm ent o f donor genom e is required. Therefore, induced asym m etric fusion, i.e. 
partial transfer o f the donor genom e following heavy irradiation o f  the donor partner, 
may provide a  solution to this problem  [ 1 ].

2. M ATERIALS AND M ETHODS

Successful isolation, fusion, culture and regeneration o f  highly asymmetric 
hybrids have been obtained by fusing N ic o tia n a  p lu m b a g in ifo lia  [2] and gam ma 
irradiated L y c o p e r s ic o n  escu len tu m  [3], which contains the neom ycinphosphotrans- 
ferase (n p t) gene.

IAEA-SM-340/141P
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F/G. i .  M etaphase p la tes from  asym m etric hybrids: (a) typical telocentric chromosome o f  
N. plumbaginifolia a t the d ip lo id  level (2n =  2x =  20); (b) typical chromosomes o f  
L. esculentum a t the d ip lo id  level (2n =  2x — 24); (c) chromosomes from  asym metric hybrids, 
showing 2 0  chromosomes that are  sim ilar to the recipient partner  (N. plumbaginifolia) at the 
dip lo id  level.

About 10 days (four to five division cycles) after fusing N . p lu m b a g in ifo lia  

w ith heavily irradiated (100 krad) kanam ycin resistant L . escu len tu m  protoplasts, 
kanam ycin selection (25 m g/L) was perform ed . 1 A fter about 2 months, 
113 kanam ycin resistant green calli w ere observed. A t a regeneration frequency of 
1.85 X 10 5, a total o f  29 independent clones that are sim ilar to the recipient 
N . p lu m b a g in ifo lia  w ere regenerated.

1 1 rad = 1.00 x  10"2 Gy.
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TABLE I. G ENETIC TRANSM ISSION OF TH E KANAM YCIN RESISTANT 
TRAIT IN  SELFED  (Rj) AND BACKCROSSED (F x) PROGENIES OBTAINED 
BY FUSION OF N . p lu m b a g in ifo lia  (P2, RECIPIENT) AND GAM M A 
IRRADIATED L . escu len tu m  (DONOR) PROTOPLASTS

Code
P2 + ATW1 -  291

Generation
No. of seedlings 

R, F,
Ratio
(R:r)a

Chromosome
status

18, N1 R. 488 16 30.5:1 40
F, 283 69 4.1:1

54, N2 R> 357 7 51:1 40
F, 6 6 18 3.7:1

11, N3 R. 439 136 3.2:1 2 0

F, 204 198 1 :1

35, N4 R, 401 1 0 2 3.9:1 2 0

58, N7 = T7 Ri 386 96 4:1 2 0

F> 281 310 0.9:1

40, T8 B Ri 391 139 2 .8 : 1 2 0

F, 218 194 1 :1

62, T12 R. 566 185 3.1:1 2 0

Fi 106 78 1.4:1

43, T13 R. 764 246 3.1:1 2 0

35, T14 R. 331 92 3.6:1 2 0

19, T18 Ri 1048 376 2 .8 : 1 2 0

F, 32 42 0.76:1

2, T19 R. 830 27 30.7:1 36-38 +  l b

F. 119 36 3.3:1

T11A R, 320 81 4:1 2 0

F, 197 205 1 :1

5 R. 300 11 27.3:1 38-40
Fi 192 37 5.2:1

53 Ri 328 1 2 27.3:1 40 +  Г
F, 410 8 8 4.7:1

a R = dominant; r =  recessive. 
b Additional metacentric chromosome. 
c Additional minichromosome.
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3. RESULTS

Karyological analysis o f  the asymmetric hybrids was facilitated by the two 
distinct chrom osom es [3, 4] o f  each parent (Fig. 1). O f the 14 cases analysed, in one 
we found an additional chrom osom e fragm ent added to  40 N . p lu m b a g in ifo lia  

chrom osom es, and in another we observed a m etacentric chrom osom e in the 
tetraploid N . p lu m b a g in ifo lia  background. In three and nine cases, we found 
chrom osom es that w ere sim ilar to N . p lu m b a g in ifo lia  in tetra and diploid back
grounds, respectively. W e also observed two aneuploid hybrids at the tetraploid level 
(Table I).

M olecular analysis showed the presence o f the n p tU  gene [5].
O f the 41 cases analysed, 8 8 % o f the hybrids segregated for single insertion 

had both the diploid and the tetraploid constitution o f the hybrid plants (Table I). W e 
also observed discrepancies in segregation in 7 % o f the hybrids for the kanamycin 
resistant trait between selfed and backcrossed progenies, which is designated ‘discor
dant’ segregation [6 ].

4. CONCLUSIONS

There is no control over the chrom osom e elimination process. If  non-selectable 
m arkers are available, there is no chrom osom e or gene specificity for selection. 
Screening for chrom osom e elimination using restriction fragm ent length poly
m orphism  m arkers associated with the agronom ic trait could prove to be one o f the 
solutions.
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GENETIC IMPROVEMENT 
OF THE QUEEN VARIETY OF PINEAPPLE 
THROUGH INDUCED MUTATION 
AND IN VITRO CULTURE TECHNIQUES

A .G . LA PA D E, A .M .S . V ELU Z, I.S . SANTOS 
A gricultural Research,
Atomic Research Division,
Philippine N uclear Research Institute,
Dilim an, Quezon City,
Philippines

M utation breeding using ionizing radiation coupled with in vitro culture 
techniques was undertaken for the genetic im provem ent o f the Queen variety o f 
pineapple.

Irradiation o f the axillary buds and tissue culture techniques w ere utilized for 
mutation induction with the objective o f eliminating or reducing the spines or thorns 
along the m argin o f the leaf. O ther desirable mutations such as the increased size 
and vigour o f the plant, which can be the bases for an im proved cultivar, and chloro
phyll m utations, which can be the bases for ornam entals, are also being sought.

C row n axillary buds o f pineapple (A n a n a s co m o su s  (L .) M err.), variety 
Q ueen, w ere irradiated with 5, 10, 20, 30, 40 and 50 Gy o f gam ma radiation. The 
experim ent consisted o f 50 samples per dose, w ith three replications arranged in a 
random ized com plete block design. In the MV] generation, data on the percentage 
buds that em erged w ere collected 65 days after irradiation. The percentage survival 
was m easured 95 days after transplanting or 250 days after irradiation. In general, 
the percentage em ergence, height o f the plantlets, length o f the roots and survival 
in the M Vj generation decreased with the increasing dose o f gam ma radiation.

The m orphological changes induced by gamma radiation were: plantlets with 
tum orous roots, com pact plantlets with thick leaves, and plantlets w ith leaf abnor
malities such as tw isted, narrow  or reduced spines, o r inward curved, striated or 
fused leaves. G enerally, the frequency o f these m orphological changes increased 
with the increasing dose o f  radiation.

The chlorophyll mutations obtained in the M V 2  plantlets ranged from  viridis, 
chlorina, striata and xantha to  albina. A n increase in anthocyanin pigm entation was 
obtained with doses ranging from  5 to 40 Gy o f gam ma radiation.

Identification o f putative mutants was undertaken in the M V 2  generation. The 
frequency o f chlorophyll mutations was determ ined and other pertinent data on the 
effects o f gam m a radiation in the MV 2 plants w ere collected.
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(b)

FIG. 1. Chlorophyll mutants resem bled ‘ornamental brom eliads’ induced by recurrent 
irradiation, (a) Chlorophyll mutant with green and yellow  stripes; and (b) chlorophyll mutant 
with pinkish to reddish coloration and bearing fruit.
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(b)

FIG. 2. (a) P lan tlet with reduced spines; and (b) p lan t without thorns o r spines on one side  
o f  the leaf.
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Desirable mutations with reduced spines, chlorophyll mutants and plants with 
increased vigour were selected in MV3 and later generations. These mutants were 
propagated asexually using the axillary bud technique. Further selections and evalua
tion of the usefulness of these mutants were undertaken.

Recurrent irradiation was also performed to increase the frequency of 
mutations. Axillary buds that had previously been irradiated with 5-50 Gy were 
recurrently irradiated with 30 and 40 Gy.

Six chlorophyll mutants that resembled ‘ornamental bromeliads’ were selected 
during the recurrent irradiation. Five of these mutants were grown in pots under 
greenhouse conditions and one was grown in the field, where it developed normal 
fruit with a crown, exhibiting the same morphology as the leaves of the plant 
(Fig. 1). A reduction in the spines of one of the leaves (Fig. 2) was observed in five 
plants, and an increase in vigour in two plants.

An increase in anthocyanin pigmentation and some reduction in the spines at 
the margin of the leaves were found in plants that were recurrently irradiated with 
30 and 40 Gy.

Plants exhibiting desirable traits were propagated using the axillary bud and 
tissue culture techniques.

Induction of calli from the crown section is a continuing activity, so callus 
tissues are readily available for irradiation and regeneration studies. The culture 
medium used was basically Murashige and Skoog (MS) medium supplemented with 
benzyl adenine (BA) and naphthalene acetic acid (NAA).

Irradiation of the crown sections and callus tissues was undertaken. The best 
calli growth was obtained from those crown sections that were irradiated with 2 Gy 
of gamma rays. These callus tissues regenerated into complete plantlets when grown 
in MS medium with BA and NAA.

Callus tissues were irradiated with 5-50 Gy of gamma rays. No regeneration 
was observed at 50 Gy, whereas almost 90% of the calli regenerated into complete 
plantlets at 20 Gy.

Plantlets grown in vitro with well developed roots were transplanted from the 
flasks to the soil in pots, and then grown under greenhouse conditions.

Somaclonal variation, which resulted in the removal of the spines or thorns in 
almost all the leaves (apart from two, whose spines were considerably reduced), was 
obtained. These somaclonal variants are being grown under greenhouse conditions. 
Extra care is being taken to ensure optimum growth. The experiment is now in the 
early vegetative phase.
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GENES OF RESISTANCE TO CARROT SOFT ROT 
IN Daucus carota GERMPLASM

B. MICHALIK, D. GRZEBELUS, M. SZKLARCZYK 
Department of Genetics, Plant Breeding 

and Seed Production,
Cracow Agricultural Academy,
Cracow, Poland

1. INTRODUCTION

Erwinia carotovora is a causal agent of soft rot in the carrot. This disease 
causes severe root losses in the crop, mainly during post-harvest storage but also in 
the field in the late growing season. Of the many cultivars screened in our department 
between 1988 and 1990, we found none that was resistant [1]. Consequently, we 
started to look for sources of resistance genes among wild Daucus carota subspecies.

2. MATERIALS AND METHODS

The following germplasm was included in this screening: seven hybrids 
between wild and cultivated subspecies, and one local carrot variety from 
Uzbekistan, Kirzoj Musztak, with yellow roots. These were compared with AFKO, 
the most tolerant line of those previously investigated.

Resistance/susceptibility to the disease was measured by bioassay. Freshly cut 
carrot root slices (three per plant) were inoculated with discs of filter paper soaked 
in bacterial suspension. The inoculum contained 5 X 106 colony forming units per 
millilitre. After inoculation, the carrot root slices were incubated for 48 hours at a 
temperature of 22°C in high humidity chambers. Disease severity was assessed on 
a six point scale, where 0 is no decay and 5 is the total decay of a slice [2]. Plants 
within classes 0-2 were labelled resistant; those that received 3 were tolerant; arid 
those with 4 -5  were susceptible.

3. RESULTS

AFKO, taken as Daucus carota (Dc) ssp. sativus (the model cultivar), 
contained 10% resistant, 17% tolerant and 72% susceptible plants. Of the eight 
hybrids, none was totally resistant to soft rot, but the percentage resistant plants

IAEA-SM-340/147P
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was higher in three crosses. O f the Fj plants obtained from  D e  ssp. sativus X 

D c  ssp. drapanensis, 32% o f the progeny were resistant, as well as 23% from  
D c  ssp. m aritim us X D c  ssp. sativus and 21% from  D c  ssp. sativus X D c  ssp. 
gum ifer. Progeny from  the reciprocal cross D e  ssp. gum ifer X D c  ssp. sativus had 
8 % resistant, 28% tolerant and 64% susceptible plants. The remaining wild form , 
D c  ssp. gadecaei, did not result in an increased percentage resistance. The Kirzoj 
M usztak cultivar had the highest percentage tolerant (71), the lowest percentage 
susceptible (23), but only 6 % resistant plants.

The feasibility o f using the above m entioned gene pool for resistance breeding 
o f the carrot requires further evaluation. Resistant plants w ere used for callus 
production, which will constitute the m aterial for in vitro selection. Resistance to 
E rw in ia  c a ro to v o ra  is rather rare. P roof o f this is research on the potato, which has 
been conducted for many years and w here the only source o f resistance that has been 
found is the wild species Solan u m  b re v id e n s  [3].
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CHANGES IN THE NUMBER OF CYTOLOGICAL DISTURBANCES 
FOR THREE GENERATIONS OF Pisum sativum L. PLANTS 
TREATED WITH FASTAC 10EC
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Cracow, Poland

1. INTRODUCTION

Fastac 10EC (alphamethrin) is an insecticide commonly used in plant protec
tion. Examination of pyrethroids (a group of insecticides that includes Fastac 10EC) 
showed that they can induce genetic changes in plants and animals [1-5]. In this 
work, the influence of Fastac 10EC on pea (Pisum sativum L.) after one, two and 
three growing seasons was investigated. The aim of the examination was to find out 
if the number of cytological disturbances is affected by the increased time of 
insecticide application.

2. MATERIALS AND METHODS

Three generations of pea plants, cultivar Beniaminek, obtained after 
Fastac 10EC application for one (Gi), two (G2) and three (G3) growing seasons, 
were examined. Each year, plants were sprayed three times with 0.015% and
0.030% insecticide solution. The control plants were sprayed with distilled water. 
Observations of cytological disturbances were made in the root meristems of 
seedlings from every generation. The number of changes in anaphase and telophase, 
together with the number of micronuclei during interphase, were counted. The 
number of polyades appearing during microsporogenesis was also analysed.

3. RESULTS

Fastac 10EC applied to peas in one growing season did not cause a significant 
increase in the number of cytological disturbances in the offspring of the sprayed 
plants. All data from the G] generation were similar to those obtained from the 
control (Table I). If the insecticide was used for two or three growing seasons, the

IAEA-SM-340/148P
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TA BLE I. N U M BER OF CY TO LOG ICA L CHA N GES, D EPEN D IN G  ON TH E 
G ENERATION AND T H E FASTAC 10EC CO N CEN TRA TIO N

Generation
Treatment

(%)
Anaphase-
telophase

Micronuclei Polyades

G, Control 0.73 0 . 1 0 0.61
Fastac 10EC 0.015 0 . 8 6 0 . 2 2 0.69
Fastac 10EC 0.030 0.91 0.17 0.71

G2 Control 0.56 0.05 0.46
Fastac 10EC 0.015 1.07 0.30 0.90
Fastac 10EC 0.030 1 . 1 0 0.79 1.67

G3 Control 0.61 0.09 0.36
Fastac 10EC 0.015 1 . 1 2 0.39 1.29
Fastac 10EC 0.030 1.24 0.58 0 . 8 8

num ber o f cytological changes in  anaphase and telophase was alm ost doubled. Lost 
and delayed chrom osom es and chrom osom e bridges w ere mainly observed. The 
increased num ber o f m icronuclei in the interphase cells and polyades during m icro- 
sporogenesis was also observed in the G 2 and G3 generations. Pentades and hexades 
w ere predom inant among the polyades.

The total num ber o f disturbances in the progeny o f the sprayed plants was rela
tively small. H ow ever, a subsequent increase in the num ber o f changes was observed 
when the tim e o f  insecticide application was prolonged. The num ber o f disturbances 
obtained by spraying plants with Fastac 10EC was m uch low er than that observed 
after direct application o f the insecticide on to the m eristem s or flower buds and 
counted shortly after the treatment.
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The frequency of isozyme mutants expressed in M2 seedlings derived from 
single spikes of Mj barley plants was estimated. Seeds from the spring barley 
variety Dema were subjected to chemical and physical mutagenesis. Two methods 
of chemical treatment were employed: double treatment with N-methyl-N-nitroso 
urea (MNH) and sodium azide (NaN3), and double treatment with MNH only. The 
following treatment combinations were applied: 1.5 mM NaN3 + 0.75 mM MNH;
0.75 mM MNH + 0.75 mM MNH; and 0.5 mM MNH + 0.5 mM MNH. Each 
treatment lasted 3 hours, with a 6 hour interincubation period. For the physical treat
ment, gamma rays were used at doses of 120, 150 and 180 Gy. The treated seeds 
were sown in the field and the plants harvested individually. From the three combina
tions of chemical mutagenes, 80, 84 and 100 plants were analysed, respectively.

TABLE I. ISOENZYME MUTANTS DETECTED IN BARLEY M, PLANTS, 
VARIETY DEMA

Dose M, plant Locus
Induced
allozyme

No. of 
M2 seedlings 

analysed

No. of 
mutant 

seedlings

Chemical treatment

1.5 mM NaN3 + 1 Est4 Fast 5 1

0.75 mM MNH Est5 Fast
2 E stl Slow 13 9
3 Est4

EstS
A at3

Slow
1 2 2

4a Est5 Slow 5 1

0.75 mM MNH + 5 Est4 Slow 5 1

0.75 mM MNH Est5 Slow
6 Est5 Slow 5 1

0.5 mM MNH + 7 EstS Slow 5 1

0.5 mM MNH 8 EstS Fast 5 1

9 Lap2 Slow 5 1

1 0 Est2 — 5 3

Physical treatment

120 Gy 1 1 Est5 Fast 5 1

a In this M, plant, a mutated seedling was detected in two spikes.
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From each Mj plant, the longest spike was sown to wet perlite for germination. 
From each spike, at least five randomly distributed seedlings were analysed using 
starch gel electrophoresis. All the remaining spikes from each plant in which 
changes in isoenzymatic pattern were detected were also analysed. For each of the 
physical treatment doses, 100 Mi plants were analysed. In this case, all the spikes 
from each M] plant were germinated and five seedlings from individual spikes were 
analysed.

Gels were prepared and stained for esterases (Estl, Est2, Est4, Est5), aspartic 
acid transaminase (Aatl, Aat2, Aat3) and leucyl aminopeptydase (Lapl, Lap2) 
according to Soltis et al. [1].

The results are summarized in Table I. After chemical treatment, 10 Mi 
plants had spikes with isoenzymatic changes. In most cases, it was only one spike 
per plant; however, in plant 4 a second spike showed the same changes. For 
plants 1, 3 and 5, changes occurred in more than one locus. These multiple changes 
were always detected in the same seedling. After physical treatment, only one of the 
3100 M2 seedlings investigated had changed the mobility of band in one locus. The 
frequency of point mutations, monitored in specific loci, was much higher after 
chemical treatment, specifically when NaN3 and MNH were applied.

Of the isoenzyme loci investigated, most of the detected mutations occurred 
in the esterases. The same has previously been shown in other barley varieties [2]. 
It is concluded that either these loci are more vulnerable to mutagenic treatment or 
that cells with mutations in other isoenzyme loci were eliminated before they could 
develop into M2 seedlings.
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INDUCED MUTATIONS FOR IMPROVING BARLEY PRODUCTION 
IN THE DRY AREAS OF THE SYRIAN ARAB REPUBLIC

B. EL-JAMAL
Directorate of Agricultural Scientific Research,
Damascus, Syrian Arab Republic

1. INTRODUCTION

Barley is an important crop in the dry areas of the Syrian Arab Republic and 
is used mainly for animal feed and industrial purposes. The goal of the National 
barley breeding programme is to increase its yield potential through traditional 
breeding methods, including induced mutations; this was started in 1982.

2. MATERIALS AND METHODS

Five barley varieties, A. Abiad, A. Aswad, ER/Apam (two row types), Badia 
and Becheer (six row types), were exposed to 10 and 15 krad of gamma rays 
(500 seeds of each variety).1 The Mj main spikes were harvested to obtain the 
second generation.

3. RESULTS AND DISCUSSION

The main characteristics studied were the chlorophyll mutants, the morpho
logical and physiological characters and the economic mutants. In Ml5 there were 
no effects on seed germination at the 10 and 15 krad doses compared with the control 
(day 5). The germination rate at 10 krad was slightly higher than that at 15 krad (and 
the control on days 2, 3 and 4), perhaps because of stimulation.

Table I shows that the percentage chlorophyll mutants varied according to 
variety and dose. In one variety (ER/Apam), the two doses differed markedly.

Generally, the 10 krad dose produced a higher frequency of chlorophyll 
mutants than the 15 krad dose. Also, the two row types showed a higher percentage 
chlorophyll mutants (6.6 + 2.44) than the six row types (2.07 ±  0.86) at the 10 krad 
dose.

The percentage visible mutations in M2 varied between variety and dose 
(Table П).

IAEA-SM-340/Ш Р

1 1 rad =  1.00 x  10 2 Gy.
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TABLE I. PER CEN TA G E CH LOROPHYLL M UTANTS IN  TH E 
M 2  GENERA TIO N  IND U CED  AT 10 AND 15 krad

Dose
Variety (krad)

1 0 15

A. Abiad 6 . 6  ±  2.26 2.52 ± 1.43
A. As wad 1.6 ±  2.15 0.83 ±  0.8
ER/Apam 11.6 ± 2.92 —
Becheer 0.84 ±  0.83 2 . 2  ±  1.26
Badia 3.3 ±  0.89 2.52 ±  1.43

TA BLE П. PER CEN TA G E VISIBLE M UTA TIONS IN  TH E 
M 2 GENERATION

Dose
Variety (krad)

10 15

A. Abiad 5 ±  2.16 24.3 ±  3.9
A. As wad 9 ±  2.61 16.5 ±  3.37
ER/Apam 6 . 6  ±  2.62 14 + 3.16

Becheer 11.76 ±  2.9 2.96 ±  1.45
Badia 15.83 ±  3.3 2.52 ±  1.43

TABLE Ш . GRAIN Y IELD  (kg/ha) FOR TW O M UTANTS AND TW O 
CO N TRO LS AT TH E A LEPPO RESEARCH STATION (250-350 m m /a 
RA INFALL)

Variety 1988/1989 1989/1990 1990/1991 1991/1992 1992/1993 X

Mutant A-4806 1425 1842 2806 3447 2470 2398

Mutant A-4801 1528 1498 3014 3156 2709 2205

A. Abiad (control) 978 1836 2401 2836 1190 1848

Furat 1 (control) 781 1620 2599 3316 1366 1936

LSD at the 5% level 325 357 782 635 918

CV (%) 27 16 2 1 1 2 30
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TABLE IV. GRAIN YIELD (kg/ha) FOR MUTANT A-4807 AND THE 
CONTROL AT THE HASSAKEH RESEARCH STATION (250 mm/a 
RAINFALL)

Variety 1988/1989 1989/1990 1990/1991 1991/1992 X

Mutant A-4807 233 807 946 1630 904

A. As wad (control) 204 537 800 1077 654

LSD at the 5% level 124 285 195
CV (%) 50 28 15

In the two row types, the percentage was 6.8 ± 2.46 at 10 krad, with the rate 
increasing to 18.3 ± 3.47 at 15 krad, while in the six row types it was 13.8 at
10 krad, decreasing to 2.7 at 15 krad. Of the M2 visible mutants, 44.2% of the
10 krad and 37.7% of the 15 krad bred true in the M3 generation. Using doses of
10 and 15 krad, 36 valuable mutants were produced in M4; these have been sent for 
preliminary yield trials.

Six mutations from the 10 krad dose were selected as being superior; these 
have recently been tested in yield trials at the Aleppo and Hassakeh Research Stations 
(completely randomized block design, four replications, and a plot size of 4.5 m2).

Table HI shows that the yield of mutant A-4806 was 24% higher than the 
control; the two mutants were sent to on-farm yield trials in 1993.

Table IV shows that mutant A-4807 had a 38% higher grain yield than the 
control. Thus, it was transferred to on-farm yield trials to study the effect of these 
conditions at the farmers’ level. This mutant had a 30% higher productivity than the 
control in the central and southern areas of the country and 7 % in the eastern region 
(1992-1994). This promising mutant may be released to farmers in 1995.



69 8 POSTER PRESENTATIONS

IAEA-SM-340/159P

MODIFICATION OF BARLEY MUTANTS 
DIFFERING IN HEADING TIME 
BY CHANGING THE GENETIC BACKGROUND 
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1. INTRODUCTION

Induced mutations play an important role in generating genetically different 
germplasm, since they provide unselected variability for breeders. They can change 
all the important characters of a crop plant in the desired direction. In the event of 
unwanted simultaneous changes, it has been well documented that modification is 
possible by changing the genetic background of the mutant. In this study, an attempt 
was made to modify barley mutants differing in heading date in changed genetic 
backgrounds, including the original parents of the mutants.

2. MATERIALS AND METHODS

In spring 1987, three females, of which two were genetically male sterile, and 
six males (Table I) were crossed in a line X tester scheme. In 1988, 18 crosses, 
excluding the parents, were grown in a randomized complete block design with two 
replications in a semi-arid environment in the Tokat Province of Turkey. One plot 
consisted of 20 plants in each single row spaced 5 cm within the rows and 30 cm 
apart. The data were collected on five randomly selected plants for the following 
characters: grain yield per plant (g), number of spikes per plant, number of spikelets 
per spike, number of grains per spike, 1000 grain weight (g), days to heading (days 
after 30 April), plant height (cm) and spike length (mm). The data recorded on an 
individual plant basis were then reduced to progeny means for each replication

* R esearch carried  out w ith the  support o f  the  IA E A  under R esearch C ontract
N o. 7855/RB.
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TABLE I. MUTANT PARENTS USED IN THE LINE X TESTER ANALYSIS 
AND THEIR CHARACTERS

Parents Mutant in 
background

Characters

Females (testers)

M-K-43 (msg) Kaya Genetically male sterile, isogenic to original parent 
Kaya, spring type, two rowed

M-Q-87 (msg) Quantum Genetically male sterile, isogenic to original parent 
Quantum, spring type, two rowed

Tokak 157/37 National standard, very wide adaptability, facultative 
winter type, two rowed

Males (lines)

M-K-l Kaya Early heading, anthocyaninless, normal spike density

M-K-25 Kaya Early heading, anthocyaninless, normal spike density

M-K-26 Kaya Early heading, anthocyaninless, normal spike density

M-K-30 Kaya Compact spike

M-K-83 Kaya Early heading, anthocyaninless, compact spike, 
smooth awn

M-Q-76 Quantum Eceriferum, partial sterility, late heading

before statistical analysis. Analysis of the data was based on a two factor factorial 
design using an MSTATC software package. Estimates of female, male and 
female x male interaction effects were obtained using the least squares theory. Then 
the weighted average of fixed type variances for males and females was obtained as 
an estimate of a2 gca, and the ratio a2 gca/a2 sea was used to obtain an approxima
tion of the degree of additiveness.

3. RESULTS AND DISCUSSION

Analysis of variance indicated that variation in hybrids was statistically signifi
cant for all the characters studied (Table П). It also revealed that the differences in 
male and female parents were statistically significant for the number of grains/spike 
and days to heading. For the rest of the characters, there were statistically significant



TABLE П. ANO VA FOR LINE X TESTER ANALYSIS: ESTIMATES OF VARIANCES FOR COMBINING ABILITY AND 
ESTIMATES OF GENERAL COMBINING ABILITY EFFECTS ®

Source of 
variation

Dfa
Grain 
yield/ 

plant (g)

No. of 
spikes/ 
plant

No. of 
spikelets/ 

spike

No. of 
grains/ 
spike

1000 grain 
weight 

(g)

Days
to

heading

Plant
height
(cm)

Spike
length
(mm)

Replication 1 29.503* 0.871 15.471** 19.360** 267.322** 0.444 1089.00 318.028**

Hybrids 17 9.842* 4.337* 2.021* 2.265* 42.024* 51.974** 51.072* 130.989**

Males (lines) 5 12.107 4.510 2.009 2.524 16.253 154.311** 97.244** 350.494**
Females (testers) 2 7.920 3.394 6.408* 5.626* 205.519** 7.694 23.861 82.111
Males x  females 10 9.093 4.440* 1.149 1.463 22.211 7.661** 33.428 31.011

Error 17 3.877 1.654 0.825 0.813 15.937 0.503 21.647 33.145

Total 35

Variances for combining ability

a2gca 0.102 -0 .054 0.340 0.290 9.853 8.705 3.014 20.588

a2 sea 2.608 1.393 0.162 0.325 3.137 3.579 5.891 -1 .067

a2 gca!a2sea 0.039 -0 .039 2.098 0.891 3.141 2.432 0.512 —

General combining ability effects

Females

Kaya ms g -0 .136 0.164 0.672* 0.658* -4.720* -0 .972* -0 .361 -1 .167
Quantum msg 0.872 0.430 0.106 0.050 1.389 1.361* -1 .195 3.500*
Tokak (National check) -0 .736 -0 .594 -0 .778* -0 .708* 3.330* -0 .389* 1.555 -2 .334
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TA B LE П. (cont.)

Source of 
variation

Grain 
Dfa yield/ 

plant (g)

No. of 
spikes/ 
plant

No. of 
spikelets/ 

spike

No. of 
grains/ 
spike

1000 grain 
weight 

(g)

Days
to

heading

Plant
height
(cm)

Spike
length
(mm)

Males

M-K-l -0 .228 0.072 -0 .378 -0 .217 -1 .053 -1.389* -1 .278 -3 .750
M-K-83 -0 .526 -0 .427 -0.778* -0 .633 1.980 -2.889* - 1.111 -6 .250*
M-K-25 2.155* 1.172* 0.056 0.183 -0 .003 -3 .722* 5.722 -0 .584
M-K-26 1.255 0.872 0.072 0.217 -2 .036 -1.056* 2.389 -1 .417
M-K-30 -1 .245 -0 .778 0.072 -0 .633 1.397 -1 .056* 0.555 -2 .750
M-Q-76 -1.411 -0.911 0.959* 1.083* -0 .286 10.111** -6.278* 14.750*

a Df =  degrees of freedom.

* =  significant at the 5% level; ** = significant at the 1% level.
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TABLE Ш. ESTIMATES OF SPECIFIC COMBINING ABILITY EFFECTS IN THE LINE X  TESTER CROSSES

Hybrids
Grain 
yield/ 

plant (g)

No. of 
spikes/ 
plant

No. of 
spikelets/ 

spike

No. of 
grains/ 
spike

1000 grain 
weight 

(g)

Days
to

heading

Plant
height
(cm)

Spike
length
(mm)

Kaya 7?ug/M-K-l -0 .964 -0 .744 0.195 0.109 2.620 0.972* 0.861 1.000
Kaya msglM-K-25 -0 .447 0.353 -0 .339 -0 .741 0.588 0.305 0.361 -1 .166
Kaya msg/M-K-26 -0 .397 -0 .297 0.145 0.325 2.203 0.639 3.194 1.167
Kaya msg/M-K-30 -2 .197 -1.797* -0 .005 -0 .375 -1 .980 0.639 -6.972* -4 .000
Kaya msg/M-K-83 -0 .564 -0 .547 -0 .955 -0 .475 0.837 0.972* -2 .306 -1 .500
Kaya msg/M-Q-76 4.619* 3.036* 0.958 1.159* 1.903 -3 .528* 4.861 4.500

Quantum msg/M-K-l - 0.222 0.114 -0 .339 -0 .433 1.261 -2 .361* 0.195 -0 .667
Quantum msg/M-K-25 0.145 -0 .514 0.611 1.017 0.611 -0 .028 -1 .805 2.667
Quantum msg/M-K-26 1.045 0.486 0.161 0.033 -0 .856 -0 .694 0.028 0.000
Quantum mig/M-K-30 0.495 0.536 -0 .289 -0 .017 -0 .939 -0 .694 3.362 0.833
Quantum mjg/M-K-83 0.328 0.736 -0 .289 -0 .667 -0 .922 0.139 -1 .472 -4 .167
Quantum msglM-Q-76 -1 .789 -1.131 0.124 0.067 0.844 3.639* -0 .305 1.333

Tokak/M-K-1 1.186 0.861 0.145 0.325 -3 .880 1.389* 1.055 -0 .333
Tokak/M-K-25 0.353 0.161 -0 .289 -0 .275 4.970* -0 .278 1.445 -1 .499
Tokak/M-K-26 -0 .647 -0 .189 -0 .305 -0 .359 -1 .347 0.056 -3 .222 -1 .166
Tokak/M-K-30 1.703 1.261 0.295 0.391 2.920 0.056 3.612 3.167
Tokak/M-K-83 0.236 -0 .189 1.245* 1.141* 0.087 -1 .111* 3.778 5.667
Tokak/M-Q-76 -2.831 -1.906* -1 .092 -1 .225* -2 .747 -0 .111 -4 .555 -5 .833

* = significantly different to zero at the 5% level.
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differences among males and females. The relative estimates of variance due to 
gca and sea indicate that the nature of the gene effects was predominantly additive 
for the number of spikelets/spike, 1000 grain weight, days to heading, plant height 
and spike length, but non-additive for the grain yield/plant, and the number of 
spikes/plant and grains/spike. The highest magnitude of a2gca was obtained for 
spike length in this population. Estimates of the general combining ability effects of 
the male and female parents revealed that among male parents only M-K-25 was the 
best general combiner for grain yield/plant and the number of spikes/plant. The 
genetically male sterile female, M-K-43, and the eceriferum male, M-Q-76, had 
statistically significant and positive gca effects for the number of spikelets/spike and 
grains/spike. Although the National check, Tokak, showed considerable negative 
gca effects for the latter two characters, it was the only parent with a statistically 
significant and positively signed gca effect for 1000 grain weight. Days to heading 
was a trait for which all the gca effects of the parents were found to be statistically 
significant. In 18 cross combinations of the eight characters studied, a total of 144 
sea effects was estimated. Of these estimations, only 17 were statistically significant, 
indicating the weakness of the heterotic effects (Table Ш).

Further studies in advanced generations clearly showed that the visually 
selected mutants in locally adapted cultivars were modifiable through changing the 
genetic background, especially with unrelated genotypes. It was also revealed in the 
F2 generation that M-K-25 acted as the generator of transgressive variability in the 
number of grains/spike. Partial sterility of the eceriferum mutant, M-Q-76, could be 
eliminated by backcrossing to the original parent, Quantum.
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CHARACTERISTICS OF IMPROVED MUTANT VARIETIES 
OF SOYBEAN (Glycine max (L.) Merrill) IN TURKEY*
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Nuclear Agriculture Division,
Ankara Nuclear Research and Training Centre,
Turkish Atomic Energy Authority,
Saraykôy, Ankara, Turkey

IAEA-SM-340/160P

1. INTRODUCTION

Soybean is an important potential oilseed crop in the Mediterranean region 
because of its suitability as a second crop. However, information is needed on soy
bean varieties with desirable traits for this region. In plant breeding, mutation induc
tion has become an effective way of supplementing existing germplasm and 
improving cultivars [1]. Many successful examples of mutation induction have 
proved that mutation breeding is an effective and important approach to crop 
improvement. The induced mutation technique in soybean has proved successful and 
good results have been attained [2]. Realizing the potential of induced mutations, a 
mutation breeding programme was initiated at the Nuclear Agriculture Division of 
the Ankara Nuclear Research and Training Centre in 1982. The purpose of the study 
was to obtain high yielding soybean varieties with a higher oil and protein content.

2. MATERIALS AND METHODS

Seeds of the Amsoy-71 and Calland soybean varieties were irradiated with
0, 50, 100, 150, 200 and 250 Gy of gamma rays from a ^Co source [3]. 
One thousand seeds per treatment were sown in the field for the Mt generation. 
At maturity, 4022 single plants were harvested and 20 seeds taken from each Mj 
and planted in the following season. During plant growth, mutants with the desired 
traits (earliness, yield per plant and short stature) were identified and isolated; 
2156 desirable M2 mutants were selected and grown in progeny rows as the 
M3 generation [2]. The oil content was analysed for the M3-M4 seeds using nuclear 
magnetic resonance (NMR).

* R esearch carried  out in co-operation with the IA EA  under Technical C o-operation
Pro ject N o. T U R /5/014.
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In the M5 generation, preliminary yield trials were conducted and, after field 
observations, oil content analyses (using NMR) and protein analyses, 28 mutant lines 
were selected. The yield of the mutants and their controls was evaluated at two 
locations (Adana and Antalya) for 3 years (M6-M8) using a randomized complete 
block design with four replications. All the yield, oil and protein data were analysed 
statistically according to Ref. [4]. After these experiments, six promising mutant 
lines were chosen and sent for official registration to the Seed Registration and 
Certification Centre, where they were tested for 3 years (1991-1993) as a main and 
second crop at two different locations. After 3 years of registration experiments, two 
of our outstanding mutants were officially released in 1994 as varieties under the 
names TAEK A-3 and TAEK C-10.

3. RESULTS AND DISCUSSION

The six advanced mutant lines sent for official registration had a higher yield 
capacity, oil content and protein content, early flowering and maturity, and a higher 
first pod height. They originated from TAEK A-3 and Amsoy-71 (100 Gy); 
ТАЕК A-5 and Amsoy-71 (200 Gy); TAEK A-8 and Amsoy-71 (250 Gy); 
TAEKA-11 and Amsoy-71 (50 Gy); TAEK C-7 and Calland (150 Gy); and 
TAEK C-10 and Calland (200 Gy).

TABLE I. SOYBEAN REGISTRATION EXPERIMENT: MAIN CROP 
(1991-1993)

Variety

Adana

Average yield 
(kg/ha)

Location 1 
1991 1992 1993

Location 2 
1991 1992 1993

Amsoy-71 (standard) 5078 4482 4158 2801 3183 3920 3937
S 4240 (standard) 5654 3761 5050 3708 2855 3690 4119
TAEK A-3 4665 3980 4393 2604 3101 3670 3736
TAEK A-5 4949 4541 3967 2911 3186 3470 3837
TAEK A-8 4904 4402 4083 2894 3362 3430 3846
TAEK A-11 4668 3818 4404 2602 2857 3550 3650
TAEK C-7 5058 4618 4433 3490 3008 2900 3918
TAEK C-10 5739 4566 4050 3667 3234 2880 4023
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TABLE П. SOYBEAN REGISTRATION EXPERIMENT: SECOND CROP 
(1991-1993)

Variety

Adana

Average yield 
(kg/ha)

Location 1 
1991 1992 1993

Location 2 
1991 1992 1993

Amsoy-71 (standard) 4029 3210 3417 4426 2726 2950 3460
S 4240 (standard) 4175 3794 3044 4477 3150 4140 3797

ТАЕК A-3 4073 3913 3700 4643 3085 3670 3847
ТАЕК A-5 3559 4043 3390 4254 3083 4060 3732
ТАЕК A-8 3820 4415 3400 4592 3170 3780 3863

TAEK A-11 3364 4015 3148 4310 3055 3970 3644

ТАЕК C-7 2888 3871 3565 3456 3153 3510 3407
TAEK C-10 3137 3832 3671 3468 3220 3690 3494

After 3 years of registration experiments as a main and second crop, our 
promising mutants showed better performance than the control and the standards at 
the two locations (Tables I and П).

At the end of the registration experiments, the TAEK A-3 mutant variety 
was registered (1994) as a second crop because of its earliness, higher yield 
(3847 kg/ha), and higher seed protein (39.2%) and oil (25.5%) content. The 
ТАЕК C-10 mutant variety was registered (1994) as a main crop because of its high 
yield performance (4023 kg/ha), increased seed protein content (40.2%) and higher 
first pod height (23 cm). These are the first mutant varieties to be registered in 
Turkey.

4. CONCLUSIONS

These results indicated that mutation breeding can be used successfully to 
improve the quantitative and qualitative characteristics of soybean. The intensive 
mutation breeding programme showed that some traits in the soybean cultivars can 
be improved, since the mutants were characterized by higher seed and oil yields per 
unit area, higher first pod height and protein content, and were registered as a second 
or main crop for the Mediterranean region of Turkey. Similar improvements in the
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oil and protein content of soybean have also been found by Williams and Hanway 
[5]. In addition, new germplasm for useful morphological and agronomic traits was 
produced that can be used for combining different desirable traits in new strains in 
hybridization programmes.
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MUTATION BREEDING IN TOBACCO (Nicotiana tabacum L.) 
FOR BLUE MOULD (Peronospora tabacina) RESISTANCE*

M.í. TUTLUER, H. PE$KÎRCÏOGLU, Z. SAGEL 
Nuclear Agriculture Division,
Ankara Nuclear Research and Training Centre,
Turkish Atomic Energy Authority,
Saraykôy, Ankara

A. USTARALI, R. APTI, G. YAZAN 
Aegean Agriculture Research Institute, 
izmir

R. ALTINEL, N. YILMAZ
Farmers Education and Extension Office,
Ministry of Agriculture,
Bursa
Turkey

1. INTRODUCTION

Tobacco is an important industrial crop in Turkey because of its socioeconomic 
importance for farmers, researchers and traders [1]. The most important factor 
limiting tobacco production and export is the susceptibility of cultivars to blue mould 
(Peronospora tabacina). This disease not only reduces the yield but can greatly 
impair the stability and quality of production from year to year. The residual effects 
of pesticides are of increasing importance for export and domestic consumption. The 
breeding process is hampered by the lack of useful genetic resources. We are 
responding to this situation in a variety of ways, each of which involves use of new 
or increased variation. The induced mutation technique in crops has proved success
ful and good results have been attained [2].

The tobacco mutation breeding programme was initiated in 1984 at the Ankara 
Nuclear Research and Training Centre in collaboration with the Ministry of Agricul
ture with the aim of developing a well adapted cultivar that is susceptible to blue 
mould through the induction and selection of resistant mutants with desirable agro
nomic and quality traits.

IAEA-SM-340/161P

* R esearch carried  out in co-operation w ith the IA EA  under Technical C o-operation
Project N o. T U R /5/014.
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2. MATERIALS AND METHODS

Seeds of the Bursa-18000 tobacco variety, which is well adapted to the 
Marmara region but susceptible to blue mould, were irradiated with 0, 30, 50, 70, 
100, 150, 200 and 300 Gy of gamma rays from a ^Co source [3]. The irradiated 
seeds (Mj) were sown in the field. At maturity, the M2 seeds were collected (one 
capsule from each plant) and planted in the following season in the Düzce region, 
with spreader rows consisting of susceptible varieties, the control and artificially 
inoculated seeds. This region is located on the west coast of the Black Sea, where 
the climatic conditions are quite good for improving resistance to blue mould. This 
is the reason why all the national nurseries for blue mould testing are located here. 
Under high epidemic (natural and artificial) conditions, the resistant plants were 
labelled and mutants with the desired traits were identified and isolated. After precise 
screening of the M2 plants, a total of 146 desirable mutants (out of 15 980 plants) 
were selected. After further screening and isolation cycles in the M3 and following 
generations, 19 promising M7 lines and six M8 lines were tested. As a result of 
preliminary yield trials, three outstanding mutants (B3 (5 krad), В14 (7 krad) and 
B20 (10 krad)) were selected.1

After the M3 generation, the yield and quality characteristics (nicotine and 
sugar content) of the lines were determined in their natural ecology. By the M8 and 
M9 generations, six and three of our mutant lines, respectively, and the control had 
been tested in macroyield trials.

3. RESULTS AND DISCUSSION

Some agronomic and morphological characteristics of the six M8 lines are 
shown in Table I. The В14 and B20 mutant lines had the highest yield performance 
and B3 had the highest number of leaves per plant. B3, B14 and B20 exceeded their 
original parent in yield and yield components, in addition to an increase in disease 
resistance compared with the control. In the M9 generation, B14 and B20 showed 
better yield and yield characteristics (Table П). Some quality characteristics of 
the parental cultivar and the mutant lines were determined in M4-M7; these are 
summarized in Table Ш. The leaves of B3 and B20 had a higher sugar content than 
the control in the M8 generation (Table IV).

In 1994, three advanced resistant lines selected from the 50, 70 and 100 Gy 
treatments were sent for official registration to the Seed Registration and Certifica
tion Centre. Because of the intensive demand for these mutants by farmers, our lines 
were given special production permission to enable farmers to grow these lines and 
sell the products on the market during the official registration period.

1 1 rad  =  1.00 x  10“2 Gy.
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TABLE I. SOME MORPHOLOGICAL AND AGRONOMIC 
CHARACTERISTICS OF THE PARENT CULTIVAR AND THE 
MUTANT LINES SHOWING RESISTANCE TO BLUE MOULD IN 
THE M8 GENERATION3

Line/dose
Plant height 

(cm)
No. of 
leaves

Yield
(g/plot)

Control 142.9 39.8bc 4162.5c
B3 (5 krad) 154.2 44.2a 5072.5b
B4 (5 krad) 157.9 42.2ab 5240.0b
B14 (7 krad) 168.9 42.4ab 6250.5a
B17 (7 krad) 156.4 41.1abc 5130.0b
B20 (10 krad) 161.3 42.2ab 6170.0a
B31 (10 krad) 141.5 38.3c 4020.0c

a Numerals in the same column followed by different letters are significantly different at the 
1% level.

TABLE П. SOME MORPHOLOGICAL AND AGRONOMIC 
CHARACTERISTICS OF THE PARENT CULTIVAR AND THE 
MUTANT LINES SHOWING RESISTANCE TO BLUE MOULD IN 
THE M9 GENERATION3

Line/dose
Plant height 

(cm)
No. of 
leaves

Yield
(g/plot)

Control 130.8 35.2a 4225.0b
Location 1 B3 (5 krad) 132.0 37.4a 4365.0b

В14 (7 krad) 133.8 40.6b 4737.5a
B20 (10 krad) 135.4 40.9b 4847.5a

Control 134.9 35.5a 3826.7b
Location 2 B3 (5 krad) 136.9 37.4a 4120.0b

B14 (7 krad) 141.8 41.1b 4780.0a
B20 (10 krad) 144.4 42.4b 4876.0a

a Numerals in the same column followed by a different letter are significantly different at the 
1% level.
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TABLE Ш. SOME QUALITY CHARACTERISTICS OF 
THE PARENT CULTIVAR AND THE MUTANT LINES IN 
THE M4-M7 GENERATIONS (AVERAGE OVER 4 YEARS)

Line/dose
Total sugar content 

(%)

Nicotine
(%)

Control 4.89 1.38

B3 (5 krad) 6.44 1.91

B4 (5 krad) 7.02 1.84

В 14 (7 krad) 5.60 1.64

B17 (7 krad) 5.72 1.72

B20 (10 krad) 6.18 1.83
B31 (10 krad) 6.01 1.90

TABLE IV. SOM E QUALITY CHARACTERISTICS OF 
T H E PARENT CU LTIV A R AND TH E M U TA NT LINES IN 
T H E M 8 G ENERATION (AVERAGE OV ER 4 YEARS)

Line/dose
Total sugar content 

(%)
Nicotine

(%)

Control 4.00 1.06
B3 (5 krad) 5.19 1.48

B14 (7 krad) 3.43 1.44

B20 (10 krad) 5.49 1.48

4. CONCLUSIONS

These results indicated that mutation breeding can be used to improve the 
quantitative and qualitative characteristics of tobacco. The mutation breeding 
programme showed that some traits in the Bursa-18000 tobacco variety can be 
improved, since the selected mutants were characterized by blue mould resistance. 
In addition, some other morphological and agronomic traits were improved, 
including a higher yield per unit area, a higher plant height, a higher number of 
leaves per plant and a higher sugar content.
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EFFECTS OF ACIDIC CONDITIONS 
ON THE GROWTH OF BANANA PLANTLETS 
An in vitro study

M. MARZIAH, K.W. NG, A. ROSLAN 
Department of Biochemistry and Microbiology,
Universiti Pertanian Malaysia,
Serdang, Selangor,
Malaysia

1. INTRODUCTION

In Malaysia, the banana, known locally as Pisang, is the major short term crop 
and is ranked as the third most important fruit crop for export. However, current 
production shows that demand is still greater than market supply. One of the major 
constraints in banana production is soil acidity, which affects the growth and 
yield [1]. One way of overcoming this problem is biotechnological manipulation, i.e. 
by screening in vitro and selecting plants that are tolerant to acidity. Tissue culturing 
of bananas has been established and widely reported [2-4]. A description is given 
of in vitro studies of two commercially grown bananas, Pisang Montel (Cavendish 
type) and Pisang Intan, with the objectives of selecting plants that are adaptable to 
a low pH and of understanding the biochemical mechanisms associated with acidity. 
P. Intan, a popular dessert banana, is reported to be severely affected by soil acidity.

2. MATERIALS AND METHODS

Small uniform plantlets of P. Montel and P. Intan were used as the explants. 
Each plantlet was cultured on liquid MS [5] medium at pH4.0. Preliminary studies 
had indicated that liquid medium is more suitable for in vitro selection studies in
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bananas. The medium was supplemented with 5 /xM of 6-benzylaminopurine (BAP) 
and 3% sucrose. The cultures were placed on an orbital shaker at 80 rev/min. Four 
replicates were carried out for each treatment, with pH5.5 treatment as the control.

All the cultures were incubated at 26 + 2°C, with a relative humidity of 
70-80%, and under the illumination of white fluorescent lamps and a 16 hour photo
period. Fresh medium was added weekly. The growth of plantlets was determined 
weekly for 5 weeks. Changes in the protein content were also monitored. The 
activity of peroxidases and esterases was observed on polyacrylamide gels.

3. RESULTS AND DISCUSSION

The growth of plantlets was inhibited by acidity; this was observed as early 
as after 3 weeks of culturing. P. Montel was more tolerant to acidity than P. Intan; 
this was possibly because of an increase in vigour in P. Montel. Its growth rate was 
nearly equal to that of the control after 4 weeks of culturing, indicating that it is the 
more suitable cultivar for low pH soils. In contrast, P. Intan was more sensitive to 
a low pH, its growth rate at pH4.0 being only 65% that of the control. The growth 
of P. Intan (under field conditions) in acidic sulphate soils (pH3.5) was reduced by 
30% (girth size) and 50% (height). The plants grown under acidic conditions showed 
symptoms of choking, resulting in a low yield, susceptibility to Fusarium wilt, 
inhibited growth and late fruiting.

Plantlets of P. Intan grown and maintained at pH4.0 for more than 3 months 
in the liquid culture showed improved adaptation to acidity; growth and shoot 
proliferation appeared to increase. These plants were planted in pots and their growth 
was monitored.

The concentration of soluble protein was lower in the leaf extracts of both 
cultivars grown at a low pH than that of the control. As expected, the acid stress 
conditions influenced protein metabolism and may have inhibited the synthesis of 
specific proteins. At least seven acidity bands of peroxidase isozymes were observed 
in all the plantlets cultured at both the pH tested. These isozymes were located at 
the same Rf values on the polyacrylamide gels, suggesting that the activity of 
peroxidase isozymes does not play an important role in the metabolic activities 
associated with acidity in the banana, since they seemed to be similar on the gel. The 
esterase activity bands exhibited poor resolution. Thus, it was difficult to detect 
differences in the number of activity bands between the treatments and the control. 
However, P. Intan displayed different esterase patterns to the control. In an earlier 
report by Jarret [6], five esterase activity bands were observed in the genus Musa. 
Esterases appear to be useful indicators of cultivar differentiation. The suitability of 
esterase for acidity responses is being further investigated. Other studies have also 
shown that acid phosphatase could be an indicator of acid stress response in the 
banana. Changes in other isozyme patterns are currently being studied.
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Acid tolerant banana plants can be developed using in vitro selections in liquid 
culture medium.

4. CONCLUSION

ACKNOWLEDGEMENTS

The authors would like to thank Tan Yap Pau and Y.W. Ho of the United 
Plantations Sdn. Bhd, Teluk Intan, Perak, for their contribution of data.

REFERENCES

[1] FOY, C .D ., Soil adaptation to acid, aluminium toxic soil, Commun. Soil Sci. 19 (1989) 
959-987.

[2] CRONAUER, S.S., KRIKORIAN, A.D., Rapid multiplication of banana and plantain 
by in vitro shoot tip culture, HortScience 19 2 (1984) 234-235.

[3] VUYLSTEKE, D., LANGE, de E., Feasibility of in vitro propagation of bananas and 
plantains, Trop. Agrie. Trinidad 62 (1984) 323-328.

[4] DORESWAMY, R., SNIRIVASA RAO, N.K., CHACKO, E.K., Tissue culture 
propagation of banana, Sci. Hortic. 18 (1982) 247-252.

[5] MURASHIGE, T., SKOOG, F ., A revised medium for growth and bioassay with 
tobacco tissue culture, Physiol. Plant. 15 (1962) 473-497.

[6] JARRET, R.L., “ Biochemical and genetic markers and their use in the genus Musa” , 
Banana and Plantain Breeding Strategies, Proc. ACIAR Congr. Cairns, 1986 (1986).



POSTER PRESENTATIONS 715

IN VITRO PROPAGATION AND 
MUTATION INDUCTION IN THE BANANA*

P.S. RAO, T.R. GANAPATHI,
V.A. BAPAT, P. SUPRASANNA 
Biotechnology Division,
Bhabha Atomic Research Centre,
Bombay, India

The banana is the second most important fruit crop in India, both in area 
(3.22 x 105 ha) and production (57.83 x 105 1). It accounts for 11% of the total 
area under fruit crops and over 18% of the total fruit production. Because of its high 
productivity and maximum returns, there is considerable scope for the expansion of 
banana cultivation. The banana is propagated vegetatively by suckers. A limited 
number of suckers (5-10) are produced from a plant in 1 year and therefore there 
is a shortage of planting material, which limits its multiplication. Micropropagation 
through tissue culture techniques would accelerate banana cultivation by improving 
its multiplication rate, productivity and quality.

We have a standardized protocol for multiplication of the following cultivars: 
(1) Basrai (AAA), a leading dwarf cultivar, which yields 60-70 t of fruit, with a 
bunch weight of 18-20 kg/plant; (2) Shreemanthi (AAA), which is a high yielding 
clone of Basrai, with a bunch weight of 35-40 kg/plant; (3) Rasthali and 
AP Rasthali, favourite table varieties, which are highly priced, considered a delicacy 
and have fruits with a thin peel and sweet taste; (4) Poovan, the hardiest cultivar in 
the country, with a bunch weight of 15-20 kg/plant, which has fruit with a thin peel 
and is yellow in colour; (5) Lai Kela, a tall cultivar, with a bunch weight of 
15-20 kg/plant, which is highly priced and has fruit that is red in colour with a 
delicious taste; and (6) Safed Velchi, a diploid, superior dessert variety, with a bunch 
weight of 12-15 kg/plant, which has fruit with a thin peel and is tasty.

The shoot tips (ca. 1 cm) were isolated by removing the sheathing leaf bases, 
which were then surface sterilized with 0.1 % mercuric chloride for 5 min, followed 
by repeated rinsings in sterile water. Multiple shoots were induced from these 
isolated shoot tip explants on MS medium supplemented with benzyladenine 
and adenine sulphate. So far, 20 000 plants have been regenerated. More than 
4500 plants are undergoing multilocational field trials. The performance of these

IAEA-SM-340/191P

* Research carried  out w ith the support o f  the IA EA  under Research C ontract
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plants is encouraging, with a higher yield (20-25 kg compared with 18-20 kg in the 
control), earlier maturity (11-13 months compared with 14-16 months in the 
control) and better quality fruit.

Experiments were conducted to study the effects of cyanobacterial (Plectonema 
boryanum UT X 594) extract on the shoot multiplication rate and plantlet develop
ment [1]. The shoot tips were grown on medium supplemented with 80% (vol./vol.) 
cyanobacterial extract, which stimulated multiple shoot formation in 33% of the 
cultures; elongated shoots formed complete plantlets in almost 100% of the cultures. 
Substitution of distilled water with tap water and sucrose with commercial grade 
sugar was also studied to observe their effects on shoot multiplication and regenera
tion of the plantlets [2]. The shoot tips grown on this medium showed multiple shoot 
formation. Rooting and further growth of the plantlets was achieved on Knop’s salt 
solution supplemented with NAA.

New and effective means of propagating bananas would be advantageous over 
conventional use of sucker material. We also developed procedures for encapsulating 
the shoot tips for seeds that could be used for propagation [3,4]. The shoot tips 
(ca. 4 mm) were isolated from multiple shoot cultures and encapsulated in 
3% sodium alginate containing different gel matrices. The encapsulated shoot tips 
were placed on media and on different substrates such as sterile absorbent cotton, 
soil, moist filter paper and Soilrite moistened with a weak nutrient solution. Among 
those on White’s nutrient medium, 100% conversion of the encapsulated shoot tips 
into plants was recorded. On other substrates, the conversion frequency ranged from 
35 to 40%. These plants were later grown in the soil. Compared with suckers, 
encapsulated shoot tips are an inexpensive, easier and safer material for germplasm 
exchange and transportation.

Shoot tip cultures offer several benefits for mutation induction and breeding 
over conventional in vivo techniques because of their large numbers and rapid multi
plication. Multiple shoot cultures have been irradiated with gamma rays (̂ Co) and 
are now being multiplied.
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