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Preface

The beginning of the 20th century saw the rediscovery of Gregor Mendel’s work on the
inheritance of phenotypic traits in plants. Mendel’s work laid the foundations of modern,
scientific plant breeding by enabling plant breeders to predict how traits brought into
breeding lines would be inherited, and what had to be done to ensure that the lines would
breed true. As a result, scientific plant breeding from the early part of the 20th century
onwards brought huge increases in crop yield, without which current human population
levels would already be unsustainable.
In the following decades, science made great strides in the elucidation of the molecular
processes that underpin inheritance; genes, the units of inheritance, were linked with
proteins, DNA was shown to be the material of inheritance, the structure of DNA was
resolved, DNA polymerases, ligases and restriction enzymes were discovered, recombinant DNA molecules were created and techniques for determining the nucleotide
sequence of a DNA molecule were developed.
Plant scientists were quick to exploit the new tools for manipulating DNA molecules
and also made the astounding discovery that a naturally occurring bacterium, Agrobacterium tumefaciens, actually inserted a piece of its own DNA into that of a plant cell
during its normal infection process. As a result, by the mid-1980s everything was in place
to allow foreign genes to be introduced into crop plants and scientists began to predict a
second green revolution in which crop yield and quality would be improved dramatically
using this new technology.
All plant breeding involves the alteration of plant genes, whether it is through the
crossing of different varieties, the introduction of a novel gene into the gene pool of a
crop species, perhaps from a wild relative, or the artificial induction of random mutations
through chemical or radiation mutagenesis. However, the term ‘genetic modification’ was
used solely to describe the new technique of artificially inserting a single gene or small
group of genes into the DNA of an organism; organisms carrying foreign genes were
termed genetically modified or GM. Another decade passed before the first GM crops
became available for commercial use. Since then, genetic modification has become an
established technique in plant breeding around the world and, in 2004, GM crops were
grown on 81 million hectares in 17 countries.
With the first decade of GM crop cultivation drawing to a close, it seemed appropriate
to assess the successes and failures that have marked that decade, and the prospects of
new GM crop varieties reaching the market in the coming 10 years. This book is intended
for students who are studying plant biotechnology at degree level and for specialists in
academia and industry. It covers the impact of GM crop cultivation in two leading
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countries in the commercial application of plant biotechnology, the USA and China, and
the advances being made in the use of genetic modification to increase crop resistance to
biotic and abiotic stresses, improve the processing and nutritional value of crop products
and enable plants to be used for novel purposes such as vaccine production.
GM crop production is, of course, one of the most controversial issues of our time, and
two aspects of GM crops that have worried the public the most, the inadvertent synthesis
of antigens and the risk of gene flow between GM and non-GM crops and wild relatives,
are covered. Governments, particularly in Europe, have responded to public concern over
these issues by introducing rafts of regulations to control GM crop production and use. I
have discussed these in the last chapter.
I am delighted to have been able to bring together leading specialists in different topics
to write the individual chapters, enabling the book to cover the subject comprehensively
and in depth; I owe a debt of gratitude to all the authors who contributed.
Nigel G. Halford

PART I
THE CURRENT SITUATION

1.1
From Primitive Selection to Genetic
Modification, Ten Thousand Years
of Plant Breeding
Nigel G. Halford
Crop Performance and Improvement, Rothamsted Research, Harpenden,
Hertfordshire, AL5 2JQ, United Kingdom

Introduction
In the mid-1990s plant biotechnology burst onto the scene in world agriculture,
beginning a second ‘green revolution’ and precipitating one of the great public debates
of our time. Approximately a decade later, this book describes the impact of genetically
modified (GM) crops on world agriculture, recent advances in the technology and the
areas of research from which the next generation of GM crops is likely to emerge, as well
as addresses the issues of safety and regulation that have dogged the technology,
particularly in Europe.
This chapter defines exactly what GM crops are (in other words, what distinguishes
them from other crops) and describes the GM crops that are currently in commercial use.
It covers the traits of herbicide tolerance, insect resistance, virus resistance, increased
shelf life and modified oil profile, as well as the genes used to impart them. It also
chronicles the uptake of GM crop varieties around the world from their widespread
introduction in 1996 to the present day, contrasting the situation in the Americas,
Australia and Asia with that in Western Europe.
First, it is necessary to put the advent of plant genetic modification into the context of a
long history of advances in plant breeding and genetics.
Plant Biotechnology. Edited by Nigel Halford.
# 2006 John Wiley & Sons, Ltd.
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Early Plant Breeding
Arguably the most important event in human history occurred approximately 10 000 years
ago when people in what is now called the Middle East began to domesticate crops and
livestock, and adopt a sedentary way of life based on farming rather than a nomadic one
based on hunting and gathering. Ultimately this led to the growth of villages, towns and
cities, and provided the stability and time for people to think, experiment, invent and
innovate. Technological advancement, which had barely progressed at all for half a
million years, accelerated enormously (Figure 1.1.1). The great civilizations of ancient
Mesopotamia (Assyria, Sumeria and Babylon) and Egypt arose within a few thousand
years, laying the foundation of modern civilization.
8000 BC

Farming begins in Mesopotamia

4000 BC

Breadmaking wheat grown in Egypt, rice cultivated in
China
Potatoes grown in Peru

3000 BC

All major food crops in Eurasia being cultivated

1000 BC
700 BC
0

All major food crops in Americas being cultivated

1000
1600

1800

Babylonians use selective breeding techniques with
date palm

Potato, maize and tomato introduced into Europe from
the Americas
1753. Linnaeus publishes ‘Species Plantarum’,
effectively beginning the science of plant taxonomy
1843. John Lawes patents superphosphate, the first
artificial fertiliser
1859. Darwin publishes ‘On the Origin of Species by
Means of Natural Selection’
1866. Mendel publishes ‘Versuche über
Pflanzen-Hybride’
1869. Miescher discovers DNA

1900

1900. Mendel’s work rediscovered

Figure 1.1.1 Timeline showing some of the major landmarks in the development of agriculture
and plant breeding.
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1902. Garrod links inherited trait with protein function
1923. Russet Burbank hybrid potato launched
1933. First hybrid maize variety launched in USA
1941. Beadle and Tatum publish one gene
gene−one
one enzyme
hypothesis. First modern herbicide (2,4-D) synthesized
1944. Avery, Macleod and McCarthy
McCarthy show that DNA is the
material of inheritance
1950s. First release of commercial crops produced by
chemical and radiation mutagenesis
1953. Watson and Crick publish structure of DNA
1957. Kornberg isolates DNA polymerase
1960s−70s.
1960s
70s. ‘Green
Green revolution’
revolution leads to greatly increased
crop yields based on the incorporation of dwarfing genes
discovered by Norman Borlaug and the widespread use of
agrochemicals
1966. Weiss and Richardson discover DNA ligase
1969. First commercial triticale (wheat/rye hybrid) released
1970. Hamilton Smith discovers restriction enzymes
1972. Berg produces first recombinant DNA molecule
1973. Boyer, Chang, Cohen and Helling produce a
recombinant plasmid DNA molecule
1977. Gilbert and Sanger independently develop techniques
to determine the sequence of nucleot
nucleotides
ides in a DNA molecule
Nester, Gordon and Chilton show that Agrobacterium
tumefaciens genetically modifies host plant cells
1981. Insulin produced in GM E. coli used in medicine
1983. Groups in Ghent, Leiden, St Louis and Cambridge
use A. tumefaciens to introduce bacterial genes into plant
cells
1983. Hall produces GM sunflower plants containing a
gene from French bean
1985. First GM plants in field in the UK
1988. Grierson and Schuch report antisense inhibition of
gene expression in a GM plant
1994. Slow-ripening GM tomatoes approved for food use
1996. First large-scale cultivation of GM soybean and maize
2000. Nucleotide sequence of entire Arabidopsis genome
2001. World-wide GM crop area exceeds 50 million hectares
2003. GM crops grown on 65 million hectares in 18 countries

Figure 1.1.1

(Continued)

The crop species responsible for this change was probably wheat. Certainly by
6000 years ago, wheat was being baked into leavened bread in Egypt in much the
same way as it is today. Farming was also developing in South America and China, with
potato and rice, respectively, being the predominant cultivated crops.
It is probable that crop improvement began as soon as farming did. At first, such
improvement may well have occurred unconsciously through the harvesting and growing
of the most vigorous individuals from highly variable populations, but then became
more systematic. For example, there is evidence that the Ancient Babylonians bred for
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certain characteristics in palm trees by selecting male trees with which to pollinate
female trees.
Over time such practices had dramatic effects on crop characteristics. For example, the
wheat grain found in Ancient Egyptian tombs is much more similar to modern wheat than
to its wild relatives. Indeed, breadmaking wheat arose through hybridization events
between different wheat species that only occurred in agriculture; there is no wild
equivalent. It first appeared within cultivation, probably in Mesopotamia between 10 000
and 6000 years ago, and its use spread westwards into Europe.
Another excellent example of the effects of simple selection is the cabbage family of
vegetables, which includes kale, cabbage itself, cauliflower, broccoli and Brussels
sprouts. The wild relative of the cabbage family was first domesticated in the Mediterranean region of Europe approximately 7000 years ago. Through selective breeding
over many centuries, the plants became larger and leafier, until a plant very similar to
modern kale was produced in the 5th century BC. By the 1st century AD, cabbage had
appeared, characterized by a cluster of tender young leaves at the top of the plant. In the
15th century, cauliflower was produced in Southern Europe by selecting plants with
large, edible flowering heads and broccoli was produced in a similar fashion in Italy
about a century later. Finally, Brussels sprouts were bred in Belgium in the 18th century,
with large buds along the stem. All of these very different vegetables are variants of the
same species, Brassica oleracea.

The Founding of the Science of Genetics
The examples above show how crop plants were improved by farmers who for millennia
knew nothing about the scientific basis of what they were doing. Modern, systematic
plant breeding did not come about until the science of genetics was established as a result
of the work of Charles Darwin and Gregor Mendel.
Darwin is regarded by many as the father of modern genetics but it was Mendel’s work
that showed how Darwin’s theories on natural selection could work. Ironically the two
men never met and Darwin died unaware of Mendel’s findings. Darwin’s seminal book,
‘On the Origin of Species by Means of Natural Selection’, was published in 1859. In it,
Darwin described the theory of evolution based on the principle of natural selection. The
theory was proposed independently at approximately the same time by Alfred Russell
Wallace, but it was Darwin’s meticulous accumulation of evidence collected over
decades that gave weight to the hypothesis.
In simple terms, Darwin’s theory of evolution proposed that the diversity of life on
Earth had arisen through the adaptation of species to different and changing environments, leading to the extinction of some species and the appearance of others. Species
that were similar had arisen from a recent common ancestor. This process was driven by
natural selection, in which individuals competed with each other and those best fitted for
their environment would be most likely to survive, reproduce and pass on their
characteristics to the next generation. If the environment changed or a species colonized
a new environment, different characteristics would be selected, leading to change and
eventually to the evolution of a new species.

Primitive Selection to Genetic Modification
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Natural selection (or artificial selection, for that matter) can only work because
individuals within a species are not all the same; individuals differ or show variation.
Darwin and his contemporaries believed that traits present in two parents would be mixed
in the offspring so that they would always be intermediate between the two parents. This
posed a problem for Darwin’s theory of evolution because it would have the effect of
reducing variation with every successive generation, leaving nothing for selection to
work on.
The solution to the problem was provided by Gregor Mendel, a monk at the
Augustinian monastery in Brno. In 1857, Mendel began experimenting with pea plants,
noting different characteristics such as height, seed color and pod shape. He observed that
offspring sometimes, but not always, showed the same characteristics as their parents. In
his first experiments, he showed that short and tall plants bred true, the short having short
offspring and the tall having tall offspring, but that when he crossed short and tall plants
all of the offspring were tall. He crossed the offspring again and the short characteristic
reappeared in about a quarter of the next generation.
Mendel concluded that characteristics were passed from one generation to the next in
pairs, one from each parent, and that some characteristics were dominant over others.
Crucially, this meant that variation was not lost from one generation to the next. Whether
the offspring of two parents resembled one parent or were an intermediate between the
two, they inherited a single unit of inheritance from each parent. These units were
reshuffled in every generation and traits could reappear. Although Mendel did not use the
term, units of inheritance subsequently became known as genes.
Mendel’s findings were published by the Association for Natural Research in 1866,
under the title ‘Versuche über Pflanzen-Hybride’, but were ignored until the beginning of
the next century as the work of an amateur. Later they became known as the Mendelian
Laws and the foundation of modern plant breeding.

The Elucidation of the Molecular Basis of Genetics
The pace of discovery accelerated greatly in the 20th century (Figure 1.1.1) and gradually
the molecular bases for the laws of genetics were uncovered. In 1902, Sir Archibald
Garrod found that sufferers of an inherited disease, alkaptonuria, lacked an enzyme
that breaks down the reddening agent, alkapton, and therefore excreted dark red urine.
This was the first time that a link had been made between a genetic trait and the
activity of a protein. The significance of Garrod’s work was only recognized decades
later when George Beadle and Edward Tatum showed that a genetic mutation in the
fungus, Neurospora crassa, affected the synthesis of a single enzyme required to
make an essential nutrient. Beadle and Tatum published the one gene–one enzyme
hypothesis in 1941 (Beadle and Tatum, 1941) and were subsequently awarded a Nobel
Prize. The hypothesis was essentially correct, with the exception that some proteins
are made up of more than one subunit and the subunits may be encoded by different
genes.
Underpinning the laws of genetics and evolution, which have now been established, is
the ability of organisms to pass on the instructions for growth and development to their
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offspring. The obvious question was in what substance was this information carried, in
other words what was the genetic material. Deoxyribonucleic acid (DNA) was identified
as this substance in 1944 by Oswald Avery, Colin MacLeod and Maclyn McCarty. Their
conclusive experiment showed that the transfer of a DNA molecule from one strain of a
bacterium, Streptomyces pneumoniae, to another changed its characteristics (Avery et al.,
1944).
DNA was first discovered in 1869 by Friedrich Miescher but its structure was not
determined for another 84 years. The breakthrough was made by James Watson and
Francis Crick in 1953 (Watson and Crick, 1953). They came up with their model after
analyzing X-ray crystallographs produced by Rosalind Franklin and Maurice Wilkins,
but it is fair to say that Watson and Crick made an intellectual leap that Franklin and
Wilkins had failed to make. Watson, Crick and Wilkins were awarded a Nobel Prize;
tragically, Franklin missed out because she died before the prize was awarded and it is
not awarded posthumously.
The structure of DNA is so elegant that it has become iconic. The molecule consists of
two strands (it is said to be double-stranded); each strand is made up of units of
deoxyribose (a type of sugar) with an organic base attached, linked by phosphate groups.
Each unit is called a nucleotide and there are four kinds, each with a different organic
base: adenine, cytosine, guanine or thymine. These are often represented as A, C, G and
T. The two strands run in opposite directions and are coiled into a double helix structure,
the two strands linked together by hydrogen bonds between opposing bases. The
separation distance of the two strands means that the bases on opposing strands occur
in pairs (base pairs) that will fit: adenine on one strand always paired with thymine on the
other, and cytosine always paired with guanine. This means that the sequence of bases on
one strand determines the sequence on the other (they are said to be the reverse and
complement of each other), an important factor when the molecule is being duplicated. If
double-stranded DNA is unraveled to form two single strands, each strand can act as a
template for the synthesis of a complementary chain and two replicas of the original
double-stranded molecule are created. Information is encoded within DNA as the
sequence of nucleotides in the chain, a four-letter language in which all the instructions
for life on Earth are written.
Information encoded within the DNA molecule determines the structure of a protein
through the process of gene expression. The first part of this process is called
transcription, in which a molecule related to DNA called ribonucleic acid (RNA) is
synthesized using the DNA molecule as a template. Like DNA, RNA consists of a sugar–
phosphate backbone along which are attached organic bases, but the RNA molecule
consists of a single strand, not two, and the base thymine is replaced with uracil (U). The
sequence of nucleotides on the newly synthesized RNA molecule is determined by the
sequence of bases on the DNA template.
The RNA molecule is processed and transported to protein complexes called
ribosomes where protein synthesis occurs; this is called translation. Proteins consist of
chains of amino acids and the amino acid sequence is specified by the sequence of
nucleotides in the RNA molecule, each amino acid in the protein being represented by a
triplet of nucleotides called a codon. It is the sequence of amino acids in the protein that
determines its function and properties, and ultimately it is the protein structure and
function that determines the characteristics of an organism.

Primitive Selection to Genetic Modification
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This link from DNA to RNA to proteins explains the observations of Garrod and
underpins the one gene–one enzyme hypothesis of Beadle and Tatum. Furthermore, the
processes of evolution and the changes in plants and animals brought about by selective
breeding can be seen to result from changes (mutations) in the DNA sequence that lead to
variations between individuals and traits that are selected.
DNA molecules can be huge and in plants, animals and fungi they are wrapped around
proteins to form structures called chromosomes. In humans, they are organized into 23
pairs of chromosomes, each chromosome containing a DNA molecule ranging from 50 to
250 million base pairs so that 23 individual chromosomes (one from each pair, making up
the genome) comprise a total of approximately 3 billion base pairs. If this length of DNA
were stretched out it would be several centimetres long, yet it has to be coiled and
packaged to fit into a cell. In comparison, the rice genome contains only 466 million base
pairs on 12 chromosomes, while that of Arabidopsis, a plant widely used as a model in
plant genetics, contains approximately 126 million base pairs on five chromosomes. The
maize genome contains 2.6 billion base pairs on 10 chromosomes, while that of wheat is
estimated to contain more than 16 billion base pairs on seven chromosomes.
Distributed unevenly along these huge DNA molecules are genes, just below 30 000 in
Arabidopsis, 30 000–40 000 in humans and 45 000–56 000 in rice. Genes can be over a
million base pairs long but are usually much smaller, averaging about 3000 base pairs. In
fact, they make up a small proportion of the total genome; the rest (often referred to as
‘junk DNA’) appears to have no function and its amount varies greatly between different
species, hence the great disparity in genome size between quite closely related species
such as rice and wheat.
There is no structure marking the beginning and end of a gene. Rather, the units of
heredity described by Mendel can be defined simply as functional units within a DNA
molecule. Perhaps the most readily recognizable part of the gene is that containing the
information for the sequence of amino acids in the protein that the gene encodes. This
part of the gene is called the coding region and at least it has a definite beginning and end,
although it is usually split into sections called exons interspersed with non-coding regions
called introns. A gene also contains information that determines when, where and in
response to what the gene is active. This information is usually contained in regions of
the DNA ‘upstream’ of the coding region in what is called the gene promoter, but it can
be in regions downstream of the coding region or within introns. The region ‘downstream’ of the coding region also contains information for the correct processing of the
RNA molecule that is transcribed from the gene and is called the gene terminator.
Genes that are active throughout an organism all the time are referred to as constitutive
or house-keeping genes. Other genes are active only in certain organs, tissues or cell
types, while some are active during specific developmental stages or become active in
response to a particular stimulus. In the case of plants, genes respond to many stimuli,
including light, temperature, frost, grazing, disease, shading and nutritional status.

The Manipulation of DNA and Genes
Once DNA had been identified as the genetic material and its structure described, studies
on the properties of DNA itself and the enzymes present in cells, which work on it, began
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in earnest. DNA polymerase, an enzyme that synthesizes DNA, was isolated by Arthur
Kornberg in 1955 (Lehman et al., 1958); DNA ligase, an enzyme that ‘glues’ two ends of
DNA together, was isolated by Bernard Weiss and Charles Richardson in 1966 (Weiss
and Richardson, 1967); a restriction endonuclease (also known as restriction enzyme), an
enzyme that recognizes specific short sequences of base pairs in a DNA molecule and
cuts the molecule at that point, was characterized by Hamilton Smith in 1970 (Smith and
Wilcox, 1970). Both Kornberg and Smith received Nobel Prizes.
The molecular tools for repairing DNA, cutting it at specific places and sticking its
pieces together in a test tube to make new molecules were now available. They were used
by Paul Berg in 1972 to construct a DNA molecule by cutting viral and bacterial DNA
sequences with restriction enzymes and then recombining them (Jackson et al., 1972); he
received a Nobel Prize in 1980. A year after Berg’s experiment, Stanley Cohen, Annie
Chang, Herbert Boyer and Robert Helling demonstrated that DNA which had been cut
with a restriction enzyme could be recombined with small, self-replicating DNA
molecules from bacteria called plasmids (Cohen et al., 1973). The new plasmid could
then be reintroduced into bacterial cells and would replicate. If the bacterial cells were
cultured, each cell carrying copies of the recombinant plasmid, large amounts of plasmid
DNA with the new piece of DNA inserted in it could be isolated from the culture. This
enabled a section of DNA from any species to be cloned and bulked up in bacteria to
generate enough of it to work on. This process is often called gene cloning. The
bacterium of choice for this purpose is usually Escherichia coli (E. coli). This is a human
gut bacterium, although the strains used in the laboratory have been disabled so that they
are not pathogenic.
The ability to clone genes underpinned the molecular analysis of gene structure and
function. Some people regarded this as a new branch of science and called it molecular
biology. Its commercial exploitation was termed biotechnology and the first example of
this was in the pharmaceutical industry; insulin produced from a modified human gene in
E. coli was approved by the Food and Drug Administration of the USA in 1981.
Two other advances are worthy of note: in 1977, Walter Gilbert and Fred Sanger
separately developed methods for determining the sequence of nucleotides in a DNA
molecule (Maxam and Gilbert, 1977; Sanger et al., 1977), and in 1983, Kary Mullis
invented a method called the polymerase chain reaction (PCR) by which short sections of
DNA could be bulked up (amplified) without cloning in bacteria (Mullis and Faloona,
1987). All three received a Nobel Prize. The methods for determining the nucleotide
sequence of a DNA molecule were developed and automated to such an extent by the
early 1990s that projects were initiated to obtain the nucleotide sequence of entire
genomes. A first draft of the nucleotide sequence of the human genome was published in
2001. The first plant genome sequence was that of Arabidopsis, which was published in
2000, and the first crop plant genome sequence to be published was that of rice in 2002.

Modern Plant Breeding
The practice of planting different variants of the same crop in adjacent plots to promote
the production of hybrid seed is used widely today by farmers and plant breeders, and has
probably been practiced for millennia. It is done to exploit hybrid vigor, the phenomenon
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of a hybrid outperforming both of its parents. Hybrid vigor occurs because the ongoing
process of genetic change by mutation leads to the existence of different forms of the
same genes within a population. These different forms are called alleles, and the crossing
of two parent lines with different characteristics results in a hybrid population with
different combinations of alleles (genotypes) from the two parents. Some of these
combinations are advantageous.
When Mendel’s work on the inheritance of characteristics and the genetics of plant
hybrids was rediscovered around 1900, plant breeding through the crossing of plants with
different genotypes had a sound scientific basis. Plant breeders now understood what
would happen to a genetic trait when it was crossed into a breeding line and how to
produce a true-breeding line (a variety) in which that trait and other characteristics would
be present in every individual in every generation. That is not to say that the process is
simple; the fact that plants have several tens of thousands of genes which can be mixed in
a myriad of combinations when a cross is made can make the outcome unpredictable.
Furthermore, desirable traits may be linked with undesirable ones, usually as a result of
being close together on the same chromosome.
Despite these difficulties, plant breeders have been incredibly successful at improving
crop yield and it is just as well that they have. At the end of the 18th century, Reverend
Thomas Malthus wrote in his ‘Essay on the Principle of Population’ that food supply
could not keep up with rising population growth (Malthus, 1798). At that time, world
population was approximately 1 billion. In 1999, the world population reached 6 billion,
and yet famine remains relatively rare and localized and arises through extreme climate
conditions combined with government incompetence and/or war, rather than inadequate
crop plant performance.
An example of the dramatic increases in crop yield that have been achieved is that of
wheat grown in the United Kingdom. It has increased approximately tenfold over the last
800 years, with more than half that increase coming since 1900. Similar increases have
been achieved around the world with different crop species, the period of most rapid
improvement being in the 1960s and 1970s when the incorporation of dwarfing genes
into cereal crops together with increased mechanization and the widespread use of
nitrogen fertilizers, herbicides and pesticides led to the so-called ‘Green Revolution’. The
dwarfing genes concerned actually affected the synthesis of a plant hormone, gibberellin,
although it was not known at the time. Their incorporation reduced the amount of
resources that cereal plants put into their inedible parts, making more available to go into
the seed, and at the same time made the plants less susceptible to damage under damp
and/or windy conditions. One of the pioneers of their use was Norman Borlaug, who not
only used the technology himself in wheat breeding but also persuaded wheat breeders in
Asia to do the same. Borlaug’s actions are widely believed to have averted critical food
shortages in Asia; indeed, it has been suggested that he is responsible for saving more
lives than any other individual in history. No doubt Louis Pasteur and others would have
supporters in a debate on that point, but Borlaug’s success is something that all plant
scientists can be proud of.
The seemingly inexorable rise in crop yield might be taken to indicate that the
improvement will continue in perpetuity. However, improvement brought about by the
recombination of existing genotypes is limited by the genetic variation that is present.
Yield depends on many factors and is affected by many different genes, but eventually
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the possible combinations of genotypes will be exhausted. Furthermore, some targets for
plant breeders have been much less amenable to breeding. If a trait, whether it be for
resistance to a disease, tolerance of a herbicide, the ability to survive and yield highly in a
particular environment, or whatever the target might be, does not exist in any of the
genotypes within a species then a breeder cannot simply invent it.
In the mid-20th century, plant breeders began to use two new methods to increase the
genetic variation available in their breeding lines. The first was ‘wide crossing’, the
creation of hybrids between crop plants and exotic relatives or even species with which
they would not normally cross in nature. The second was to induce mutations by
treatment with either ionizing radiation (neutrons, gamma rays, X-rays or UV radiation)
or a chemical mutagen.
Wide crosses usually require rescue of the embryo to prevent abortion; the embryo is
removed from a developing seed under sterile conditions and cultured in a nutrient
medium until it germinates. If the cross is made between two different species then the
hybrid is usually sterile. This is because the members of each pair of chromosomes have
to come together at the beginning of the process of meiosis by which sperm and egg cells
are formed. In a hybrid cell with one set of chromosomes from each parent species, either
the chromosomes do not pair at all or they mispair; the result is that the sperm and egg
cells that are formed have too many, too few or the wrong combination of chromosomes
and are not viable. This can be overcome by inducing chromosome doubling, usually by
treatment of anthers, immature inflorescences or cultured cells with a chemical called
colchicine. The hybrid cells then have a pair of chromosomes originating from each
parent and are said to be polyploid (having more than one genome).
The best known example of a crop plant produced in this way is triticale, a hybrid
between wheat and rye. The hybrid is usually made between durum wheat, already a
tetraploid (two genomes), and rye (a diploid) to produce a hexaploid triticale (three
genomes), although it is also possible to cross hexaploid wheat with rye to produce an
octoploid triticale (four genomes). The name triticale was first used in 1935 by
Tschermak but it was not until 1969, after considerable improvement through breeding,
that the first commercial varieties of triticale were released. Triticale is now grown on
more than 2.4 million hectares worldwide, producing more than 6 million tonnes of grain
per year. It combines the yield potential of wheat with the acid soil-, damp- and extreme
temperature-tolerance of rye and is used mostly for animal feed.
Experiments with mutagenesis of crop plants began in the 1920s. The radiation or
chemical treatment, usually of seeds, damages the DNA, resulting in changes in the DNA
sequence and hence genetic variation. The process has the disadvantage of being entirely
random, and therefore mutagenesis programs usually involve very large populations of at
least 10 000 individuals to ensure that a useful mutant is produced. Nevertheless, it has
proved successful; the first commercial varieties arising from mutation breeding
programs were released in the 1950s and the technique was used widely in the 1960s
and 1970s, and continues to be used today.
Mutagenesis played an important role in the improvement of oil quality of oilseed
rape, the first variety produced in this way being Regina II which was released in 1953.
Oilseed rape was first grown in the UK during World War II to provide oil for industrial
uses, and some varieties are still grown for that purpose. Its oil was regarded as unfit for
human consumption because it contained high levels of erucic acid and glucosinolates.
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Both of these compounds are very poisonous and glucosinolates have a bitter flavor.
Their levels were gradually reduced by breeders using mutagenesis and crossing, and
oilseed rape was finally passed for human consumption and animal feed in the 1980s. The
edible varieties were given the name canola in North America and this name is now used
for all varieties in that part of the world. Mutagenesis has also played an important role in
the improvement of pasta wheats, rice, white bean and barley.

Genetic Modification
In 1977, 4 years after the first recombinant plasmid DNA molecule had been produced,
Nester, Gordon and Chilton showed that bacterial DNA was inserted into the DNA of host
plant cells during infection by a bacterium called Agrobacterium tumefaciens (Chilton
et al., 1977). This bacterium causes crown gall disease, characterized by the formation of
large swellings (galls) just above soil level. The piece of DNA that is inserted into the
plant genome is called the transfer DNA (T-DNA) and is carried on a plasmid called the
tumor-inducing or Ti plasmid. Besides causing the host cell to proliferate to form the gall,
it also induces the production and secretion of unusual sugar and amino acid derivatives
that are called opines, on which the Agrobacterium feeds. There are several types of
opines, including nopaline and octopine, produced after infection with different strains of
the bacterium.
The cells of the gall are not differentiated; in other words they do not develop into the
specialized cells of a normal plant. They can be removed from the plant and cultured as
long as they are supplied with light and nutrients and are protected from fungal and
bacterial infection. A clump of these undifferentiated cells is called a callus and callus
formation can be induced in the laboratory by infecting explants (e.g., leaf pieces, stem
sections or tuber discs) with A. tumefaciens. All the cells in the callus contain the T-DNA
that originated from the bacterium.
This discovery caused great excitement because it represented a means by which
the genetic make-up of a plant cell could be transformed (the process is often referred
to as transformation). In 1983, groups led by Schell and Van Montagu (Ghent),
Schilperoort (Leiden), Chilton and Bevan (St. Louis and Cambridge) and Fraley,
Rogers and Horsch (St. Louis) showed that bacterial antibiotic resistance genes could
be inserted into the
T-DNA carried on a Ti plasmid and transferred into plant cells
(Bevan et al., 1983; Fraley et al., 1983; Herrera-Estrella et al., 1983; Hoekema et al.,
1983). Michael Bevan in Cambridge developed the so-called binary vectors, plasmids
that would replicate in both E. coli, in which it could be manipulated and bulked up,
and A. tumefaciens (Bevan, 1984). Binary vectors contain the left and right T-DNA
borders but none of the genes present in ‘wild type’ T-DNA. They are unable to induce
transfer of the T-DNA into a plant cell on their own because they lack genes called
virulence (VIR) genes that are required to do so. However, when present in A.
tumefaciens together with another plasmid containing the VIR genes, the region of
DNA between the T-DNA borders is transferred, carrying any genes that have been
placed there in the laboratory.
Calli have to be kept under sterile conditions to prevent bacterial or fungal infection.
They can be induced to form a shoot by treatment with a plant hormone; once a shoot
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with a stem is formed, the hormone is withdrawn and hormones produced by the shoot
itself then induce root formation and a complete plantlet is formed. The plantlet can be
transferred to the soil and treated like any other plant. All the cells of the plant will
contain the T-DNA integrated into its own DNA, and the T-DNA and all the genes in it
will be inherited in the same way as the other genes of the plant. In 1983, Tim Hall
used this method to produce a sunflower plant carrying a seed protein gene from
French bean (Murai et al., 1983). Not only was the gene present in every cell of the
plant, but also it was inherited stably and was active. The era of plant transformation
had begun.
Plants that have been altered genetically in this way are referred to as transformed,
transgenic, genetically engineered (GE) or GM. The term transgenic is favored by
scientists but GM has been adopted most widely by non-specialists. All plant breeding, of
course, involves the alteration (or modification) of plant genes, whether it is through the
selection of a naturally occurring mutant, the crossing of different varieties or even
related species or the artificial induction of random mutations through chemical or
radiation mutagenesis. Nevertheless, the term ‘genetically modified’ is now used
specifically to describe plants produced by the artificial insertion of a single gene or
small group of genes into its DNA. Genetic transformation mediated by A. tumefaciens is
now not the only method available to scientists; other methods, including the latest
advances, will be described in Chapter 2.1.
Genetic modification has been an extremely valuable tool in plant genetic research. It
has been applied, amongst other things, to the analysis of gene promoter activity, the
functional characterization of regulatory elements within gene promoters, the determination of gene function, studies on metabolic pathways, elucidation of the mechanisms by
which plants respond to light, disease, grazing, drought, nutrition and other stimuli, and
analyses of protein structure, function and regulation. However, this book is concerned
with its use in crop plant breeding.

Out of the Laboratory and into the Field; Commercial GM Crops
Genetic modification has some advantages over other techniques used in plant breeding.
It allows genes to be introduced into a crop plant from any source, so technically at least
the genetic resources available are huge; it is relatively precise in that single or small
numbers of genes can be transferred; the safety of genes and their products can be tested
extensively in the laboratory before use in a breeding program; genes can be manipulated
in the laboratory before insertion into a plant to change when and where they are active,
or to change the properties of the proteins that they produce. These advantages have led
to genetic modification becoming established as a new tool for plant breeders to add to
(not replace) those already available.
Delayed Ripening/ Increased Shelf Life
The first commercial GM plant varieties to be released were tomato varieties that had
been modified to slow down the ripening process, giving them a longer shelf life, the first
of which were approved for food use in the USA in 1994. A major problem in fruit
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production is that consumers want to buy ripe fruit but ripening is often followed quite
rapidly by deterioration and decay. Fruit ripening is a complex process that brings about
the softening of cell walls, sweetening and the production of compounds that impart
color, flavor and aroma. The process is induced by the production of a plant hormone,
ethylene. Genetic modification has been used to slow ripening or to lengthen the shelf life
of ripe fruit by interfering either with ethylene production or with the processes that
respond to ethylene.
The development of these varieties went hand in hand with the invention of techniques
that enabled scientists to use genetic modification to reduce the activity of (or silence) a
specific plant gene. The first of these techniques was the so-called antisense method first
described by Don Grierson in Nottingham (reviewed by Grierson, 1996). Antisense gene
silencing involves the construction of a gene in which part of the gene to be silenced is
spliced in the reverse orientation downstream of a promoter sequence. The promoter may
derive from the same gene, but usually it is a more powerful one. When a GM plant is
produced carrying this gene, it synthesizes RNA of the reverse and complementary
sequence of that produced by the target gene. This antisense RNA interferes with the
accumulation of RNA from the target gene, preventing it from acting as a template for
protein synthesis. The second technique for silencing target genes in plants arose from
the surprising observation that one or more additional copies of all or part of a gene even
in the correct orientation sometimes had the same effect as antisense gene expression
when introduced into a plant by genetic modification. This method of gene silencing is
called co-suppression.
Gene silencing turned out to be a natural defense mechanism employed by plants
against virus infection. It involves the production of small, antisense RNAs, 25
nucleotides in length, that interfere with the processing, transport and translation of
RNA molecules produced by a target gene. The third method of gene silencing by
genetic modification, called RNA interference (RNAi), involves inducing the plant to
synthesize a double-stranded RNA molecule derived from the target gene. This has
been done by splicing part of the gene sequentially in a head-to-tail formation
downstream of a promoter. Introduction of such a gene into a plant causes the
production of an RNA molecule that forms a hairpin loop, which is cleaved by
enzymes naturally present in plant cells into short molecules, each 23 nucleotides
long.
Antisense and co-suppression were used in the first GM tomato varieties to reduce the
activity of a gene encoding polygalacturonase (PG), an enzyme that contributes to cell
wall softening during ripening. Two competing groups developed these varieties at
approximately the same time. Calgene in the USA used an antisense technique while
Zeneca in collaboration with Grierson’s group used co-suppression. The Calgene product
was a fresh fruit variety called ‘Flavr Savr’. It was first grown on a large scale in 1996 but
was not a commercial success, and was withdrawn within a year.
Zeneca chose to introduce the trait into tomatoes used for processing and this proved to
be much more successful. These tomatoes have a higher solid content than conventional
varieties, reducing waste and processing costs in paste production and giving a paste of
thicker consistency. This product went on the market in many countries and proved very
popular in the UK from its introduction in 1996 until 1999 when most retailers withdrew
it in response to anti-GM hostility.
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Some GM tomato varieties with delayed ripening are still on the market in the USA.
They have reduced activity of the enzyme aminocyclopropane-1-carboxylic acid (ACC)
synthase, which is required for ethylene synthesis. ACC has also been targeted using a
gene from a bacterium, Pseudomonas chlororaphis, that encodes an enzyme called ACC
deaminase, which breaks down ACC. A similar strategy has been adopted to break down
another of the precursors of ethylene, S-adenosyl methionine (SAM), using a gene
encoding an enzyme called SAM hydrolase. Genetic modification to delay ripening and
improve post-harvest shelf life is also being used in papaya, mango, pineapple and other
fruits but there are no commercial varieties available yet.
Herbicide Tolerance
Tomato is an important fruit crop but its production is dwarfed by that of the major
agricultural crops; and it was the release and success of GM varieties of two of these,
soybean and maize (corn), that really established genetic modification as an important
tool in plant breeding. These varieties were first grown on a large scale in the USA in
1996. The traits that they carried as a result of genetic modification were herbicide
tolerance (soybean) and insect resistance (maize). These traits have now been introduced
into other crops and combined (stacked) in some varieties.
Herbicide-tolerant GM crops were produced to simplify and cheapen weed control
using herbicides. Of course, herbicides have been used since long before the advent of
genetic modification, the first modern herbicide, 2,4-dichlorophenoxyacetic acid (2,4-D),
was synthesized in 1941 and released in 1946. They are now an essential part of weed
control for farmers in developed countries. However, besides the obvious considerations
of equipment and labor costs, as well as the cost of the chemicals themselves, herbicides
pose a number of problems for farmers. Most are selective in the types of plants they kill,
and a farmer has to use a particular herbicide or combination of herbicides that is
tolerated by the crop being grown but kill the problem weeds. Some of these herbicides
have to be applied at different times during the season, including some that have to go
into the ground before planting, some that pose a health risk to farm workers and some
that are persistent in the soil, making crop rotation difficult.
The most successful herbicide tolerance trait to be introduced so far enables plants to
grow in the presence of a broad-range herbicide, glyphosate. The soybean variety known
as RoundUp Ready, marketed by Monsanto, was the first to carry this trait (Padgette et al.,
1995). Glyphosate is relatively safe to use, does not persist long in the soil because it is
broken down by microorganisms and is taken up through the foliage of a plant, so it is
effective after the weeds have established. It is also relatively cheap. Its target is an
enzyme called 5-enolpyruvoylshikimate 3-phosphate synthase (EPSPS). EPSPS catalyzes the formation of 5-enolpyruvoylshikimate 3-phosphate (EPSP) from phosphoenolpyruvate (PEP) and shikimate 3-phosphate (S3P). This reaction is the penultimate step in
the shikimate pathway (Figure 1.1.2), which results in the formation of chorismate,
which in turn is required for the synthesis of many aromatic plant metabolites including
the amino acids phenylalanine, tyrosine and tryptophan. The shikimate pathway is not
present in animals, which have to acquire phenylalanine, tyrosine and tryptophan
(referred to as essential amino acids) in their diet; this is the reason for glyphosate’s
low toxicity in animals. The gene that confers tolerance of the herbicide is from the soil
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bacterium A. tumefaciens and makes an EPSPS that is not affected by glyphosate. It has
been introduced into commercial varieties of soybean, maize, cotton and oilseed rape,
while glyphosate-tolerant varieties of many other crops, from wheat and sugar beet to
onion, have been produced but not released yet.
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There are two other broad-range herbicide-tolerant GM systems in use, involving the
herbicides gluphosinate (or glufosinate) and bromoxynil, both marketed by Bayer.
Gluphosinate (Figure 1.1.3), the scientific name for which is phosphinothricin, is a
competitive inhibitor of glutamine synthetase (GS), an enzyme required for the
assimilation of nitrogen into the amino acid glutamine. The gene used to make plants
resistant to gluphosinate comes from the bacterium Streptomyces hygroscopicus and
encodes phosphinothricine acetyl transferase (PAT), an enzyme that detoxifies the
herbicide by converting phosphinothrycin to acetylphosphinothrycin (Figure 1.1.3)
(Thompson et al., 1987). Crop varieties carrying this trait include varieties of oilseed
rape, maize, soybeans and cotton, and the trait has also been introduced into fodder beet
and rice. The oilseed rape variety has been particularly successful in Canada.
The primary mode of action for bromoxynil (3,5-dibromo-4-hydroxybenzonitrile) is
to inhibit photosynthesis by binding to the photosystem II complex of chloroplast
membranes and blocking electron transport; tolerance is conferred by a gene isolated
from the bacterium Klebsiella pneumoniae ozanae. This gene encodes for an enzyme
called nitrilase, which converts bromoxynil into 3,5-dibromo-4-hydroxybenzoic acid, a
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non-toxic compound (Figure 1.1.4). So far this has only been used commercially in
Canadian oilseed rape.
Interestingly there is a fourth broad-range herbicide tolerance trait available in
commercial oilseed rape varieties in Canada. The herbicide in this case is imidazolinone
and the varieties were produced by Pioneer Hi-Bred, now part of DuPont. However, the
trait was produced by mutagenesis, not genetic modification.
Herbicide tolerance has now been engineered into many crop species and is
undoubtedly the most successful GM trait to be used so far. In the USA in 2003, 81 %
of the soybean crop, 59 % of the upland cotton and 15 % of the maize were herbicide
tolerant (Benbrook, 2003). Herbicide-tolerant soybeans have been adopted even more
enthusiastically in Argentina and now account for 95 % of the market, while herbicidetolerant oilseed rape has taken 66 % of the market in Canada. This success is due to the
factors such as simplified and safer weed control, reduced costs and more flexibility in
crop rotation.
Insect Resistance
Organic and salad farmers have been using a pesticide based on a soil bacterium, Bacillus
thuringiensis, for several decades. The bacterium produces a protein called the Cry
(crystal) protein (often referred to now as the Bt protein); different strains of the
bacterium produce different versions of the protein and these can be assigned to family
groups, Cry1-40 (and counting), based on their similarity with each other. These families
are further divided into subfamilies, Cry1A, B, C etc.
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The Cry proteins are -endotoxins and they work by interacting with protein receptors
in the membranes of cells in the insect gut. This interaction results in the cell membrane
becoming leaky to cations, causing the cell to swell and burst. The interaction is very
specific and different forms of the Cry protein affect different types of insects. Cry1
proteins, for example, are effective against the larvae of butterflies and moths, while Cry3
proteins are effective against beetles. The toxicity of all the Cry proteins to mammals,
birds and fish is very low.
The fact that pesticides based on B. thuringiensis (Bt pesticides) had been used for a
considerable length of time and had a good safety record, coupled with the fact that the
insecticidal properties of the bacterium were imparted by a single protein, encoded by a
single gene, made the Bt system an obvious target for adaptation for use in crop
biotechnology. The first crop variety to carry the trait was a maize variety containing the
Cry1A gene that was produced by Ciba-Geigy (now part of Syngenta) and first grown
widely in 1996. Varieties of maize and cotton carrying the Cry1 gene are also now
marketed by Monsanto, Bayer, Mycogen and DeKalb. Aventis, subsequently acquired by
Bayer, produced a maize variety called StarLink which carried the Cry9C variant, while
Monsanto introduced the Cry3A variant into potato, marketing varieties carrying the trait
as NewLeaf and NewLeaf Plus, the latter also carrying a gene for resistance to a virus
(see below). Monsanto has also introduced the Cry3B variant into maize but this variety
is not yet on the market. All these varieties are commonly referred to as Bt varieties.
The Cry1A and Cry9C proteins are effective against the European corn borer, a major
pest of maize in some areas, while Cry1A is also effective against tobacco budworm,
cotton bollworm and pink bollworm, three major pests of cotton. The Cry3A protein that
was introduced into potato is effective against the Colorado beetle and the Cry3B protein
against corn rootworm.
The benefits of using Bt varieties depend on many factors, most obviously the nature of
the major insect pests in the area (not all are controlled by Bt) and the insect pressure in a
given season. Bt varieties have been successful in many parts of the USA (in 2003, 29 %
of the maize and 41 % of the upland cotton crop was Bt) and Bt cotton in particular is
gaining ground in Australia, China, India and the Philippines. Farmers who use Bt
varieties cite reduced insecticide use and/or increased yields as the major benefits
(Gianessi et al., 2002). A further, unexpected benefit of Bt maize varieties is that the
Bt grain contains lower amounts of fungal toxins (mycotoxins) such as aflatoxin and
fumicosin (Dowd, 2000).
Not all Bt varieties have been successful. NewLeaf and NewLeaf Plus potato were
withdrawn in the USA due to reluctance to use them in the highly lucrative fast food
industry. Farmers have adopted broad-range insecticides instead to combat the Colorado
beetle. StarLink maize was an even more costly failure; it was not approved for human
consumption because of doubts over the allergenicity of the Cry9C protein but,
inexplicably given that maize is an outbreeding crop, the Environmental Protection
Agency approved it for commercial cultivation for animal feed in 1998. Inevitably, crosspollination occurred between StarLink and maize varieties destined for human consumption and StarLink had to be withdrawn.
Other approaches to engineering insect resistance into plants by genetic modification
are being developed and tested but none have yet been used in a commercial crop variety.
Many of the genes that are being used in these studies include those that encode
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inhibitors of digestive enzymes, including trypsin, other proteases and -amylase, and
originate from a variety of plant sources. Although they occur naturally in many crop
species, some are potentially toxic or allergenic to humans and their use in crop
biotechnology may not be practical.
Similar reservations are held over another group of proteins that have insecticidal
properties, the plant lectins. These proteins occur naturally in many kinds of beans, but
most are toxic to animals, causing the clumping of erythrocytes, reduced growth,
diarrhea, interference with nutrient absorption, pathological lesions and hemorrhages
in the digestive tract, amongst other symptoms. However, not all lectins are toxic to
animals and one such that retained its insecticidal properties would have potential in
biotechnology.
Another group of proteins that are being investigated for their use in imparting insect
resistance are the chitinases, enzymes that degrade chitin. Chitin is a polysaccharide
present in fungal cell walls and chitinases are believed to have evolved as a defense
against fungal attack. However, chitin is also present in the exoskeleton of insects, and
although naturally occurring chitinases are not present in sufficient quantities to kill a
grazing insect, it might be possible to increase their level by genetic modification to the
point where they would cause lesions in the midgut membrane.
A concern with any strategy for engineering insect resistance into plants is the
emergence of resistant insects. In the case of Bt this would not only nullify the advantage
of using Bt crops but would also render spray-on Bt pesticides useless. Indeed, concern
over resistance to Bt pre-dates the development of GM crops, but the rapid increase in the
use of Bt corn and cotton in the USA from 1996 onwards necessitated action. The
Environmental Protection Agency devised a solution in which farmers using Bt crops
would have to plant a proportion of non-GM crop as well. This provides a refuge in
which insects that have developed resistance to the effects of the Bt protein do not have a
selective advantage over insects that have not (in fact they have a selective disadvantage).
The proportion of non-GM crop that has to be grown varies according to what other
insect-resistant GM crops are being grown in a particular area, and to prevent gene flow
of the trait into wild species, Bt varieties cannot be grown where wild relatives occur (in
the USA this affects cotton rather than maize). So far the refuge strategy appears to have
been very successful in the USA but there is doubt as to whether every country that is
growing or might grow Bt crops could enforce such a policy.
Another concern over the use of insect-resistant crops is their potential effect on nontarget organisms. The obvious response to such concerns is that they are likely to have a
beneficial effect by reducing the use of spray-on pesticides. There is plenty of anecdotal
evidence, particularly from American cotton farmers, regarding this case, but it is
difficult and expensive to undertake meaningful scientific experiments to confirm or
contradict this. The largest field study on the effects of GM crops on biodiversity to be
conducted so far was the United Kingdom’s farm-scale evaluations program, but this
concerned herbicide-tolerant not insect-resistant crops. Laboratory-based experiments
are much less satisfactory and can give misleading results. One example of this was a
study conducted by John Losey and his team at Cornell University and published in
‘Nature’ in 1999 (Losey et al., 1999). Losey found that caterpillars of the monarch
butterfly that were forced to eat large quantities of pollen from Bt maize suffered higher
mortality levels than caterpillars that were not fed the pollen. In the wild, monarch
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butterfly larvae eat milkweed, not maize pollen; in the experiment, pollen was spooned
onto milkweed leaves so that the larvae had no choice but to eat it. Field-based studies
subsequently showed that the larvae would never be exposed to such levels of maize
pollen in the wild.
Similar laboratory-based experiments have shown that the survival rate of predator
species such as lacewings and ladybirds can be reduced if they are fed exclusively on
prey species that feed on GM insect-resistant plants. None of these results have been
replicated in the field.
Virus Resistance
Virus resistance has been achieved using two methods; the first of these arose from
studies on the phenomenon of cross protection, in which infection by a mild strain of a
virus induces resistance to subsequent infection by a more virulent strain. Modifying a
plant with a gene that encodes the viral coat protein has been found to mimic the
phenomenon.
An example of the commercialization of this technology comes from the papaya
industry in the Puna district of Hawaii (Ferreira et al., 2002; Gonsalves, 1998). After an
epidemic of papaya ringspot virus (PRSV) in the 1990s almost destroyed the industry,
growers switched to a virus-resistant GM variety containing a gene that encodes a PRSV
coat protein.
The second method used to impart virus resistance is to use antisense or cosuppression techniques to block the activity of viral genes when the virus infects a
plant. The NewLeaf Plus potato variety discussed above, for example, carried a replicase
gene from potato leaf role virus (PLRV) in combination with the Bt insect-resistance
trait. This technology is being applied to many other plant virus diseases and just one
example of resistance being achieved, at least under trial conditions, is with potato tuber
necrotic ringspot disease (Racman et al., 2001). It has tremendous potential for
developing countries where losses to viral diseases are the greatest and have the most
severe consequences.
Modified Oil Content
The principle components of plant oils are fatty acids and the various properties of oils
from different plants are determined by their differing fatty acid contents. Many hundreds
of different fatty acids have been identified in plants, with diverse food and non-food
uses. Lauric acid, for example, is used in cosmetics and detergents. Palmitic acid, stearic
acid and oleic acid are used in foods, while -linolenic acid is used in health products.
Erucic acid is poisonous but is used in the manufacture of plastics and lubricating oils.
GM crop varieties with modified oil content are already on the market in the USA.
Calgene, subsequently taken over by Monsanto, genetically modified an oilseed rape
variety to produce high levels of lauric acid in its oil. This variety was introduced onto
the market in 1995. It contains a gene from the Californian Bay plant that encodes an
enzyme that causes premature termination of growing fatty acid chains. The result is an
accumulation of the 12-carbon chain lauric acid to approximately 40 % of the total oil
content, compared with 0.1 % in unmodified oilseed rape. Lauric acid is a detergent
traditionally derived from coconut or palm oil.
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The other major crop that has been modified to increase the value of its oil is soybean.
The GM variety was produced by PBI, a subsidiary of DuPont; it accumulates oleic acid,
an 18-carbon chain fatty acid with a single unsaturated bond (a monounsaturate) to
approximately 80 % of its total oil content, compared with approximately 20 % in nonGM varieties. In conventional soybean, relatively little oleic acid accumulates because it
is converted to linoleic acid, an 18-carbon chain fatty acid with two double bonds (a
polyunsaturate), by an enzyme called a 12-desaturase. Some of the linoleic acid is
further desaturated to linolenic acid, a polyunsaturate with three double bonds. In the GM
variety, the activity of the gene producing this enzyme is reduced so that oleic acid levels
are increased while linoleic and linolenic acid levels are decreased.
Oleic acid is very stable during frying and cooking, and is less prone to oxidation than
polyunsaturated fats, making it less likely to form compounds that affect flavor. The
traditional method of preventing polyunsaturated fat oxidation involves hydrogenation
and this runs the risk of creating trans-fatty acids. Trans-fatty acids contain double bonds
in a different orientation to the cis-fatty acids present in plant oils. They behave like
saturated fat in raising blood cholesterol, contributing to blockage of arteries. The oil
produced by high-oleic acid GM soybean requires less hydrogenation and there is less
risk of trans-fatty acid formation.
Relatively small amounts of these GM oilseed rape and soybean varieties are grown on
contract, but those farmers who can get into this business benefit from a premium price
for their crop.

Current Status of GM Crops
Table 1.1.1 shows the global cultivation of GM varieties of the four major crops, soybean,
maize, cotton and oilseed rape, for which GM varieties have been developed and
commercialized. In 2003, the International Service for the Acquisition of Agri-biotech
Applications (ISAAA) (www.isaaa.org) reported that GM crops were being grown
commercially in 18 countries: Argentina, Australia, Brazil, Bulgaria, Canada, China,
Colombia, Germany, Honduras, India, Indonesia, Mexico, Philippines, Romania, South
Africa, Spain, Uruguay and the USA. Of these, Argentina, Brazil, Canada, China and the
USA dominate in terms of total area (James, 2003).
Table 1.1.1 Global cultivation in 2003 of the four major crops for which GM varieties have
been commercialized.

Crop

Global cultivation (million hectares)
————————————————
All varieties
GM varieties

Soybean
Maize
Cotton
Oilseed rape
Total
Source: Food Standards Agency.

76
140
34
22
275

41.40
15.50
7.20
3.60
67.70

Proportion of global
crop GM (%)
54
11
21
16
25
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A remarkable feature of the global status of GM crops at present is the rapid and
enthusiastic uptake of GM varieties in some countries and the lack of uptake of and
resistance to GM crops in other countries, notably in Europe. The only significant use of
GM crops in Europe at present is the cultivation of Bt maize in Spain. At the heart of the
‘problem’ for plant biotechnology in Europe is the hostile attitude of European
consumers. This has led legislators at the European Union and national government
level to introduce legislation to control the development and marketing of GM crops and
foods, apparently in the hope that strict controls would reassure consumers. These
controls are discussed in detail in Chapter 3.3. Briefly, any GM crop or food derived from
it has to be approved for use within the European Union by the European Commission,
and approval is extremely difficult to obtain. Furthermore, any food containing GM crop
material above a threshold of 0.9 % has to be labeled, while novel foods produced in any
other way need not. Unfortunately this legislation has undoubtedly deterred seed
companies from developing GM crops for the European market but has so far failed to
reassure consumers at all.
Exactly why European consumers have been so much more fearful of GM crops than
other consumers is not clear. A recent poll showed that 66 % of consumers in China,
Thailand and the Philippines believed that they would benefit personally from food
biotechnology during the next 5 years. A different poll in the USA found that 71 % of US
consumers would be likely to choose produce that had been enhanced through
biotechnology to require fewer pesticide applications. Polls in the UK and Europe
continue to show much less favorable attitudes amongst consumers.
Part of the answer lies in the reluctance of Europeans to trust their governments or
scientific experts. GM foods were launched in Europe shortly after the epidemic of
bovine spongiform encephalopathy (BSE) in the UK cattle herd had led to one of the
biggest food scares in UK history. Rightly or wrongly, consumers felt that they had been
given the wrong advice by scientists and government ministers on the safety of beef.
However, food ‘scares’ are not unique to the UK and Europe.
Another reason for consumer antipathy towards GM crops in Europe is that the debate
has been dominated by anti-GM pressure groups. European consumers have been
bombarded with inaccurate information, half-truths and wild ‘scare’ stories. Even if
they do not believe the more hysterical of these stories, why should they take the risk of
buying GM food products?
The first imports of GM crop products into Europe began just before Christmas in
1996, with American soybean and maize, which at that time were approximately 2 %
GM. American producers refused to segregate the GM from the non-GM and there was a
flurry of media activity on the issue. This died down but Greenpeace, Friends of the Earth
and other campaign groups had promoted the GM issue to the top of their list of
campaign priorities (the title of a Greenpeace briefing pack in February 1997 was ‘The
end of the world as we know it’) and it was only a matter of time before it returned to the
top of the news agenda. It did, thanks to two scare stories originating from the legitimate
scientific literature: the work of Dr Arpad Pusztai on feeding lectin-containing GM
potatoes to rats (Ewen and Pusztai, 1999) and of John Losey on the effects of feeding
monarch butterfly larvae on GM corn pollen (Losey et al., 1999). Pusztai’s paper was
subsequently debunked by the Royal Society, while monarch butterfly larvae were found
never to be exposed to the levels of maize pollen used in Losey’s self-described
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‘preliminary’ study. Incidentally, the monarch butterfly prospered after the introduction
of GM insect-resistant corn and cotton into large areas of the USA in 1996, although it is
now threatened by habitat destruction in its Mexican wintering sites. Despite this, I have
been assured several times by different people in the UK that it is extinct as a result of the
introduction of GM crops.
The GM crop debate has now become entangled with campaigns against capitalism,
globalization and multinational companies, and spiraled out of the control of scientists to
become a potent political issue. The only factor preventing the technology being lost to
Europe now is the fact that GM crops are being used widely elsewhere in the world.

Conclusions
In this chapter genetic modification is described in context of a long history of plant
breeding, which had become science-based long before genetic modification was
invented. Genetic modification is now an established technique in plant breeding in
many parts of the world. While not being a panacea, it does hold the promise of enabling
plant breeders to improve crop plants in ways that they would not be able to through
other methods. GM crops now represent approximately 6 % of world agriculture, and are
being used in developed and developing countries. Farmers who use them report one or
more of greater convenience, greater flexibility, simpler crop rotation, reduced spending
on agrochemicals, greater yields or higher prices and increased profitability at the farm
gate as the benefits.
The delay in allowing plant biotechnology to develop in Europe has already damaged
the European plant biotechnology industry significantly and is putting European
agriculture at an increasing competitive disadvantage. Europe desperately needs politicians and the food industry to show leadership on the issue, but there is little indication
that they will. Powerful, multinational pressure groups continue to call the shots on GM
crops and food in Europe, and these groups remain implacably opposed to the use of the
technology. Despite this, it seems inconceivable that agricultural biotechnology will not
continue and develop, at least outside Europe, given the success of GM crops and their
popularity with farmers in those countries where farmers are allowed to use them.
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1.2
Crop Biotechnology in the United
States: Experiences and Impacts
Sujatha Sankula
National Center for Food and Agricultural Policy, Washington, DC, USA

Introduction
First available for commercial planting in 1996, agricultural biotechnology applications
have transformed the landscape of American agriculture by providing novel approaches
to pest management. By inserting genetic material from outside a plant’s normal genome,
crop varieties have been developed to resist an array of pest problems. As a result, these
crops have been grown without using certain pesticides necessary on conventional crops
(e.g. insect-resistant or Bt crops). In some cases, the biotechnology-derived crop provides
effective control of a plant pest that is not otherwise well controlled (e.g. Bt crops and
virus-resistant crops). Other biotechnology-derived crops are resistant to certain herbicides that injure conventional crop varieties. Planting the biotechnology-derived
herbicide-resistant crop has made it possible to use the associated herbicide, which
often provides more effective and less expensive weed control.
Globally, biotechnology-derived crops were planted on 168 million acres in 2003
(James, 2003). Countries that adopted these crops in 2003 include Argentina, Australia,
Brazil, Bulgaria, Canada, China, Colombia, Germany, Honduras, India, Indonesia,
Mexico, Philippines, Romania, South Africa, Spain, United States and Uruguay. About
63 % of the total global commercial value of biotechnology-derived crops came from the
United States alone in 2003–2004 (Runge and Ryan, 2004).
The United States has been a world leader in the field of agricultural biotechnology.
American growers have planted 106 million acres or 63 % of the global total to
Plant Biotechnology. Edited by Nigel Halford.
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Table 1.2.1 Adoption of biotechnology-derived crops.
Adoption
(million acres)

US adoption as a percent
of global total

Year

Global

US

%

1996
1997
1998
1999
2000
2001
2002
2003
2004

5
25
64
99
109
131
146
168
200

5
20
49
72
74
87
96
106
118

54
63
73
72
69
68
66
63
59

Source: James, multiple years.

biotechnology-derived crops in 2003 (James, 2003; Table 1.2.1). Recent estimates
indicate that 2004 adoption of these crops increased by an additional 10 % (James,
2004). As evidenced by giant leaps in planted acreage each year, biotechnology-derived
crops have been adopted with an unprecedented fervor in the United States since their
first commercialization in 1996 (Table 1.2.1).
Agricultural biotechnology and its applications have triggered intense discussion in the
last several years. At the heart of the debate are questions related to economic, agronomic
and environmental impacts, safety and relevance of the technology. The confines of the
biotechnology debate have been dynamic and ever-changing as new crops and more acres
are planted to these varieties in more countries each year.
With a new technology that is planted on vast areas of the United States and one that is
advancing at such a rapid pace as this, it is critical to analyze and understand the reasons
driving the adoption and the impacts that stemmed from the adoption of biotechnologyderived crops. The objective of this chapter, therefore, is to examine the reasons inspiring
the overwhelming adoption of biotechnology-derived crops in the United States. Also
reviewed in this chapter are actual benefits realized by American growers since the
adoption of these crops, which may help determine the future course of these crops. In a
nutshell, the current chapter attempts to provide answers to some of the key questions
that underlie the crop biotechnology debate to establish the basis to understand why
American farmers have embraced biotechnology and are likely to continue to do so.

Adoption of Biotechnology-Derived Crops in the United States
Planted acreage of biotechnology-derived crops in the United States in 2003 encompassed three applications: insect resistance, virus resistance, and herbicide resistance; and
six crops—canola, corn, cotton, papaya, soya bean and squash (Table 1.2.2). An
overwhelming majority of these acres, about 99.98 % to be exact, consisted of largeacreage field crops (corn, cotton and soya bean) alone.
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Table 1.2.2 Adoption of biotechnology-derived crops in the United States in 2003.
Crop
Corna
Cottona
Papaya
Squash
Canolaa
Corna
Cottona
Soya bean

Trait
Insect resistant
Insect resistant
Virus resistant
Virus resistant
Herbicide resistant
Herbicide resistant
Herbicide resistant
Herbicide resistant

Adoption as % of total planted acres
31
46
46
3
75
14
74
82

a
All planted applications included.
Source: Sankula and Blumenthal, 2004.

A total of 11 biotechnology-derived crop cultivars were planted in 2003. They
included insect-resistant corn (three applications) and cotton (two applications); virusresistant papaya and squash; and herbicide-resistant canola, corn, cotton and soya bean.
Herbicide-resistant crops were the most widely planted among all the applications
(Table 1.2.2). Adoption of herbicide-resistant soya bean was the highest at 82 % followed
by herbicide-resistant canola (75 %) and herbicide-resistant cotton (74 %). Since insect
and disease pressure vary each year based on environmental factors, adoption of insectresistant and virus-resistant crops varied based on the anticipated infestation level of
target pests. Among insect-resistant crops, adoption was highest for cotton. Adoption of
insect-resistant crops, corn in particular, is predicted to increase in future, as new
varieties were commercialized in 2003 to combat important pest problems. The opening
of the EU markets since 2004 to biotechnology-derived corn imports from the United
States may further enhance the adoption of Bt corn in the United States.
The following discussion is focused on the pest management challenges encountered
by growers in conventional crops, and how biotechnology-derived crops offer solutions to
address these challenges. Also presented in the discussion below are the reasons for the
adoption of individual crops along with their agronomic, economic and environmental
impacts on US agriculture.

Insect-Resistant Crops
Insect-resistant crops or Bt crops were one of the first crops developed through
biotechnology methods in the United States. These crops were developed to contain a
gene from a soil bacterium called Bacillus thuringiensis, and hence the name Bt. The
gene codes for protein crystals (referred to as Cry proteins) that are toxic to insect
larvae of lepidoptera, diptera or coleoptera (Perlak et al., 1990; Swadener, 1994). When
larvae of the above insect species feed on the Bt plant, they ingest the Cry protein.
Digestive enzymes specific to those insects dissolve the protein and activate a toxic
component called delta-endotoxin. The endotoxin binds to certain receptors on the
intestinal linings of these insects leading to the formation of pores in the membrane of the
intestine. The proliferation of pores disrupts the ion balance of the intestine and causes
the insect larvae to stop feeding, starve and eventually die.

Crop Biotechnology in the United States

31

Although highly toxic to certain insects, Bt is relatively harmless to humans as
digestive enzymes that dissolve Cry protein crystals into their active form are absent in
humans. Cry proteins from Bt have become an integral part of organic crop production
in the United States for more than 40 years in view of their safety and effectiveness
in controlling target insect pests.
Four insect-resistant crops were approved for commercial planting in the United
States: field corn, cotton, potato and sweet corn. Though Bt potato and sweet corn were
available for planting since 1996 and 1998, respectively, marketing concerns limited the
adoption of these two crops. The following discussion on impacts of Bt crops, therefore,
will focus on corn and cotton only.
Bt Corn
Three applications of insect-resistant corn were under commercial cultivation in the
United States in 2003. They include Bt corn resistant to corn borer (trade names:
YieldGard Corn Borer and Herculex I), Bt corn resistant to black cutworm and fall
armyworm (trade name: Herculex I) and Bt corn resistant to rootworm (trade name:
YieldGard Rootworm). YieldGard Corn Borer has been on the market since 1996 while
2003 was the first year of commercialization for Herculex I and YieldGard Rootworm.
Two genetic transformation events, Bt11 and Mon 810, each with the same endotoxin,
are marketed as YieldGard Corn Borer for resistance against corn borers (Walker et al.,
2000). The Bt genes in YieldGard Corn Borer express Cry1A(b) and Cry1A(c) proteins
that provide protection against European corn borer (ECB), south-western corn borer, fall
armyworm, corn earworm and stalk borer. However, ECB is the main target pest for
YieldGard Corn Borer in the United States. Acreage planted to YieldGard Corn Borer
increased steadily from 8 % of the total planted acreage in 1997 to 26 % in 1999.
However, adoption fell to 19 % in 2000 and 2001, before climbing up to 30 % in 2003
(Table 1.2.3). The adoption of Bt crops tends to vary as a function of predicted levels of
insect infestations. Thus, adoption was lower in 2000 and 2001 due to forecasted lower insect
pressure. Another reason for the drop in adoption in both years was low corn prices.
Herculex I corn expresses the Cry1F insecticidal protein, a protein different from the
one expressed by the YieldGard Corn Borer corn (Cry1A) (Dow AgroSciences, 2002).
The Herculex I corn offers similar protection against corn borer (European and
Table 1.2.3 Adoption of currently planted insect-resistant Bt crops in the United States.
% of total acreage
Crop
Bt corn–YieldGard
Corn Borera
Bt corn–Herculex Ib
Bt corn–YieldGard
Rootwormb
Bt cotton–Bollgard Ic
Bt cotton–Bollgard IIb

1996

1997

1998

1999

2000

2001

2002

2003

1

8

18

26

19

19

24

30

—
—

—
—

—
—

—
—

—
—

—
—

—
—

0.6
0.5

12
—

15
—

19
—

25
—

28
—

37
—

35
—

46
0.2

Sources: aUSDA-NASS, multiple years; bSankula and Blumenthal 2004; cUSDA-AMS, multiple years.
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southwestern) and corn earworm, and also expands protection to include black cutworm
and fall armyworm (Babcock and Bing, 2001). Herculex I corn accounted for less than
1 % of the total planted corn acreage and 2 % of the total Bt corn acres planted for corn
borer protection in 2003. Overall, about 98 % of Bt corn acreage in the United States in
2003 was planted to YieldGard Corn Borer varieties (Bt11 and MON 810 events together).
Biotechnology-derived rootworm-resistant/YieldGard Rootworm corn (event MON863)
produces a Cry3Bb1 protein, which specifically targets the midgut lining of larval corn
rootworms (Baum et al., 2004). YieldGard Rootworm corn was planted on about 0.5 % of
the total planted corn acreage in 2003. Seed supply was limited in 2003, due to it being
an introductory year. Adoption is expected to increase rapidly in the next few years, as
more seed becomes available to growers. Planting data from 2004, in fact, indicates a
10-fold increase in the acres planted to YieldGard Rootworm (Sankula and Blumenthal,
2004).
Insect Pest Problems in Corn
The most important insect pest problems in corn production in the United States are corn
borer, rootworm, armyworm and cutworm. Corn borer, ECB in particular, and corn
rootworm are two economically important insect pests of corn, costing growers billions
of dollars each year in insecticides and lost crop yields (Mason et al., 1996; Monsanto,
2003). In fact, both ECB and corn rootworm are nicknamed ‘billion dollar bug problems’
due to crop losses of at least 1 billion dollars each year from each of these insect pests.
The ECB damages corn in a slew of different ways with more than one generation each
year. ECB larvae feed on all above-ground tissues of the corn plant and produce holes
and cavities. These cavities interfere with the translocation of water and nutrients and
reduce the strength of the stalk and ear shank, thereby pre-disposing the corn plants to
stalk breakage and ear drop. The feeding of ECB larvae also results in reduced ear and
kernel size leading to seed yield loss and/or reduced quality (Mason et al., 1996).
Furthermore, ECB larvae carry spores of pathogens such as ear rot fungi from the leaves
of the crop to the kernels, thus causing secondary infections (Christensen and Schneider,
1950; Sobek and Munkvold, 1999).
Despite serious losses due to ECB, many growers are reluctant to use currently
recommended integrated pest management approaches to control this pest. The reluctance stems from three main reasons. The first reason is that infestation of ECB is hard to
predict and varies from year to year. Growers are usually uninterested in incurring costs
on scouting to determine the profitability of insecticide applications since ECB is so
unpredictable. The second reason is the intricate feeding and survival techniques of the
insect itself. The corn borer larvae feed in leaf whorls after they hatch and then move into
the stalks to pupate inside the stem burrows, thereby avoiding the insecticide applications. In order to maintain any type of control, insecticides must be applied during the
2–3-day period between egg hatching and burrowing in the stems. The third reason why
growers are unwilling to control ECB through chemical methods is due to inadequate
control provided by insecticides. For example, insecticides, even if timed well, typically
provide control from 60 to 95 % of first generation larvae and 40–80 % of second
generation larvae.
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Rootworms are the larval stage of Northern, Southern or Western corn rootworm
beetles. The larval stage develops in the soil and feeds on the roots of corn. Feeding by
rootworm larvae on the corn root system results in restriction of water and nutrient
movement leading to yield losses and lodging of plants (Levine and Oloumi-Sadeghi,
1991; Monsanto, 2003).
Use of soil insecticides to control larval stages and insecticide sprays to control adult
beetles is the most common approach to manage rootworm problems. Total expenditure
for corn rootworm-targeted insecticides topped $171 million in 2000 (Alston et al.,
2002). However, excellent rootworm-control products have fallen by the wayside as
rootworm has developed resistance to various insecticides (Levine and Oloumi-Sadeghi,
1991). In addition to insecticide use, crop rotation is another most widely used cultural
method to manage corn rootworms. Since a variant of the corn rootworm became the first
pest ever to develop a way of foiling crop rotations, corn growers have been seeking a
breakthrough in corn rootworm management. Biotechnology was deemed to offer
exciting new possibilities and was expected to mark a new era for corn rootworm
management in the United States.
Cutworm is among the major soil insect problems of field corn, similar to rootworm.
Many species of cutworm injure corn throughout the US, but the black cutworm is the
most widespread and causes the maximum damage. Black cutworm larvae are pests of
seedling corn (Minnesota Department of Agriculture’s Black Cutworm Fact Sheet). On
younger, small-stemmed corn plants, larvae cut the plant off at or near soil level thus
reducing plant stands and necessitating replanting. If not replanted, yield losses from
cutworm can be as high as 25 % (Pike, 1995).
Fall armyworm infestations are most common in the Southern corn-growing regions of
the US, because of the insect’s inability to overwinter in areas where the ground freezes
(Sparks, 1979). Late-planted fields and later-maturing hybrids are more susceptible to
damage by fall armyworm. In general, fall armyworm is not a problem on field corn, but
in an outbreak year it may cause significant damage of about 10 % due to leaf and ear
feeding (Anonymous, multiple years). Similar to ECB, fall armyworm control is also
difficult due to its hidden feeding habit.
Corn growers employ both cultural and chemical methods for the control of cutworm
and armyworm. Cultural control methods for cutworm include delaying planting 7 days
or longer after seedbed preparation to lessen the numbers of cutworm surviving at crop
emergence, and controlling weeds 6 weeks before planting to eliminate possible weedy
hosts. Conversely, early planting of corn is the most widely recommended and effective
cultural practice for lowering fall armyworm pressure in corn. Although some growers
apply soil insecticides to prevent infestation of armyworm and cutworm, this practice is
usually not economically justified in the United States.
Bt Cotton
Two applications of Bt cotton, Bollgard I and Bollgard II, are currently in commercial
production in the United States. Bollgard I has been available to American cotton
growers since 1996 (Gianessi et al., 2002), while growers gained access to Bollgard II for
the first time in 2003 (Mills and Shappley, 2004).
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Bollgard I cotton expresses the Cry1Ac delta endotoxin. The target pests for Bollgard I
cotton are tobacco budworm and pink bollworm. It also provides suppression of cotton
bollworm, looper, armyworm and other minor lepidopteran cotton pests.
Bollgard II is the second generation of insect-protected cotton that offers enhanced
protection against cotton bollworm, fall armyworm, beet armyworm and soya bean
looper while maintaining control of tobacco budworm and pink bollworm (similar to that
provided by Bollgard I). Bollgard II contains two Bt genes, Cry1Ac and Cry2Ab,
compared to the single gene in its predecessor, Bollgard I. The presence of two genes
in Bollgard II provides cotton growers with a broader spectrum of insect control,
enhanced control of certain pests and increased defense against the development of
insect resistance. Presence of the Cry2Ab gene in addition to the Cry1Ac in Bollgard II
cotton provides a second, independent high insecticide dose against the key cotton pests.
Therefore, Bollgard II is viewed as an important new element in the resistance management of cotton insect pests.
Since its introduction, Bollgard I acreage has increased steadily in the United States
and was planted on 46 % of the total cotton acreage in 2003 (Table 1.2.3). On the other
hand, Bollgard II cotton was planted on a limited basis in the introductory year of 2003.
Adoption across the country represented only 0.2 % of the total planted cotton acreage.
Bollgard I cotton will be phased out of commercial production in future in the United
States once Bollgard II seed supply is abundant to meet the growers planting needs.
Cotton Insect Pests and Their Management Issues
Cotton is a major market for pesticide use in the United States (Gianessi and Marcelli,
1997). More than 90 % of the entire cotton acreage in the United States is treated with
insecticides. The most damaging cotton pests are those that attack squares and bolls such
as the cotton bollworm, tobacco budworm, pink bollworm, boll weevil and lygus bugs.
Larvae of cotton bollworm and tobacco budworm (often referred to as bollworm/
budworm complex due to difficulty in identifying them in their early stages) feed on
young cotton plants by devouring their apical portions thereby delaying plant growth.
Feeding on mature plants leads to abnormal pollen in open flowers, squares and
non-productive bolls. Damaged bolls are lost to boll rot even if not eaten completely.
Yield losses due to bollworm/budworm complex are typically higher in bloom stage.
Without effective control, cotton bollworm and tobacco budworm can cause yield losses
of 67 % (Schwartz, 1983).
Pink bollworm is a major cotton pest in certain regions of California, Arizona, New
Mexico and Texas. Pink bollworm larvae feed on the developing flowers and bolls.
Larvae feed on squares in the early season without economic damage to the crop but,
once bolls are present, they become the preferred food supply. Damage is caused late in
the season, as developing larvae tunnel through the boll wall and then lint fiber. The
burrowing activity of the larvae stains lint, destroys fibers and reduces seed weight,
vitality and oil content. Pink bollworm cuts holes in boll walls as it leaves for pupation,
leaving the bolls susceptible to infections from boll-rotting fungi.
Insecticides and cultural practices (such as manipulating the dates for planting,
irrigation water cutoff and stalk destruction) are commonly used in the management of
cotton pests. Chemical control costs for cotton bollworm, tobacco budworm and pink
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bollworm usually average around 60–70 % of the total pesticide costs to American cotton
growers (Gianessi et al., 2002). Cotton insects, bollworm/budworm complex in particular, have developed resistance to insecticides belonging to the classes of organophosphates, pyrethroids and carbamates posing serious problems in cotton pest management.
Biotechnology-derived insect-resistant cotton was deemed to fill the holes left by
conventional cotton pest management programs.
Impacts of Insect-Resistant Crops
Direct impacts. The most substantial impact of insect-resistant crops has been improvement in crop yields. Unlike conventional insecticides, Bt crops offered in-built, seasonlong and enhanced pest protection which has translated to gained yields. Another
significant impact of insect-resistant crops has been the reduction in insecticide use
targeted for key pest control because Bt crops eliminate the need for insecticide
applications. Reduction in overall insecticide use and the number of insecticide sprays
has led to a reduction in overall input costs for the adopters of Bt crops.
Indirect impacts. An indirect impact of Bt crops is the influence they exert on local target
insect populations, leading to an overall reduction of insects in a field. This effect is
termed ‘halo effect’ and has been noted in Bt corn and cotton. Volunteer crop plants have
been reduced in the following season in Bt corn and cotton, as dropped ears and bolls
were significantly reduced (Alstad et al., 1997).
By targeting specific insects through the naturally occurring protein in the plant, Bt
crops reduced the need for and use of chemical insecticides. By eliminating chemical
sprays, the beneficial insects that naturally inhabit agricultural fields are maintained and
even provided a secondary level of pest control. Beneficial insect-feeding bird populations were reported to be higher in numbers in Bt cotton fields compared to conventional
fields (Edge et al., 2001).
Another indirect benefit from insect-resistant crops relate to environment due to
reduction in insecticide use. Energy use and atmospheric CO2 are projected to decline, as
insecticides require fossil fuel in their production, transportation, and application. Below
are specific impacts that resulted from the planting of Bt corn and cotton.
Impacts of Corn Borer-Resistant Bt Corn
Bt corn varieties (YieldGard Corn Borer and Herculex I) provided high levels of
protection against corn borer, which is equal to, if not greater than, the previously
used conventional pest management options. Bt corn protection against the previously
uncontrolled corn borers aided in preventing yield losses as a result of which gains have
been noted in corn yields. Overall yield advantage from Bt corn ranged from 4% to 8 %,
depending on ECB pressure in a particular year, in spite of planting 20 % of the fields to
conventional corn refuge to prevent resistance development in insects (Marra et al., 2002;
Sloderbeck et al., 2000).
Similar to crop yields, economic impacts due to Bt corn varied based on the level of
insect infestation. When insect infestation levels were higher, Bt-corn delivered clear
economic benefits (Alstad et al., 1997). On the other hand, economic benefits were lower
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in low infestation years (Marra et al., 1998). Overall, net economic returns have been
higher from Bt corn compared to conventional varieties (Fernandez-Cornejo and
McBride, 2000).
In addition to yield improvements, Bt corn has also led to reduction in insecticide use.
Unlike other Bt crops, such as cotton, reductions in insecticide use from Bt corn were
only moderate. This is due to the fact that only a minor acreage gets treated for ECB
control in the United States each year (Gianessi et al., 2002; Phipps and Park, 2002).
Moreover, the insecticides used to control ECB are also effective against other insect
pests to which Bt corn does not provide any protection. Nevertheless, surveys of corn
growers in various mid-western states of the United States unanimously indicated that
insecticide use decreased significantly since the planting of Bt corn hybrids (Rice, 2004).
An indirect benefit noted with Bt corn was reduction in the outburst of podworm
(referred to as earworm in corn) infestations in rotational crops such as soya bean and fall
vegetables. Research in the mid-Atlantic region of the United States consistently showed
that corn earworm suppression in YieldGard Corn Borer corn (especially event Bt 11)
was significantly better than the Herculex I corn (Dively, G., University of Maryland,
personal communication, 2004). In the mid-Atlantic area, use of Bt corn hybrids reduced
the recruitment of earworm moths from corn by 90 % or more and delayed emergence by
2 weeks. Thus, the risks of podworm outbreaks in soya bean and several vegetable crops
during the fall were significantly reduced. This has resulted in substantial indirect savings
to farmers.
Adoption of Bt corn has also led to reduced incidence of ear rot and stalk rot diseases
in the United States. The wounds made on the plant by corn borer act as open infection
sites for fungi and, in some cases, corn borer larvae themselves act as vectors of
pathogenic fungi such as Fusarium species by carrying the fungal spores directly into the
wounds. The primary importance of the above diseases is their association with
mycotoxins, particularly the fumonisins. Fumonisins are a group of mycotoxins that
can be fatal to livestock and are probable human carcinogens (Munkvold and Desjardin,
1997). The importance of fumonisins in human health is still a subject of debate, but
there is evidence that they have some impact on cancer incidence in some parts of the
world (Marasas, 1995). Multi-year studies showed that kernel feeding by insects, extent
of ear rot infestation and fumonisin levels in Bt corn were significantly lower than in
conventional corn (Munkvold et al., 1999).
Impacts of Rootworm-Resistant Bt Corn
Excellent root protection was noted in university trials with Bt hybrids. The consistency
of Bt corn hybrids was 100 %, whereas insecticide use was only 63 % consistent in
protecting roots against economic damage (Rice, 2004). However, information is sparse
on yield response of rootworm-resistant corn hybrids as 2003 was the first field year.
Most of the field research with Bt corn hybrids in 2003 has focused on root injury.
However, available information indicates that Bt hybrids yielded 1.5 %–4.5 % higher
relative to a soil insecticide treatment (Lauer, 2004; Rice, 2004).
Unlike Bt corn resistant to corn borer, pesticide use reductions due to rootworm-resistant
corn would be higher as predictability of insect infestations, overall insecticide use and
total number of acres treated for rootworm control are higher. Less than 5 % of corn acres
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get treated for ECB control in US each year, while corn growers treat more than 10 % of
the acres with insecticides for rootworm control (Alston et al., 2002). A 75 % reduction
in insecticide use has been predicted with the adoption of rootworm-resistant corn in the
United States (Rice, 2004). With planted acres of only 0.5 % of the total, rootwormresistant Bt corn hybrids reduced insecticide use by 0.7 lb active ingredient per acre
(ai/A) or 225 000 pounds and $4.4 million in insecticide costs in 2003 (Sankula and
Blumenthal, 2004). An ex-ante analysis of the impacts of rootworm-resistant corn based
on acres treated in 2000 reported $58 million savings due to reduced use of insecticides
(Alston et al., 2002).
Similar to corn borer-resistant corn, rootworm-resistant corn will also decrease the
incidence of stalk rot in corn due to reduced feeding of rootworm larvae on corn roots.
Other intangible benefits associated with the use of rootworm-resistant corn would be
safety of reduced handling of insecticides, better and consistent pest control, time,
equipment and labor savings (Rice, 2004).
Impacts of Bt Corn Resistant to Cutworm and Armyworm
Due to full season and full plant expression of Cry1F protein, the larvae of both cutworm
and armyworm are exposed to Bt toxin at all stages in their life cycle. Consequently,
yield losses have been significantly reduced in Bt corn. Based on corn acreage treated for
cutworm control with insecticides in 2003 and planted Bt corn acreage of less than 1 %, it
was estimated that net economic impact of planting insect-resistant varieties was
$9.6 million due to reduced yield losses and insecticide use (Sankula and Blumenthal,
2004). Since 2003 was the first year of commercial production of Herculex I corn and
since fall armyworm is a sporadic pest, impact information is sparse.
Impacts of Bt Cotton
Bt cotton provided the best arsenal against the key lepidopteran pest problems. It served
as a valuable alternative pest management tool in regions where budworms had become
resistant to conventional pyrethroid insecticides. Since Bt cotton productions fit well with
boll weevil eradication programs in cotton, the adoption of Bt cotton has been high in
areas where boll weevil eradication programs are used. Bt cotton functioned as an
insurance against unchecked budworm and bollworm populations in these areas because
of the lack of natural predators (Gianessi et al., 2002).
Overall, Bt cotton plantings have led to highest per acre grower benefits and largest
reduction in insecticide use among all the insect-resistant crops. Number of acres treated,
applications and lost production have all declined significantly. Numerous studies have
confirmed that, in general, Bt cotton conferred a significant economic advantage relative
to conventional technologies, due to improved yields and reduced insecticide use (Bryant
et al., 2000; Cooke et al., 2001; Gianessi and Carpenter, 1999; Mullins and Mills, 1999).
Yield advantage for Bt cotton generally ranged from 7 % to 12 % (Bryant et al., 1999;
Stark, 1997).
Cotton growers applied fewer insecticide treatments, two to eight treatments fewer
in certain states (Fernandez-Cornejo and McBride, 2000). Averaged across various
cotton-growing states, insecticide applications were reduced by at least two in 2003,
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which translated to time, labor and energy savings for cotton growers (Mullins and
Hudson, 2004; Sankula and Blumenthal, 2004). A 1999 estimate by EPA (2001)
indicated a reduction of 1.6 million pounds of insecticide use due to Bt cotton. By
2003, insecticide use was further reduced by another 50 % (Sankula and Blumenthal,
2004).
Higher yields coupled with lowered insecticide use in cotton production have led to
improved grower returns, in spite of associated technology fees. Grower benefits were
reported to be 175 % higher in 1999 compared to 1996 due to Bt cotton (EPA, 2001). In
2003, Bt cotton (Bollgard I) delivered net economic benefits worth $190 million in the
United States (Sankula and Blumenthal, 2004).
Local ecosystems were impacted favorably since the planting of biotechnology-derived
Bt cotton. Research has shown that beneficial insect-eating bird populations flock more to
Bt cotton fields as opposed to conventional fields (Edge et al., 2001).
The need for supplemental remedial insecticide applications to fully control pests such
as cotton bollworm has been a minor drawback for Bollgard I cotton. Bollgard I cotton
has been consistently efficacious on tobacco budworm and pink bollworm. However,
Bollgard I provides only suppression of cotton bollworm, looper, armyworm and other
minor lepidopteran cotton pests. As a result, growers may have to spray for these pest
problems under certain circumstances, especially during bloom stage.
In 2003, about 74 % of the US cotton crop was infested with the bollworm/budworm
pest complex of which 86 % were bollworms (Williams, 2003). Approximately 52 % of
the Bt cotton acreage (Bollgard I) was sprayed with insecticide applications to control
bollworms in 2003 (Williams 2003). Number of insecticide applications for bollworm
control in Bt cotton averaged 0.54 per acre in 2003.
Evidence indicates that Bollgard II cotton enhanced insecticidal activity against pests
on which Bollgard I was weakest. The enhanced control with Bollgard II of the principal
cotton bollworm/budworm complex and control of secondary lepidopteran insect pests
(such as the armyworm and looper) has resulted in further yield increases and reductions
in insecticide use in the United States. Multi-state trials in 2003 indicated that lint yields
were improved by 26 %, returns were 37 % higher and insecticide treatments were 83 %
lower with Bollgard II cotton compared to Bollgard I (Mullins and Hudson 2004). In
comparison to the conventional non-Bt cotton, Bollgard II cotton averaged 3.6 fewer
insecticide applications, $17 less insecticide costs, 74 pounds more lint yields and $40
higher economic returns in 2003 (Mullins and Hudson, 2004).
Insect-Resistant Crops and Refuge Requirements
To slow the evolution of insect adaptation to Bt toxin, which may render an otherwise
valuable technology useless, the Environmental Protection Agency mandated in 2000
that Bt corn and cotton growers set aside some acres where non-Bt crop will be grown to
serve as a ‘refuge’. The refuge fields will support populations of insects not exposed to
the Bt toxin and will help prevent resistance development when they cross-breed with
insects in the Bt fields.
Mandatory refuge requirements for corn obligate that growers plant at least 20 % of the
area with conventional varieties. This means that the maximum amount of Bt corn on any
farm would be 80 % of the corn acreage planted. On the other hand, three distinct refuge
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designs were available for cotton growers since 2001: a 20 % sprayed refuge option, 5 %
unsprayed refuge option outside Bt corn and 5 % embedded refuge option. The
probability of resistance development is not a major issue in cotton at present as
Bollgard II cotton is available commercially.
Companies that developed Bt crops (Dow AgroSciences; Pioneer Hi-Bred International, Inc; Monsanto Company; and Syngenta Seeds, Inc) are engaged in an aggressive
and broad-based awareness campaign aimed at ensuring that growers understand
resistance management obligations in Bt crops. Some of these efforts include informative
collateral material, a web-based training module, on-farm visits and other education- and
compliance-based activities. The Compliance Assurance Program (CAP), introduced by
the seed industry in 2002, has increased the awareness of the growers of insect resistance
management (IRM) strategies in Bt crops. Under the CAP, growers who do not meet their
IRM refuge requirements in two consecutive years can be denied access to Bt varieties in
the third year by their Bt corn seed provider.
Consequently, grower compliance to refuge establishment and management has been
high in the United States. The National Corn Growers Association reported that 92 % of
the nation’s growers met the IRM requirements for Bt corn in 2003, which was 87 %
higher compliance, than in 2000 (National Corn Growers Association’s Press Release,
2004). A survey of 550 Bt corn growers in the Corn Belt and Cotton Belt during the 2004
growing season by Agricultural Biotechnology Stewardship Technical Committee highlighted that 91 % met regulatory requirements for refuge size while 96 % met refuge
distance requirements. An internal survey by the Environmental Protection Agency
indicated that 77 % of cotton farmers were in compliance with the refuge requirements
for Bt cotton in 2002.

Virus-Resistant Crops
Biotechnology-derived virus-resistant crops were developed to express genes derived
from the pathogenic virus itself. Plants that express these genes interfere with the basic
life functions of the virus. Use of coat protein genes is the most common application of
pathogen-derived resistance. The specific mechanism for coat protein-mediated resistance is not clearly elucidated, but evidence indicates interruption of critical processes
like replication, post-transcriptional gene expression, virion coating/uncoating and
intercellular transport (Beachy et al., 1990; Kaniewski and Lawson, 1998). The expression of the coat protein gene gives protection against infection of the virus from which
the gene is derived, and possibly other viruses as well (Di et al., 1996).
Adoption of Virus-Resistant Crops
Two virus-resistant crops, papaya and squash, have been planted in the United States
since 1998. Of the two, biotechnology-derived papaya is a dramatic illustration of
biotechnology success in the United States. Virus-resistant papaya acreage increased
steadily since its first commercial planting and was planted on 46 % of the total acreage
by 2003 (Table 1.2.4). Since biotechnology-derived papaya is not approved for human
consumption in export markets such as Japan and the European Union, American papaya
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Table 1.2.4 Adoption of biotechnology-derived virus-resistant papaya in the United States.
Year

Planted papaya
acreage

VR papaya acreage
as a % of total planted acres

VR papaya
acres

1999
2000
2001
2002
2003

Acres
3205
2775
2720
2145
2380

%
37
42
37
44
46

Acres
1186
1166
1060
944
1095

Source: Hawaii Agricultural Statistics Service, multiple years.

growers are forced to plant conventional varieties to meet the trade requirements.
Adoption of virus-resistant papaya, however, will grow significantly once export markets
approve the shipments of biotechnology-derived varieties.
Biotechnology-derived transgenic squash production in the United States is concentrated mostly in Georgia followed by Florida. Planted acreage of virus-resistant squash
in these two states accounted for 3 % of the total US acreage in 2003. The adoption of
virus-resistant squash has been low and stagnant for several reasons. Biotechnologyderived squash does not provide protection against papaya ringspot virus, a virus of
significance in squash production. Lack of availability of the virus-resistance trait in the
myriad squash varieties that are currently under cultivation in the United States is a
second factor that limited the widespread adoption of biotechnology-derived varieties. In
the last few years, several traditionally bred varieties with tolerance to key virus problems
have been introduced. As a result, these varieties are being used on more acres than the
biotechnology-derived varieties. The high seed costs of biotechnology-derived varieties
further hindered the adoption of transgenic squash. Seed costs of biotechnology-derived
squash varieties are two to four times higher than susceptible conventional varieties. In
contrast, traditionally bred varieties that have some virus tolerance are only 50 % more
costly than the susceptible ones.
Virus Problems in Conventional Papaya and Squash
Papaya ring spot virus is the most important disease that affects papaya. Papaya
production in the United States, concentrated mainly in Hawaii, was declining in the
1990s due to epidemics of papaya ringspot virus. Hawaiian farmers relied on surveying
and rouging the infected trees to keep the virus from spreading to other fields. This
process of identification and destroying of infected trees turned out to be expensive and
ineffective, and led to a collapse of papaya industry in Hawaii.
Four viruses affect summer squash production in the United States. They are the
zucchini mosaic virus, watermelon mosaic virus 2, cucumber mosaic virus and the
papaya ringspot virus. These viral diseases can cause devastating losses to squash due to
leaf mottling and yellowing, stunted plant growth and deformed fruit. Growers often use
foliar applications of petroleum oil to create a barrier between the aphids that transmit the
virus and the plant to prevent the attachment of the virus when aphids probe infected
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plants with their stylets. To be effective, oil applications must be made before aphids
appear and thus are applied in the absence of the virus in some years.
The most conventional way to manage viruses is to limit their transmission by
controlling insect vectors and by planting resistant varieties developed through conventional tactics. Control of viruses through insect vectors is rather difficult for two reasons.
The first is that virus transmission through insects is almost immediate, which makes
insecticide applications futile; the other is that the secondary hosts that harbor the viruses
do not show any symptoms of the virus. Natural virus resistance, on the other hand, is not
available in all crops and the protection offered is highly variable. While use of
conventionally developed virus-resistant squash varieties has yielded some success,
resistant varieties do not exist for papaya.
Impacts of Virus-Resistant Crops
Papaya. The papaya industry owes its continued existence in Hawaii to biotechnology.
Virus-resistant papaya has facilitated strategic planting of conventional varieties in areas
that were previously infested with the ringspot virus, and also planting of conventional
and biotechnology-derived varieties in close proximity to each other (Gonsalves et al.,
2004).
Papaya production, which had fallen 45 % from the early 1990s to 1998, rebounded by
44 % by 2003 (Hawaii Agricultural Statistics Service, 2004). Experts credit this increase
in papaya production to planting of virus-resistant varieties. Biotechnology-derived
papaya, overall, has restored the economic viability of an industry that was on the
verge of extinction.
Squash. American growers have planted biotechnology-derived squash varieties as an
insurance against yield losses from fall plantings, during which time infestations are
more prevalent. In-built virus protection in squash has led to an increase in the number of
harvests, higher yield per harvest and higher quality fruit (Fuchs et al., 1998; Schultheis
and Walters, 1998). Virus-resistant squash did not reduce insecticide use because the
chemicals that control aphids also control white flies. Insecticide applications need to be
made to biotechnology-derived squash to prevent whitefly infestations.

Herbicide-Resistant Crops
Herbicide-resistant crops that were planted on a commercial scale in 2003 in the United
States include bromoxynil-resistant cotton (BXN), glufosinate-resistant corn and canola,
and glyphosate-resistant canola, corn, cotton and soya bean. BXN was introduced in
1995 while glufosinate-resistant corn and canola were commercialized in 1997 and 1999,
respectively. Glyphosate-resistant canola, corn, cotton and soybean have been available
in the United States since 1999, 1998, 1997 and 1996, respectively. Glyphosate-resistant
sugar beet has been available for commercial planting since 1999; however, adoption has
been non-existent due to marketing issues.
Herbicide-resistant crops have experienced the most widely used application of
agricultural biotechnology in the United States. Adoption has increased steadily since
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Table 1.2.5 Adoption of herbicide-resistant crops in the United States.
% of total acreage
Crop

Resistance to 1995 1996 1997 1998 1999 2000

2001 2002

Canolaa

Glufosinate/
Glyphosate
Glufosinate/
Glyphosate
Bromoxynil
Glyphosate
Glyphosate

Cornb
Cottonb; c
Cottonb; c
Soya beand; b

2003

—

—

—

—

31

47

~50

~70

75

—

—

—

9

8

6

7

11

14

<1
—
—

<1
—
2

1
4
13

6
21
37

8
37
47

7
54
54

4
55
68

2
61
75

2
72
82

Sources: aColeman, B., North Dakota Canola Growers’ Association, personal communication, 2005; bUSDA-NASS,
multiple years; cUSDA-AMS, multiple years; dMarshall, K., Monsanto, personal communication, 2000.

they were first commercialized. While soya bean has been the most predominantly
planted herbicide-resistant crop, corn has been adopted at a slightly slower pace. In 2003,
herbicide-resistant canola, corn, cotton and soybean were planted on 75 %, 14 %, 74 %
and 82 % of the total planted acreage respectively (Table 1.2.5).
Of the 75 % of the canola acres planted to biotechnology-derived varieties in
2003, 55 % were planted to glyphosate-resistant varieties while the rest comprised
glufosinate-resistant varieties. Acreage planted to glufosinate-resistant canola increased
significantly in 2002 and 2003 due to awareness of and increased knowledge about the
trait, availability of the trait in high-yielding varieties and also due to a greater choice of
varieties.
Both glyphosate- and glufosinate-resistant corn varieties were planted in 2003 in the
United States. However, adoption of glufosinate-resistant corn has been low in several
states and insignificant in some states compared to glyphosate-resistant corn. Competitive
pricing of glyphosate, good seed distribution systems and effectiveness of glyphosate in
controlling weeds were the major driving forces behind the rapid increase in the adoption
of glyphosate-resistant corn compared to glufosinate-resistant corn.
The lack of approval for biotechnology-derived corn imports into the European Union
and the lack of availability of the herbicide-resistance trait in the varieties adapted for
corn-growing regions have weakened the adoption of herbicide-resistant corn. However,
with the end of the 5-year moratorium and the approval of imports of herbicide-resistant
corn into the European Union in 2004, herbicide-resistant corn adoption is projected to
increase significantly in the next few years.
About 97 % of the herbicide-resistant cotton acreage in the United States in 2003 was
planted to glyphosate-resistant varieties. Adoption of BXN was only 2 % in the US in
2003. Deficiencies associated with the BXN system, such as the inability of bromoxynil
to control certain key broadleaf weeds (e.g., sicklepod) and its lack of activity on grass
weeds, were the main contributing factors for the poor and declining adoption of BXN
cotton. Restrictions placed by the Environmental Protection Agency on bromoxynil and
lack of availability of stacked varieties (herbicide- and insect-resistance together) further
limited its adoption. A weed management system that was available to growers for the
first time in 2004 was glufosinate-resistant cotton. Planted acreage of glufosinateresistant cotton has been limited in the introductory year of 2004.
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The adoption of herbicide-resistant soya bean is the most rapid case of technology
diffusion in the history of agriculture. Available for planting since 1996, adoption
increased briskly each year and reached 85 % in 2004 (Fernandez-Cornejo, 2004).
This is the highest adoption rate for any biotechnology-derived crop in the world.
Weed Management Deficiencies in Conventional Crops
Common weed management programs in conventional crops incorporate the use of many
herbicides, targeted at a specific weed or groups of weeds. Herbicides are usually applied
either as pre-plant incorporated (PPI) treatments prior to planting, pre-emergence (PRE)
applications at planting or before crop emergence, post-emergence (POST) applications
after the crop has emerged or a combination of PRE followed by POST applications.
Several factors limit the success of PRE and PPI herbicide applications. Both PRE and
PPI applications involve guesswork since herbicides are applied anticipating the weed
species that may emerge. In addition, soil-applied PRE herbicides rely greatly upon
rainfall resulting in poor weed control under extremely low or high rainfall. As a result of
the unpredictable nature of PPI and PRE treatments, there is an increasing trend toward
total POST programs. In a POST program, herbicides are chosen based on weed species
that are in the field, taking into consideration the limits of crop and weed growth
(Carpenter et al., 2002). Herbicide-resistant crops facilitate the use of POST herbicides
such as glyphosate and glufosinate.
In conventional crops, control of annual and perennial broadleaf and grass weeds
cannot be achieved with one herbicide application. In most cases, a tank-mix partner is
needed for complete weed control. Conventional crops such as cotton, on average,
receive three herbicide applications consisting of three active ingredients along with one
to three cultivations. Herbicide-resistant crops, on the other hand, eliminate the need
for multiple herbicides and applications as complete weed control is achieved with a
single application of one herbicide alone. This simplicity in weed management is a
major reason why growers have embraced herbicide-resistant crops (Carpenter et al.,
2002).
The flexibility associated with herbicide-resistant crops in managing weeds is another
reason for their widespread adoption. Weed management programs in herbicide-resistant
crops are less restricted by growth stage and size of crop and weed species. Herbicides
used in conjunction with herbicide-resistant crops can be applied at later crop growth
stages as opposed to conventional herbicides. For example, glyphosate can be used up to
the five-leaf stage on cotton, six-leaf stage on canola and up to flowering on the soya bean
(Carpenter et al., 2002). These application windows are much wider compared to
herbicides used in conventional crops. The maximum height up to which glyphosate
applications can be made to control two corn weeds, foxtail and fall panicum, is 6 inches,
as opposed to 3 inches with the premix of conventional herbicides atrazine/rimsulfuron/
nicosulfuron (trade name: Basis Gold) (Curran et al., 1999).
Prior to herbicide-resistant crops, the potential for crop injury was a huge issue with
herbicides used in conventional crops, especially in soya bean and cotton. Herbicideresistant crops allayed the fear of crop injury, as damage to crop is non-existent with
herbicides used in these crops. Moreover, unlike conventional crops, herbicide carryover
is not a concern in herbicide-resistant crops. Herbicides used in biotechnology-derived
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crops such as glyphosate and glufosinate have no residual activity, and therefore crops
can be planted without waiting for the herbicide residues to break down.
Impacts of Herbicide-Resistant Crops
Herbicide-resistant crops have been adopted very enthusiastically in the United States as
these crops have simplified weed management, thereby increasing the overall crop
production efficiency of growers and reducing reliance on intense herbicide use. Impacts
that resulted from the adoption of individual crops are detailed below.
Canola. Weed management is extremely critical in canola, more so than in other crops,
for three reasons: its slow initial growth leading to its poor ability to compete with weeds;
the narrow row plantings which prevent the use of cultivations thereby increasing
dependence on the use of herbicides; quality concerns due to weed seed contamination
leading to severe price cuts and oftentimes market rejection. Though conventional
herbicides provide effective control of target weeds, weed management is often challenging in canola due to crop injury from herbicides, fewer and expensive options for
perennial weed management and weed resistance to conventional herbicides.
Growers have embraced herbicide-resistant canola varieties due to increased ease in
controlling problem weeds such as wild mustard, kochia and Canada thistle (Jenks, B.,
North Dakota State University, personal communication). Control of these weeds is
costly with the available conventional options and necessitates the use of numerous
herbicides. Both glyphosate- and glufosinate-resistant canola varieties provided weed
control equivalent to that achieved with conventional herbicides but with the use of one
or two herbicides and one or two applications only, and at a reduced rate and cheaper
cost. The one-pass chemical operation, characteristic of herbicide-resistant canola
systems, increased the simplicity in managing weeds and also eliminated the cost of
additional machine operations over the field. Overall, estimated grower savings due to
herbicide-resistant canola include a reduction in herbicide use of 0.7 pounds and weed
management costs of $15 per acre (Johnson et al., 2000). A most recent impact estimate
indicated that herbicide use was reduced by 0.4 lb ai/A and grower cost savings improved
by $11/A due to decreased herbicide use and applications (Sankula and Blumenthal,
2004).
Another benefit to using herbicide-resistant canola is the preservation of moisture on
the soil surface due to the elimination of mechanical cultivations for herbicide incorporation and supplemental weed control. Moisture creates a good seedbed that is difficult
to achieve with conventional weed management strategies.
Corn. The niche for herbicide-resistant corn was in the control of specific difficult-tocontrol problem weeds such as Johnsongrass, Bermudagrass, crabgrass, burcucumber,
bindweed and herbicide-resistant weeds such as kochia and pigweed for which conventional weed control programs have limitations. Besides being cost-effective, weed
management programs in herbicide-resistant corn enhanced flexibility in timing herbicide applications because glyphosate and glufosinate can be applied at later growth stages
without injuring the crop (Brunoehler, 1999).
Herbicide-resistant corn proved to be an excellent choice in a dryland production
system, where crop competes poorly with weeds and weed control from soil-applied
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herbicides is dependent upon timely rainfall events that are needed for herbicide
incorporation. Use of glyphosate or glufosinate in herbicide-resistant corn eliminated
the need for herbicide activation as these herbicides are applied POST and do not need
activation to be effective. Furthermore, herbicide-resistant corn alleviated carryover
concerns in rotational crops such as alfalfa and vegetables.
The weed management program in conventional corn is typically based on PRE soil
applications of atrazine, a chemical that was used on two-thirds of the United States corn
acreage in 1998 (USDA-NASS, 1999). Herbicide programs in biotechnology-derived
corn replaced the previously used herbicide programs in conventional corn in two ways:
by facilitating the use of reduced rates of soil-applied PRE herbicides followed by a
POST application of glyphosate or glufosinate for problem weed management, or
substitution of the conventional herbicides with a total POST program with glyphosate
or glufosinate. This switch led to overall reduction in herbicide use of 0.96 lb/A and weed
control costs of $10/A in 2003 (Sankula and Blumenthal, 2004). Earlier estimates
suggested a 30 % or 0.7 lb ai/A reduction in herbicide use in herbicide-resistant corn
(Phipps and Park, 2002). Overall number of herbicide applications has however remained
the same due to substitutions of herbicides.
Cotton. Weed management in conventional cotton is often complicated due to its slow
early growth and sensitivity to herbicides, resulting in limited options when compared
with other row crops. As a result, conventional cotton requires a combination of
mechanical, manual and chemical control methods.
Biotechnology-derived herbicide-resistant varieties have led to a new era in cotton
weed management. Weed management has become simpler since the introduction of
herbicide-resistant cotton as one herbicide and few herbicide applications replaced a
multitude of control methods and herbicide applications. Another major advantage of
herbicide-resistant cotton was the increased ease in applying the POST over the top
herbicides with excellent crop safety.
Crop safety will further be enhanced with a second-generation glyphosate-resistant
cotton called Roundup Ready Flex cotton that is due for commercial release in the next
few years. The first generation of glyphosate-resistant cotton provided very good
vegetative tolerance but marginal reproductive resistance. Thus, any glyphosate applications beyond the five-leaf stage caused crop loss if the application was not directed. The
use of Roundup Ready Flex cotton will extend the window of application for glyphosate
and allow the use of its POST applications beyond the five-leaf stage, with the additional
benefit of higher use rates. This will provide growers additional flexibility when timely
herbicide application is delayed by environmental conditions. The second generation of
glyphosate-resistant cotton may further increase grower efficiency as herbicide applications can be combined with other applications of insecticide, plant growth regulators and
other topical applications. Herbicide-resistant cotton acreage is expected to further
increase when Roundup Ready Flex cotton is commercially available.
Herbicide-use patterns, herbicide rates and number of applications have changed due
to herbicide-resistant cotton (glyphosate-resistant mainly) in the United States. Glyphosate use increased from 8 % of the acres treated in 1994 to 69 % in 2003 (USDA-NASS,
2004). Conversely, there was a decrease in the use of herbicides used in conventional
cotton such as MSMA, trifluralin and fluometuron. Prior to herbicide-resistant cotton,
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growers typically used 2.7 herbicide-active ingredients for weed control (USDA-ERS,
1997), while number of active ingredients has come down by more than 50 % in
glyphosate-resistant cotton. Average herbicide use in cotton, based on NASS surveys,
has decreased by 5 % in 2003 compared to 1994. Altogether, cotton growers reduced
herbicide use by 9.7 million pounds in 2003 (Sankula and Blumenthal, 2004).
Cotton growers have adopted herbicide-resistant varieties as a way to reduce production costs also. Production costs have decreased as growers made fewer trips across fields
applying herbicides, made fewer cultivation trips and performed fewer handweeding
operations. The number of herbicide applications declined by 1.4, tillage operations by
1.7 and handweeding hours by 2.8 per acre in 2003 due to planting of herbicide-resistant
cotton varieties (Sankula and Blumenthal, 2004). In general, reduction in production
costs delivered net returns of $221 million to cotton growers in 2003.
Soya Bean. Weed management in soya bean production has changed radically since the
widespread adoption of glyphosate-resistant soya bean. It has become simpler, more
flexible and less costly with the use of herbicide-resistant varieties. Simplicity in weed
management has resulted from the replacement of multiple treatments of conventional
herbicides with one to two treatments of a single broad-spectrum herbicide. Furthermore,
crop injury, a common occurrence with conventional herbicides, ceased to be an issue in
glyphosate-resistant soya bean. The effectiveness of glyphosate in controlling weeds such
as waterhemp that has developed resistance to many conventional soya bean herbicides
has been another driving factor for the rapid adoption of glyphosate-resistant soya bean
(Johnson and Smeda, 2001).
A major impact of glyphosate-resistant soya bean has been a significant change in
herbicide use patterns in the United States. Since the introduction of glyphosate-resistant
soya bean, the use of most conventional herbicides has decreased, while the use of
glyphosate has increased. Glyphosate was used on 20 % of soya bean acreage in 1995, as
a burndown herbicide prior to planting or as a spot treatment during the growing season.
By 2002, glyphosate-treated acreage had increased to 78 % of soya bean acreage (USDANASS, 2003). Imazethapyr was the most commonly used herbicide in soya bean, applied
to 44 % of acreage in 1995. Since the commercialization of glyphosate-resistant soya
bean in 1996, however, imazethapyr usage steadily decreased to just 9 % of acreage by
2002. Similar trends were also noted with the other soya bean herbicides such as
pendimethalin (9 %), trifluralin (7 %) and chlorimuron (6 %).
A second major impact of glyphosate-resistant soya bean has been the reduction in
the amount of herbicide applications per acre. Evidence indicates that the number of
herbicide applications in herbicide-resistant soya bean decreased by 22 million or 13 %,
in spite of a 19 % increase in soya bean acreage in 2000 (Carpenter and Gianessi, 2002).
The reduction in the number of trips across the field led to energy and fuel savings,
increased the efficiency of the farming operations and reduced soil compaction
problems.
Herbicide use information on NASS database indicates that herbicide application rates
in soya bean increased slightly from 1995 to 2002 (USDA-NASS, 2003). Substitution
with glyphosate of low-use rate herbicides such as imazethapyr increased soya bean
acreage, and increased no-till production practices might have influenced this slight
increase in herbicide application rates.
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Another reason for the rapid expansion of herbicide-resistant soya bean acreage in the
US is the lower cost associated with the weed management programs in glyphosateresistant soya bean. Since glyphosate, the herbicide associated with herbicide-resistant
soya bean, is competitively priced and necessitates fewer applications, soya bean weed
management has become cheaper than the conventional alternatives. Based on technology charges and herbicide application costs in 2003, per acre weed management costs in
glyphosate-resistant soya bean were $20 lower than conventional soya bean (Sankula and
Blumenthal, 2004).
Several herbicides commonly used in conventional soya bean production have ground
water advisories, including alachlor, metolachlor and metribuzin. Although the amount
of herbicide that runs off a field is normally small (<2 % in terms of total amount
applied), the yearly flow-weighted average herbicide concentrations frequently exceed
drinking water standards (Shipitalo and Malone, 2000). As a result, there is growing
pressure to reduce the use of PRE herbicides in soya bean. Herbicides used POST such as
glyphosate are less subject to transport in runoff since they are foliar-applied. The use of
ground water-polluting herbicides was reduced by 60 % or 17 million pounds since the
introduction of herbicide-resistant soya bean (Krueger, 2001).

Herbicide-Resistant Crops and Crop Yields
Weed management programs in conventional crops are usually intensive, involving
multiple applications of several herbicides in combination with two or more cultivations
to obtain good weed control needed to prevent yield losses. As a result, no differences
were reported in crop yields between conventional and herbicide-resistant crops
(Fernandez-Cornejo, 2004).
Yield is a complex phenomenon governed by environment and genetics. Herbicideresistant crops differ from conventional crops in the introduced trait alone, and thus they
have no inherent ability to increase crop yields. However, the herbicide-resistant trait
enables crop plants to withstand non-selective herbicide applications, which are more
effective than individual conventional herbicides in controlling weeds. More effective
weed control means decreased yield losses and consequent yield increase.

Impact of Herbicide-Resistant Crops on Conservation Tillage Practices
In addition to positive agronomic and economic impacts, the adoption of biotechnologyderived herbicide-resistant crops has led to significant environmental impacts. Conservation tillage practices, no-till in particular, have increased significantly since the adoption
of herbicide-resistant crops. Grower surveys and expert polls strongly indicate that the
adoption of herbicide-resistant crops correlated positively with increase in no-till acreage
since 1996, the year when herbicide-resistant crops were first planted.
Weed control is a major concern in no-till fields as poor weather conditions hamper the
effectiveness of burndown herbicides used in no-till systems. Herbicide-resistant crops
increased growers’ confidence in their ability to control weeds without relying on tillage
because herbicides used in biotechnology-derived crops are more effective than those
used before. With that increased confidence, American growers planted 45 %, 14 % and
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Table 1.2.6 Impact of herbicide-resistant cotton on no-till acreage in the United States.
Year

No-till acreage
(million acres)

No-till acreage as a
% of total

% Increase in no-till
acreage based on 1996

1996
1997
1998
2000
2002

0.51
0.53
0.67
1.35
2.03

3.4
3.7
4.9
8
14

—
4
31
166
300

Source: Conservation Technology Information Center, multiple years.

300 % more acres to no-till in soya bean, corn and cotton, respectively, in 2003,
compared with years before their introduction. A survey by Doane Marketing Research
(2002) also revealed that herbicide-resistant crops have enabled growers to successfully
incorporate no-till production practices into their farming operations.
The increase in no-till acreage has been higher in cotton than any other crop (Table 1.2.6).
Several reasons have been cited for the dramatic increase in no-till cotton acreage. These
include adoption of herbicide-resistant crops which enable the over-the-top herbicide
applications, enhanced awareness in growers of the benefits of conservation tillage
practices, increase in fuel prices, access to better no-till equipment and availability of
better herbicides to control weeds in no-till fields. However, biotechnology-derived
cotton is by far the leading reason for this increase in no-till production practices in cotton.
The Conservation Technology Information Center reported in 2002 that increased use
of no-tillage reduced soil erosion by 90 % or nearly 1 billion tons and saved $3.5 billion
in sedimentation treatment costs (Fawcett and Towery, 2002). Other benefits from
no-tillage included significant fuel savings (3.9 gallons of fuel per acre), reduced
machinery wear and tear, reduced pesticide runoff (70 %) and water runoff (69 %),
reduced greenhouse gas emissions due to improved carbon sequestration and improved
habitat for birds and animals.
Some experts have credited herbicide-resistant crops for transforming American
agriculture from a carbon-intensive operation to a potential carbon sink. By providing
more assured weed control, biotechnology-derived herbicide-resistant crops have facilitated the increase in no-till production practices and the associated environmental and
economic benefits.

Conclusion
American experience from almost a decade-long use of biotechnology-derived crops
indicate that these crops have revolutionized crop production and provided best hope to
growers by helping to meet one of the key goals of production agriculture: improving
yields with the use of minimal inputs. Evidence thus far indicates that crop biotechnology
is critical in a world where natural resources are finite. Continuing improvements in
productivity facilitated by biotechnology-derived crops will enable growers in the United
States and worldwide to increase food security without having to bring more forestland
into agricultural use.
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American growers have increased planting of biotechnology-derived crops from 5
million acres in 1996 to 106 million acres in 2003. The fact that adoption of
biotechnology-derived crops has continued to grow each year since their first introduction
is a testimony to the ability of these products to deliver tangible positive impacts and to
the optimistic future they hold.
Adoption increased at a phenomenal pace in the United States due to the positive
impacts derived in the form of increased yields, improved insurance against pest
problems, reduced pest management costs and pesticide use and overall increase in
grower returns. Biotechnology-derived crops becoming such a dominant feature of the
American landscape also indicate the confidence of American farmers in these crops.
While control of key insect pests that resulted in increased yields and reduced insecticide
use were the reasons for the success of Bt crops, increased ease and flexibility of weed
management afforded by herbicide-resistant crops enhanced their adoption.
In spite of proven potential and documented positive impacts, opponents continue to
argue about issues such as the impacts of these crops on pest resistance and human
health, while many researchers have concluded that biotechnology-derived crops
are as safe as, if not safer than, their conventional counterparts. Concerns such as
pest-resistance and gene flow not only are akin to biotechnology-derived crops, but also
relate to conventional pest management practices as well. Therefore, it is important to
weigh risks against benefits to judge the value of the technology.
Biotechnology-derived crops in production to date in the United States have modified
crop protection characteristics only. The second generation of biotechnology-derived
crops is already underway and includes traits that may solve production challenges such
as cold tolerance, drought tolerance and increased nitrogen efficiency, and output traits
such as better flavor and appearance, greater shelf life and improved nutritive value. With
a pipeline that is packed with crops that may further improve yields and deliver health
and safety benefits to consumers, public approval for these crops will only continue to
increase in the near future.
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Introduction
Since the early 1990s, plant biotechnology research has been developing rapidly in
China. Transgenic technology has been used to develop new crop varieties with increased
resistance to pathogen/insect attacks, increased yield and improved quality. Compared
with conventional crop breeding programs, transgenic technology can reduce the time
to produce a new variety significantly. It only takes 2–3 years to produce a new variety by
the transgenic approach, while it normally takes 5–8 years by traditional means. The new
green revolution exemplified by transgenic technology will definitely have a significant
impact on future agriculture in China.
In 1993, China’s national biosafety committee for genetic engineering was established.
Out of 353 GM crop applications made between 1996 and 2000, it granted permission to
45 for field trial, 65 for release to the environment and 31 for commercial use (Huang
et al., 2002). Up to now, more than 3 million hectares of GM crops have been grown in
China, and six GM crop species have been granted permission for commercial growth.
These are cotton, soybean, maize, oilseed rape, tomato and pepper. The major GM crop
grown in China is cotton. Except for occasional use for oil production, it is generally not
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for food use. In 2002, China grew the largest areas of GM cotton in the world, with about
1.5 million hectares, accounting for one third of the total grown in China.
The rapid development of agricultural biotechnology in China has been due mainly to
the continuous support from the Chinese government in various funding schemes such as
‘National High-Tech Research and Development Program (863 Program)’, ‘National
Plant Transgenic Research and Commercialization Project’, ‘National Key Basic
Research and Development Program (973 Program)’ and the National Natural Science
Foundation. Funding for agricultural biotechnology is to be increased by four times,
reaching an annual amount of $500 million. It is also very important that China has been
building up an excellent human resource in the area of plant biotechnology. According to
incomplete statistics, the number of properly trained scientists in this field was increased
from 740 in 1986 to 1988 in 1999 (Huang et al., 2002). China will have the largest
number of research scientists in the biotechnology sector among the developing
countries. A new revolution of agricultural technology led by transgenesis has been
developing and will accelerate the development of high-yield, high-quality and highperformance agriculture. China has an abundant bioresource and a potentially very
large and demanding market. This has also been drawing the attention of the outside
world.
In this chapter, we will mainly discuss the current research activities in China in the
area of plant transgenesis and its application in agriculture.

Approaches to Produce Transgenic Plants
PEG-Mediated Protoplast Transformation
In the mid-1980s, technological breakthroughs and improvements enabled efficient rice
protoplast culture to be achieved (Abdullah and Cocking, 1986). This provided an
opportunity for plant scientists to put foreign genes directly into plant cells. Zhang and
Wu (1988) established an efficient embryogenic cell suspension culture from mature
embryo callus tissues of a japonica variety, ‘Taibei 309’. They regenerated transgenic rice
plants for the first time from suspension cell-derived protoplasts via PEG mediation.
However, this method had only limited applications because of the time-consuming
and genotype-dependent nature of establishing efficient protoplast culture systems. In
addition, PEG is also toxic to plant cells.
Particle Bombardment
Klein et al. (1987) from Cornell University developed a new method to deliver foreign
genes into a plant. They innovatively proposed to coat DNA molecules on the surface of
gold or tungsten particles of approximately 1mm, and foreign genes were delivered into
plant cells by physically bombarding these DNA-coated particles into intact plant cells or
tissues. Finally they made a gene delivery instrument known as the ‘gene gun’. Compared
with protoplast transformation, this transformation method is simpler and much less
genotype dependent. It soon became a widely-used method to transform monocot plant
species.
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Agrobacterium-mediated Transformation
Agrobacterium-mediated transformation is the method of choice to make transgenic
plants for dicot plant species but has been difficult to apply to monocot species. Chan
et al. (1992) first reported transgenic roots and calli generated by Agrobacterium-infected
seedlings of an indica rice variety, ‘TN1’. They demonstrated the expression of foreign
genes in these transgenic tissues. Later, they were able to increase the transformation
efficiency and finally regenerated transgenic plants from cultured rice immature embryos
after co-cultivating with potato cell suspension and agrobacterial cells. The transgenes
were shown to be inherited in the next generation (Chan et al., 1993). This transformation
technology for monocot species was proved and further improved by a Japanese group
(Hiei et al., 1994). Compared with particle bombardment, Agrobacterium-mediated
transformation has many advantages such as relatively well-defined gene transfer
(T-DNA), high percentage of single or low-copy transgene integration, potentially
high-transformation efficiency, cost-effectiveness and ease of use. It has been used by
more and more laboratories.
The Pollen-Tube Pathway
In 1993, an in planta method to produce transgenic plants was proposed by a Chinese
scientist, Professor Guangyu Zhou. Based on the formation and growth of pollen tubes
during pollination, she proposed the injection of a DNA solution into the plant ovary after
pollination. Foreign DNA might be able to get into the fertilized egg via the growing
pollen tube, and transgenic plants might be generated if the foreign DNA were to
integrate into the genome of the developing zygotes. This transformation method is very
unique; it uses the egg cell or the fertilized egg cell as the transformation target and
transgenic plants can be generated by simply allowing the fertilized egg cells to develop
into embryos. Therefore, it avoids the tissue culture process and obviously is also
genotype independent. In addition, it is technically simple and can be used by conventional breeding workers. Although it is a low-efficiency method, and the nature of its
transformation mechanism and the molecular evidence for it are not widely accepted, its
usefulness has been proved by more and more research (Zhou et al., 1993). Transgenic
cotton varieties and strains with insect- or disease-resistance currently grown on a large
scale in China were generated by this pollen-tube pathway.
This is an important contribution from Chinese scientists to the area of agrobiotechnology. Transgenic plants have also been produced in maize (Zea mays L.) by
the pollen-mediated method (Wang et al., 2001a). In this method, the maize pollen grains
were mixed with plasmid DNA pGLII_RC_1 containing a chitinase gene expression
cassette and treated by sonication; the DNA–pollen mixture was then used to pollinate a
maize inbred line artificially. The delivery of foreign genes into the progeny plants was
confirmed by DNA dot blotting, PCR and PCR–Southern blotting (Wang et al., 2001a).
There are other methods which could be used to make transgenic plants. The choice of
method depends on the nature of the target plant. Furthermore, the following things need
to be considered before making transgenic plants: the expression cassette containing the
gene of interest, the co-ordination of transgenes and endogenous genes, the transgene
heritability and its expression stability, the removal of marker genes and the selection
efficiency.
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Important Factors for Transformation
Agrobacterium-mediated transformation has now become the method of choice for most
crop plants and it has been used to generate transgenic plants for cereal crops such as
rice, maize, wheat and barley (Cheng et al., 1997; Hiei et al., 1994). However, different
laboratories have used different strains of Agrobacterium as well as different expression
constructs and plant materials to make transgenic plants, with various efficiencies
reported. Plant transformation efficiency has been shown to be affected by many factors,
some of which are very important for a reproducibly efficient system. These include the
Agrobacterium strain, the binary vector, the expression cassette, the plant genotype,
medium composition, the vir gene-inducing compound (e.g. acetosyringone) and the
growth status of embryogenic callus. In order to improve transformation efficiency, it is
necessary to optimize all of these important factors.
Promoters
In order to define transgene expression in plants, appropriate promoter and termination
sequences are added at the 50 and 30 ends of the gene of interest. Constitutive promoters
such as the 35S gene promoter from cauliflower mosaic virus and the Actin1 gene
promoter from rice were widely used to make transgenic plants in the early days. While
more and more genes of interest have been cloned and characterized, and in order to
control transgene expression spatially and/or temporally during plant growth and
development, many tissue-specific and/or inducible promoters have been used to direct
transgene expression. Examples are to use seed-specific promoters to improve seed
quality, to use inducible promoters to confer insect resistance, and to use anther-specific
promoters to create male sterility. Table 1.3.1 shows some tissue-specific promoters used
in plant transgenesis.
Xie et al. (2000) investigated the functional regions of the complementary sense
promoter from cotton leaf curl virus by deletional analysis. They generated transgenic
plants containing a GUS reporter gene fused with five fragments of the promoter region
of various lengths. Analysis of GUS activity showed that the promoter lacking the
negative cis element was stronger than the full-length one, and the average strength was
12 times that of the CaMV 35S promoter.
The Function of Introns
Many plant gene introns, such as the first intron of Adh1 and Sh1 genes in maize and Act1
in rice, are known to be able to enhance gene expression. This characteristic of introns
has been exploited in transgenic research, with varying results. While an intron inserted
between the CaMV 35S promoter and a GUS gene was shown to increase GUS
expression up to 15 times in transgenic rice, it made no difference to the expression of
the gene in transgenic tobacco protoplasts. Xu et al. (2003) investigated the role of the
first intron of a 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene in transgene
expression. Their results showed that the presence of this intron was able to increase GUS
activity by an average of threefold in transgenic tobacco plants with a six-fold increase,
the highest achieved. Chen and Wang (2004) reported that GUS gene expression driven
by the OsBP-73 gene promoter needed the involvement of its intron, while the intron
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Table 1.3.1 Tissue-specific promoters used in plant transgenesis.
Promoter

Origin

Expression
tissue

Transgenic
plant

2A12
Rch10
A9
TA29þ35S
RTS
Zm13
RTS
Patatin

Tomato
Rice
Arabidopsis
CaMV
Rice
Maize
Rice
Potato

Fruit
Flower
Anther
Anther
Anther
Anther
Anther
Tube

Tomato
Tobacco
Tobacco
Arabidopsis
Rice
Maize
Rice
Potato

PNZ1P

Pharbitis nil(L.)
Choisy
Rice
Rice
Poplar
Commelina
yellow mottle
virus, CoYMV
C. maxina
Poplar
C. maxina

Green tissue

Tobacco

ipt GUS
iaaL
Barnase
GUS
GUS
Barnase
Barnase
Hepatitis B
virus surface
antigen gene
GUS

Endosperm
Endosperm
Phloem
Phloem

Rice
Rice, tobacco
Tobacco
Tobacco

GUS
GUS
GUS
GUS

Phloem
Phloem
Phloem
meristem
Vascular tissue
Vascular tissue
Vascular tissue
Vascular tissue

Tobacco
Tobacco
Tobacco
Rice
Tobacco
Kalanchoe
Cotton

GUS
GUS
GUS, modified
GNA
GUS
GUS
GUS
GUS

Vascular tissue

Tobacco

GUS

Vascular tissue
Vascular tissue

Tobacco
Tobacco

GUS
GUS GFP

Chloroplast
Seed
Seed
Seed
Seed

Tobacco
Tobacco
Tobacco
Tobacco
Tobacco

aadA
GUS
GUS
GUS
GUS

Gt1
4a
BP
CP
SP
BSP
PP2
RSP1 RSP2
GRP1.8
profilin2
CoYMV
CoYMV
HRGP
po1,po2,po3
16S
Glutellin
napinB
BcNAl
Alcohol-soluble
protein gene
promoter

Rice
Jinkgo
Arabidopsis
Commelina
yellow
mottle virus
Commelina
yellow
mottle virus
Carrot
Banana
bunchytop
virus
Tobacco
Rice
Brassica
Brassica
Maize

Transgene

alone had no promoter activities. In contrast, in an investigation of the activity of a rice
sucrose synthase gene promoter, Li et al. (2002a) reported that the presence of the first
intron did not affect the strength of the promoter significantly when driving GUS
expression in transgenic rice plants.
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Selection Markers
Selection marker genes together with selective agents are used to enable individual
transformed plant cells to grow out of a non-transformed cell mass, facilitating the
generation of transgenic plants. The most widely used selection marker genes/selective
agents are the neomycin phosphotransferase gene (NPTII) together with the selective agent
kanamycin, the hygromycin phosphotransferase gene (HPT) together with hygromycin and
the phosphinothricin acetyltransferase (PAT) or BAR genes with phosphinothricin (PPT).

An Accelerated, High-Efficiency Agrobacterium-mediated Transformation
System for Rice
By systematic optimization of various factors based on a published protocol (Hiei et al.,
1994), an accelerated high-efficiency Agrobacterium-mediated rice transformation
system has been established in Professor Qingzhong Xue’s laboratory in Zhejiang
University. A binary vector containing both a Bt insecticidal gene, CryIA(c), and a
cowpea trypsin inhibitor gene, CpTI, was constructed and transformed into a japonica
rice variety, ‘Zheda 19’, via the Agrobacterium-mediated method. Approximately 2000
callus tissues derived from scutella were treated with Agrobacterium cells and this
resulted in about 1300 hygromycin-resistant calli, from which 1500 plants were
regenerated. Seventy plants regenerated from different resistant calli were screened for
transgenes by PCR and PCR–Southern blotting; this showed that 62 plants (88.6 %) were
positive for both the CryIA(c) and CpTI genes. Furthermore, high toxicity to the striped
stem borer, Chilo supperssalis (Walker), was observed in the T1 generation of three
independent transgenic lines (Li et al., 2002b).
Using 80–90 % Maturity Fresh Embryos to Induce Callus Culture
Since the availability of inflorescences and immature embryos is dependent on season,
mature embryos are normally used as starting materials to induce callus culture for
Agrobacterium-mediated transformation in rice. The effects of seed maturity and storage
condition on callus induction and growth have been investigated. It was found that calli
derived from fresh seeds of 80–90 % maturity with a greenish seed coat were the best in
terms of uniform induction, rapid growth and high transformation efficiency.
Using Primary Calli for Agrobacterium Infection
Subcultured calli (about 3 weeks) were normally used for co-cultivation in the published
protocols (Hiei et al., 1994). However, a transient GUS assay showed that only 20 % of
calli subcultured for 3 weeks developed blue foci, whereas this frequency was increased
to 30–80 % when primary calli, either fresh or subcultured for 2–4 days on fresh medium,
were used.
Using Normal MS Medium (sucrose 3 %) to Re-suspend Agrobacterium Cells
Before co-cultivation, Agrobacterium cells harvested either from solid or liquid
medium were generally re-suspended in AAM medium (Hiei et al., 1994) with a
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high sugar concentration (sucrose at 6.85 % and glucose at 3.6 %). We compared the
effects of different re-suspension media on transformation efficiency and found that
the normal MS medium plus 3 % sucrose was actually better than the AAM medium.
This suggests that Agrobacterium cells do not need high osmotic treatment to
transform rice callus cells.
Pre-culture Duration
Transformation efficiency is also affected by pre-culture duration before co-cultivation as
indicated by transgene transient expression. While 1-day pre-culture only resulted in a
very low level of GUS expression, an extension of pre-culture up to 3 days gave rise to
80 % of calli with GUS expression.
Reducing the Level of 2,4-dichlorophenoxyacetic Acid (2,4-D) in the Medium
We also investigated the effects on transformation efficiency of plant growth regulators in
the pre-culture medium. This showed that a combination of benzyl amino purine (BAP)
and 1-naphthalenacetic acid (NAA) was much better than 2,4-D. When a medium
containing 2,4-D (N6-2D) was used for pre-culture (2.5–3 days), 30–80 % of the calli
showed GUS expression but less than 20 % developed a large GUS staining area. In
contrast, when 2,4-D was replaced by BAP (0.5 ppm) and NAA (0.5 ppm) (N6-BA), the
proportion of calli with GUS expression was consistently above 80 %, and more than
50 % developed a large GUS staining area.
The level of 2,4-D in the co-cultivation medium seemed to have no significant effects
on the percentage of calli with transient GUS expression, but it did affect the speed of
GUS staining. While it took more than 6 h to develop blue foci resulting from GUS
expression on the callus cells when co-cultivation was carried out on 2N6 medium with
2,4-D, it only took 4 h to get the blue color when the same medium without 2,4-D was
used. This indicates that high level of 2,4-D in the callus might affect the transformation
efficiency.
Thus far, we have established an accelerated, high-efficiency Agrobacterium-mediated
rice transformation system based on the above major modifications to the established
protocol. This is summarized in Figure 1.3.1, in which the black arrows show the
modified steps. Compared with other published procedures, this system has advantages
such as higher transformation efficiency, good repeatability and less time from callus
induction to transgenic plant regeneration (2 months compared with 3–5 months).

Agricultural Applications of Transgenic Plants in China
Transgenic Cotton
The research, development and use of transgenic cotton in China started in the 1990s.
Generally, Bt and CpTI genes were used to produce insect-resistant transgenic plants. In
2001, further development was achieved in the research and field application of
transgenic insect-resistant cotton. The Biotechnology Research Institute of the Chinese
Academy of Agricultural Sciences was granted a patent for an expression vector
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Figure 1.3.1

The accelerated, high-efficiency Agrobacterium-mediated transformation of rice.

containing a fusion gene coding for an insecticidal protein. Till then, 14 transgenic
insect-resistant varieties had been approved in China, with 11 containing a single insectresistant gene and three containing two transgenes. All these varieties were highly
resistant to cotton bollworm (Helicoverpa armigera (Hubner)), of good quality and high
yield.
In 2001, more than 3.5 million Chinese farmers grew transgenic insect-resistant cotton
varieties and the growth area of transgenic insect-resistant cotton varieties was 31 %
of the total. Chinese-made transgenic insect-resistant cotton varieties were grown in
17 provinces, including Hebei, Henan, Shanxi, Shandong, Hunan, Hubei, Jiangsu, Anhui,
Xingjiang and Liaoning, and the growth area reached 0.6 million hectares. This
accounted for 43.3 % of the total transgenic cotton grown in China.
Regimes were developed to ensure that the transgenic Bt cotton was used properly.
These include maintenance of genetic purity, seed multiplication, plant cultivation, an
insect-resistance assay, a Bt toxin assay, management of resistance to BT in the cotton
bollworm, integrated insect control and biosafety assessment (Jia, 2001).
Although transgenic insect-resistant cotton has been grown widely in China, problems
such as the development of resistance in insects, the relatively weak insect-resistance of
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the BT varieties, dynamic changes in insect resistance, the limited target insect spectrum
of Bt and biosafety management still exist. This makes it necessary to search for large
spectrum insect-resistance genes, use tissue-specific, development-specific or inducible
promoters, produce multigene transgenic cotton varieties and strengthen field management regimes (Wang, 2003).
Transgenic research of insect-resistant cotton has currently been switching from using
a single resistance gene to using two. Compared with transgenic cotton expressing a
single insect-resistance gene, transgenic cotton expressing both CryIAc and CpTI genes
was found to be more resistant to insect feeding in the tissue of flower bud, sepal, petal,
anther and cotton boll, although not in leaf tissue. This was particularly obvious for old
larvae. After feeding on plant tissues expressing both transgenes, the larvae grew and
developed much more slowly, with a significant loss of weight and lower rate of pupation
and maturation. The larvae also had a relatively reduced rate of feeding and digestion and
a relatively high rate of metabolism. Even the development of the pupa and the adult was
affected significantly, with a significant loss of weight and prolonged pupa growth, as
well as a shortened life expectancy of surviving adults (Cui et al., 2002).
Rui et al. (2002) investigated the spatial and temporal changes of the insecticidal
activity of different transgenic insect-resistant cotton varieties. They found that insecticidal activity was generally higher in early rather than late developmental stages. In the
early stage the higher activity was found in leaf tissue, whereas higher activity existed in
the boll and bud in mid and late stages. Moreover, during mid to late developmental
stages, plants expressing two insecticidal genes (Bt and CpTI) had significantly higher
and more stable insecticidal activity than plants expressing only a single Bt gene.
While the growth of transgenic Bt cotton continues to increase, the population of most
non-target insects in the field tends to increase as well. Compared with a conventional
cotton field in which an integrated insect-controlling management was used, Deng et al.
(2003) found that the occurrence of aphids was increased by 37.9 % in a Bt cotton field in
which agrochemicals were used to control insects, and 71.4 % in a Bt cotton field in
which the insects were controlled only by their natural enemies. This was increased to
92.5 % and 134.9 %, respectively, in the second year. In addition, they also observed
dynamic changes in the population of different insect natural enemies due to the
expanding growth of Bt cotton.
Transgenesis has also been used to improve restorer lines in cotton. Wang and Li
(2002) transformed a cytoplasmic male sterility restorer line with a glutathioneS-transferase gene (GST). They found a strong restorer named ‘Zhedaqianhui’ from a
transgenic progeny population. This restorer was 25.8 % stronger than the donor plant
control ‘DES HAF2 77’; it improved the F1 boll formation by more than 3.6, reduced the
occurrence of sterile seeds by 10.1 %, and increased the cotton yield by 10.6 %. Southern
and Northern blotting using GST as probe showed that the new restorer had the transgene
integrated in its genome and that the gene was highly expressed.
Transgenic Rice
Rice transgenic research in China started from international collaborations in the 1990s.
The collaboration between Qingzhong Xue’s laboratory and Ray Wu’s laboratory
resulted in the production for the first time of insect-resistant and herbicide-resistant
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transgenic rice strains selected from transgenic plants containing CpTI and PINII genes
(Duan et al., 1996; Xu, et al., 1996). In collaboration with its Canadian partner, Qingyao
Shu’s laboratory of Zhejiang University produced transgenic Bt rice plants and created
novel rice germplasm, KMD1 and KMD2, which were highly resistant to rice stem borer
(Cheng et al., 1998; Shu et al., 2000; Ye et al., 2001).
Zhen Zhu’s laboratory in the Genetics Institute of the Chinese Academy of Sciences
expressed a modified CpTI gene in transgenic rice plants. Activity assays showed that the
modified version of CpTI had two- to four-fold higher activity than the original one. This
corresponded with a very high resistance to the rice stem borer and other lepidopteran
insects.
Wang et al. (2001b) examined the genetics of transgene expression in crossing
populations between or within rice subspecies, namely Bt japonica  wild-type indica
and Bt japonica  wild-type japonica. Using GUS assays they found transgene segregation ratios of 1:1 and 3:1, respectively, in the BC_1 and BCF_2 generations of a Bt
japonica  wild-type indica cross. This suggested that the transgene was inherited as a
dominant single gene. Western dot blotting showed that Bt toxin expression in F1, F2 and
BC1 was higher than that of the transgenic parent, indicating a role played by heterosis.
In addition, no significant difference was found in plant height, length of spike, number
of tillers and 1000 grain weight in the progenies of both crosses.
In order to increase the expression of insect-resistance genes in transgenic rice, Li et al.
(2002b) investigated the strength of rice sucrose synthase gene promoters, RSP1 and
RSP2, in transgenic rice. They detected high expression of a GUS gene driven by these
two promoters only in roots, stem, leaf and grain husk; no expression was detected in
embryo or endosperm. This suggested that the RSP1 and RSP2 promoters could be used
to direct the expression of transgenes and would cause less food safety problems because
the transgene would not be active in the edible parts of the grain.
The heritability and stability of transgene expression were also examined in progenies
of crosses between a photoperiod-sensitive male-sterile line, ‘ZAU11S’, and three
transgenic strains (Cheng and Xue, 2003). Using PCR, Basta painting and an in vitro
trypsin inhibiting activity assay, it was found that transgenes BAR and PINII were tightly
linked and inherited in Mendelian fashion in the F2 generations. The wound-inducible
expression of the PINII gene was found to have clear spatial and temporal regulation. The
inducing signal could be transduced upward as well as downward in the plants. In
addition, the inducibility of the PINII gene expression was slightly different among the
three transgenic strains and partial BAR silencing was detected in some plants.
Sun et al. (2001) generated transgenic plants expressing a snowdrop lectin gene, GNA,
in japonica rice by particle bombardment. PCR and Southern analyses showed that 79 %
of the regenerated plants contained transgenes. Western blot indicated that the GNA
protein made up 0.5 % of the total soluble protein in high-expressing plants. The highexpressing lines were resistant to brown rice plant hopper.
Transformation has also been used to improve rice disease resistance and stress
tolerance. Zhao et al. (2000) first transformed a male-sterile rice variety, ‘Pei-ai 64S’,
with gene Xa21 and the transgenic plant was reported to be highly resistant to rice
bacterial blight disease. Later, Chen et al. (2002) made F1 plants by crossing the progeny
of Xa21 transgenic Pei-ai 64S with its non-transgenic parent. PCR analysis showed
that all the F1 plants contained the Xa21 gene. Most of them were resistant to blight. In
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the F2 population, resistant and sensitive plants exhibited a 3:1 ratio, suggesting that the
Xa21 gene was inherited as a single dominant gene. Under long-day and hightemperature conditions, the F1 plants were all fully fertile, whereas sterility occurred
at a rate of 1 out of 28 in the F2 population.
The Xa21 gene was also transformed into five major rice varieties in China (Zhai et al.,
2000). In total, 110 independent transgenic lines were produced. The integration of the
transgene in the plant genome was demonstrated by Southern blotting. The Xa21 gene
was shown to be stably inherited and the plants with a single-copy transgene showed the
expected 3:1 ratio of transgene segregation in the T1 generation. Disease inoculation
experiments showed that the transgenic T0 plants as well as the PCR-positive T1 plants
were highly resistant to rice blight disease.
Feng et al. (2001) reported the generation of 49 independent transgenic rice plants
containing multiple fungal-resistance chitinase genes (1–4). Chitinase activity of every
transgenic plant was shown to be higher than that in its non-transgenic control. It was
also shown that chitinase activity was higher in plants with multiple transgenes than in
plants with a single transgene.
Wang et al. (2000) transformed rice with bacterial genes Mt1D, coding for mannitol1-phosphate dehydrogenase, and GutD, coding for sorbitol-6-phosphate dehydrogenase.
Gas chromatography detected the accumulation of mannitol and sorbitol in the transgenic
plants. Salt tolerance experiments showed that the transgenic plants were much more
tolerant to salt treatment than the non-transgenic controls.
In order to modify rice seed storage protein composition, Zhang and Xue (2001)
cloned the rice glutelin gene, Gt1, promoter and used it to drive the expression of soybean
glycinin subunit genes, A1a and B1b. Transgenic plants were generated via the
Agrobacterium-mediated method. The transgene was confirmed to be integrated in the
rice genome and stably transmitted to the next generation.
Insect-resistant transgenic rice has recently been used in conventional rice breeding
programs. This has been developing rapidly, resulting in high yields as well as good
control of insect damage. Due to government regulations on biosafety issues, however, as
yet no transgenic rice strains are allowed to be released into the field.
Transgenic Maize
Bt toxin Cry1Ie1 is highly toxic to the Asian corn borer. Although it is not expressed in
Bacillus thuringiensis, the gene encoding this toxin was cloned by the scientists in China
Agricultural University. Both Cry1Ie1 and another Bt toxin gene, Cry1Ac, with modified
codon usage, were subcloned in binary vectors for expression in plants. Liu and Wang
(2003) generated transgenic plants containing the Cry1A gene and showed that the
transgene was inherited as a single dominant genetic locus in transgenic plants. The
expression of the Bt toxin was significantly different among independent transgenic
plants. Transgene expression also changed in different plant tissues, with significantly
higher expression in green tissues than in non-green ones. Among three independent
transgenic lines, the expression level of Cry1A was not significantly different among R2,
R3, and R4 generations.
Using the pollen-tube method, Wang et al. (2002) attempted to transform plants from
nine maize inbred lines with a Bt toxin gene expression vector. Of the 800 plants
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germinated, 30 % survived the initial PPT screening. Of the 60 plants analyzed further,
three were confirmed as transgenic by PCR. Zhang et al. (2003a) used particle
bombardment of immature embryos to transform two maize inbred lines, 501 and
C111, with a Bt gene. Putative transgenic plants were regenerated from Bialaphosresistant calli and confirmed by PCR amplification of the Bt gene. Liu et al. (2003)
investigated the insect toxicity of four inbred lines (i.e. Mo17Bt, 478Bt, Zhong 3Bt
and 871Bt) derived from backcrossing of transgenic lines, expressing the Bt gene. A
field bioassay showed that all four Bt inbred lines performed better than the wild-type
control in terms of insect resistance, although they were less resistant than the positive
control.
Li et al. (2002c) were able to induce embryogenesis and the formation of shoot clusters
from a shoot meristem culture of an elite inbred line. They established a rapid and
efficient maize shoot cluster culture system as a convenient source of target tissues
for transformation. Using particle bombardment with the herbicide-resistance gene,
acetolactate synthase (ALS), isolated from Arabidopsis, they produced regenerated plants
from chlorsulfuron-resistant shoot cluster cultures.
Zhang et al. (2003b) reported for the first time the expression of a rabbit defensin gene,
NP-1, in maize in order to produce disease-resistant plants. They used particle
bombardment to make the transgenic plants. Effective resistance was observed in the
T1 progeny of transgenic lines when challenged by the physiological race 0 of the corn
leaf blight disease. In addition, transgenic plants containing the structural protein P1 of
foot and mouth disease virus (FMDV) were also produced (Yu et al., 2003).
Transgenic Oil Crops
Chen et al. (1999) established an Agrobacterium-mediated transformation system for
oilseed rape. They expressed an antisense version of the PEP gene in the current elite
varieties ‘Zheyou 758’ and ‘Zheyouyou 1’ and an increase in oil content was observed in
the transgenic plants.
Zhou et al. (2001) reported the generation of transgenic soybean with a Bt toxin gene,
Cry1A, by Agrobacterium infection of the cotyledon tissue. Using the pollen-tube
pathway, Cui et al. (2003) tried to transform 14 soybean varieties with a chitinase
gene. In order to elucidate the mechanism for the low transformation efficiency of this
technique, they investigated the process of pollen-tube germination, elongation and
penetration in the ovary using fluorescence microscopy, and proposed possible ways to
improve this transformation method.
Transgenic Tobacco
Tobacco was the first plant species to be used as a model plant for molecular biological
research and genetic engineering. Consequently, efficient technical procedures involved
in these researches have been established and used for many years. These include genetic
characterization, the building of expression constructs, gene transfer, cell culture and
plant regeneration, and the breeding of strains of interest. Lots of disease-resistant and
insect-resistant transgenic lines and varieties have already been made available. In China,
transgenic tobacco with resistance to tobacco mosaic virus (TMV), cucumber mosaic
virus (CMV) and pepper mottle virus (PMV) has been produced. However, tobacco
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transgenic research is still to be carried out in the laboratory or in a strictly controlled
environment due to government regulations (Zhao, 2000).
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PART II
NEW DEVELOPMENTS

2.1
Advances in Transformation
Technologies
Huw Jones
Crop Performance and Improvement, Rothamsted Research,
Harpenden, Hertfordshire, AL5 2JQ, United Kingdom

Introduction
The genetic modification of plants depends on two key processes: the ability to transfer
and integrate DNA into the genome of a host cell and the ability to regenerate adult,
fertile plants from that transformed cell. The development of these processes, from proof
of concept experiments in the early 1980s to the robust platform technologies that they
represent today, have followed separate paths in monocotyledonous and dicotyledonous
crop plants characterized by different modes of DNA delivery and different tissue culture
regimes.
The first reports of successful dicot transformation utilized oncogenic and disarmed
strains of Agrobacterium tumefaciens and a range of explant types (see reviews by Gasser
and Fraley, 1989; Klee et al., 1987; Wordragen and Dons, 1992). Early work in tobacco
targeted regenerable protoplasts or cells derived from them as plant hosts (Horsch et al.,
1984; Krens et al., 1982). However, regeneration for protoplasts proved more difficult for
many crop species and alternative, more easily regenerable explants were developed. For
example, leaf discs were successful in tomato (McCormick et al., 1986) while in
soybean, cotyledonary nodes (Hinchee et al., 1988) and immature cotyledons (Parrott
et al., 1989) were preferred. Stem sections were widely utilized for Brassica species
(Fry et al., 1987; Pua et al., 1987) and potato (Ooms et al., 1987). Direct gene transfer
(DGT) methods have also been successfully demonstrated in dicot species; the first report
Plant Biotechnology. Edited by Nigel Halford.
# 2006 John Wiley & Sons, Ltd.

72

Plant Biotechnology

was for tobacco transformation (Paszkowski et al., 1984). Although a few specialized
examples of DGT are used routinely for dicot crops, such as PEG-mediated transformation of sugarbeet guard cell protoplasts (Hall et al., 1996), in general Agrobacteriummediated transformation of cell cultures or explants is the current method of choice and
protocols are now available to genetically modify a wide range of dicot crops (Curtis,
2004) (Table 2.1.1).
The first fertile transgenic monocots were regenerated from protoplasts transformed
with naked DNA using electroporation or polyethylene glycol (PEG), including rice
(Datta et al., 1990; Shimamoto et al., 1989; Toriyama et al., 1988; Zhang et al., 1988;
Zhang and Wu, 1988) and maize (Rhodes et al., 1988). For other cereals, difficulties in
regenerating from protoplasts led to the targeting of alternative cell types such as
regenerable cell cultures, callus or immature embryo explants. This, combined with
improved DNA delivery methods via particle bombardment led to a second phase of
technology development with breakthroughs in the transformation of maize (Fromm
et al., 1990; Gordon-Kamm et al., 1990), sugarcane (Bower and Birch, 1992), wheat
(Vasil et al., 1992), tritordium (Barcelo et al., 1994) and rye (Castillo et al., 1994). In
addition, particle bombardment removed the germplasm dependency of other species,
enabling the transformation of elite varieties of indica and japonica rice (Christou et al.,
1991) and cotton (McCabe and Martinell, 1993).
The robust tissue culture methods from regenerable explants such as immature zygotic
embryos were then adapted for T-DNA delivery and enabled the development of
Agrobacterium-mediated transformation of many monocots (Table 2.1.2). Hiei et al.
(1994) reported transformation of japonica rice with super-binary vectors containing
additional VIR genes. Subsequently, high-efficiency transformation with little genotype
dependency has been reported for japonica, indica and javanica varieties (reviewed by
Tyagi and Mohanty, 2000; see Chapter 1.3). In maize, barley and wheat, Agrobacterium
transformation has been achieved mainly in genotypes selected for their high regeneration capacity such as the maize inbred line A188 (Ishida et al., 1996), the barley cultivars
Golden Promise (Tingay et al., 1997), Dissa (Wu et al., 1998) and Schooner (Wang et al.,
2001), and the ill-defined ‘Bobwhite’ wheat line (Cheng et al., 1997). Modifications in
the tissue culture regimes indicate that it may be possible to broaden the application of
some protocols to include previously untransformed elite cereal varieties (Gordon-Kamm
et al., 2002; Murray et al., 2004; Wu et al., 2003). The regeneration of stably transformed
sorghum (Zhao et al., 2000) and forage grass (Bettany et al., 2003) via Agrobacterium
co-cultivation has also been reported.

Agrobacterium and Agrovectors
For most research and biotechnology applications, Agrobacterium has advantages over
other forms of DNA delivery methods, including biolistics, because it can introduce
larger segments of DNA with minimal rearrangement and with fewer copies of inserted
transgenes at higher efficiencies and at lower cost (see reviews by Gelvin, 2003; Gheysen
et al., 1998; Hansen and Wright, 1999; Kohli et al., 2003). These advantages have been
major drivers in the move away from DGT to Agrobacterium transformation in monocots.
In addition to the wide range of plant types transformed, Agrobacterium-mediated T-DNA
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Table 2.1.1 Selected reports detailing the explant and A. tumefaciens strain/plasmid used to
transform a wide range of dicotyledonous food and horticultural crops.
Species

Variety/
cultivar

Explant

Agrobacterium
strain
Plasmid

Almond (Prunus
dulcis Mill.)

Boa Casta

Wounded
leaves

LBA4404/
EHA105

p35SGUSint/
pFAJ3003

Apple (Malus 
domestica
Borkh.)
Apple

Rootstock
M26

Shoots/leaves

A281/C58/
A348

pCGP257/
pBI121

Jonagold

Wounded
leaves
Shoots/leaves

EHA101

pFAJ3003
pFAJ3027
pSCV1.6

Apple (Malus 
pumila Mill.)
Apricot (Prunus
armeniaca)
Brassica rapa
(Brassica
campestris
ssp. pekinensis)
Brassica napus
(Brassica
napus L.)
Brassica oleracea
Brassica
oleracea
Buckwheat
(Fagopyrum
esculentum
Moench.)
Cotton (Gossypium
hirsutum L.)
Cotton
(Gossypium
hirsutum L.)
Cyclamen
(Cyclamen
persicum Mill.)
Hot chilli
(Capsicum
annuum L.)
Orange (Citrus
sinensis) hybrid
Pear (Pyrus
communis L.)
Peppermint
(Mentha 
piperita L.)
Pine (Pinus
radiata)

Queen Cox
Kecskemeter
Spring Flavor

Immature
cotyledons
Immature
cotyledons

EHA101
LBA4404
LBA4404

pBinGUSint/
pBinPPVm
pTOK/BKS1

Reference
(Miguel and
Oliveira,
1999)
(Maheswaran
et al., 1992)
(DeBondt
et al., 1996)
(Wilson and
James, 2003)
(Machado
et al., 1992)
(Jun et al.,
1995)

Westar and
Sabine

Floral bud
dipping

C58CIRifR

pGV3101/
pNOV264

Hercules,
Cape spitz
and others
Darja

Immature
cotyledons

A281

pKK6/pGA472

Cotyledon
fragments

A281

pGA427/
pTiBo542

CUBQHRPIS

Shoot apex

LBA 4404

pBI121

Coker201

Cotyledon
fragments

LBA4404/
15955

pH575

Anneke

Petiole
segments

AGL0/
LBA4404

pIG121Hm

(Aida et al.,
1999)

Pusa jawala

Shoot buds

EHA 105

pBI 121

Sweet orange

Epicotyl
segments
Wounded
leaves
Leaf disks

EHA 105

p35SGUSint

EHA101

pFAJ3000

EHA105
LBA4404

pMOG410

(Manoharan,
Vidya and
Sita, 1998)
(Pena et al.,
2004)
(Mourgues
et al., 1996)
(Diemer et al.,
1998)

AGL1

pGA643

Conference
Black
Mitcham
38
GF17 GF19

Cotyledon

(Wang,
Menon and
Hansen,
2003)
(Pius and
Achar,
2000)
(Miljusdjukic
et al., 1992)

(Zapata et al.,
1999)
(Firoozabady et
al., 1987)

(Grant,
Cooper and
Dale, 2004)

ðcontinuedÞ
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Table 2.1.1 (Continued)
Species
Rhododendron
(Rhododendron
sp.)
Soybean (Glycine
max L. Merr.)

Soybean (Glycine
max L. Merr.)
Strawberry
(Fragaria 
ananassa
Duch.)
Sunflower
(Helianthus
annus L.)
Sunflower
(Helianthus
annus L.)
Sugar beet
(Beta vulgaris
and B. maritima)
Sugar beet
(Beta vulgaris)

Variety/
cultivar

Explant

America,
Stem
Mars and
segments
others
Hefeng 35
Embryonic
and 39 and
tips
Dongnong
42
Jack
Immature
cotyledons
Chandler
Leaf squares

Agrobacterium
strain
Plasmid

Reference

LBA4404

pAL4404/
(Pavingerova,
p35SGUSint
et al., 1997)

EHA 105

pCAMBIA2301 (Liu, Yeng and
Wei, 2004)

EHA 105

pHIG/Z

LBA4404
(used in
PDS1000)

pAL4404/
pGUSint

(Yan et al.,
2000)
(de Mesa et al.,
2000)

KBSH-1

Wounded
seedling

LBA 4404

pKIWI105

(Rao and
Rohini,
1999)
(Weber et al.,
2003)

HA300B

GV2260

p35SGUSint

9 accessions

Wounded
shoot
apicies
Shoot bases

EHA101
LBA4404

pGM221
pBI121

(Hisano et al.,
2004)

O-type 272

Cotyledons

EHA101

p35SPMI

(Joersbo
et al., 1999)

transfer has also been demonstrated in yeast (Bundock et al., 1995), filamentous fungi
(de Groot et al., 1998; dos Reis et al., 2004; Park and Kim, 2004) and human HeLa cells
(Kunik et al., 2001).
Agrobacterium tumefaciens is a pathogenic soil bacterium that infects susceptible
plants and causes neoplastic growths characteristic of crown gall disease. It does so by
transferring a portion of its large Ti (tumor inducing) plasmid into a host plant cell. The
transferred DNA, usually called the ‘T-region’ when located on the native Ti plasmid
(and ‘T-DNA’ when part of a modified plasmid), contains genes that become integrated
into the plant’s genome and encode auxins and cytokinins (plant hormones that lead to
tumor formation) and opines to feed the bacteria. The T-region is flanked by left and right
border sequences (24 or 25 bp imperfect repeats) that define the DNA to be transferred.
The Ti plasmid also contains a virulence (vir) region including the genes VirA, VirB,
VirC, VirD, VirE, VirG and VirH whose products, along with those of chromosomal
genes, mediate the formation, transfer and integration of the T-complex (for reviews see
Gelvin, 2003; Tzfira et al., 2004; Zupan et al., 2000).
The development of Agrobacterium for plant transformation required the removal of
the oncogenic functions to generate disarmed strains and modifications to allow the
insertion of foreign DNA between the border sequences, and to reduce the large size of
the native Ti plasmid (which in Agrobacterium strain C58 is 214 233 bp (Goodner et al.,
2001)). Two approaches have been used. One involved cis-integration of transgenes, via
homologous recombination or co-integration, to generate a disarmed but otherwise intact

IE

IE

EC

PCIE; EC

PCIE; EC

PCIE

Florida (W)

Cadenza (S)

Veery-5 (S)

Bobwhite (S)

Bobwhite (S)

Bobwhite (S)

IE
IE

IE

EC

Golden Promise (S)
Golden Promise (S)

Golden Promise (S)

Schooner (S)

Barley

PCIE
EC
PCIE

Explant

Bobwhite (S)
Fielder (S)

Wheat

Variety (S—spring)
(W—winter)

AGL1
pDM805
AGL1
pBGXYNR:
pBHXYNR
AGL1; AGL0
pWBVec82b
AGL0; AGL1;
LBA4404
pTO134; pHPAVpol;
pB2Pol

C58
pMON18365
AGL0
pBGX1
AGL1
pAL154/156
AGL1
pAL154/156
LBA4404
pHK21
C58
pMON18365
C58
pMON18365
C58
pPTN155

Agrobacterium
strain (vector)

0.5–2.9

2–12

6.0

4.2

0.5–1.5

4.8–19

4.4

1.2–3.9

2.5

0.3–3.3

1.8

1.4–4.3

Transformation
Frequency (%)

Hygromycin;
Biolaphos

Hygromycin

Bialaphos

Bialaphos

Paromomycin
Glyphosate
G418

GFP, Timentin,
Bialaphos
PPT
(L-phosphinothricin)
PPT
(L-phosphinothricin)
Glufosinate
ammonium
Glyphosate

G418

Plant Selection

(Wu et al., 2003)

5

19

63

24

54

13

154

3354

(continued )

(Matthews et al.,
2001)
(Wang et al., 2001)

(Patel et al., 2000)

(Tingay et al., 1997)

(Haliloglu and
Baenziger, 2003)

(Cheng et al., 2003)

(Khanna and
Daggard, 2003)
(Hu et al., 2003)

(Wu et al., 2003)

39

17

(Weir et al., 2001)

(Cheng et al., 1997)

Refs.

4

>100

No. of plants
reported

Table 2.1.2 Selected reports detailing the explant and A. tumefaciens strain/plasmid used in A. tumefaciens transformation of rice, maize,
wheat and barley. PCIE, pre-cultured immature embryos; EC, embryogenic callus cultures; IE, fresh immature embryos.

PCIE

IE

IE

IE

Golden Promise (S)

Golden Promise (S)

Golden Promise (S)

Golden promise;
Schooner; Chebec
and Sloop (all S)

Shoot
apices
EC, IE

IE

IE

IE

IE

IE

Funk’s G90
A118 and others

A118

Hi II

Hi II

Hi II

A118, Hi II and
hybrids

Maize

Explant

Variety (S—spring)
(W—winter)

Table 2.1.2 (Continued)

EHA1
TiBO542; pGUS3
LBA4404
pSB131; pTOK233
LBA4404
pNOV117
LBA4404
pSB11 Ubi
bar/35SGUS
EHA101
pTF102
LBA4404
p108–p111, based
on pSB11
LBA4404
pWCO38; pWCO39

AGL0
pBU-B35S.IG
AGL0
pYF133
H228
pNRG040
AGL1
pWBVec8;
pVec8-GFP;
pVec8-Gusl

Agrobacterium
strain (vector)

N/D

0.5–25

5.5

40

0.7–32

5–30

N/D

0.6–12.0

N/A

3.5

1.7–6.3

Transformation
Frequency (%)

Butafenecil;
mannose

Bialaphos

Bialaphos

Bialaphos

Mannose

Kanamycin;
Carbenicillin
PPT; Bialaphos

Hygromycin;
GFP; GUS

Hygromycin
GFP
Bialaphos

Bialaphos

Plant Selection

>2500

>100

50

>500

>50

>100

6

34

42

11

42

No. of plants
reported

(Li et al., 2003)

(Gordon-Kamm
et al., 2002)

(Frame et al., 2002)

(Zhao et al., 2002)

(Negrotto et al., 2000)

(Ishida et al., 1996)

(Gould et al., 1991)

(Murray et al., 2004)

(Trifonova, Madsen
and Olesen, 2001)
(Fang, Akula and
Altpeter, 2002)
(Horvath et al., 2003)

Refs.

Rice
(Oryza sativa L.)
Javavica cv.
Rojolele
Javanica cv.
Taipei 309
Gulfmont
Jefferson
Japonica
cv. Nortai
and Radon
Indica cv. IR72 and
TCS10
Indica cv. Basmati
370, 385 and 6129
Indica cv. Pusa
Basmati 1
Japonica cv.
Tsukinohikari,
Asanohikari and
Koshihikari
LBA4404/EHA101
pTOK233/pIG121

LBA4404
pTOK233
At656
pCNL56
EAH101
pIG121Hm
LBA4404
pTOK233
LBA4404/EHA101
pTOK233/pIG121Hm

EC

IE

IE

EC
IE
Scutella

EC

EC

EHA101
pAFT14

EC

184
13–29

cv 370 22
cv 385 5

1–5

27

8–13

7–23

Hygromycin

Hygromycin

Hygromycin

Hygromycin

Hygromycin

Hygromycin

Hygromycin

300

25

30

9

346

>100

71

(Mohanty, Sarma
and Tyagi, 1999)
(Hiei et al., 1994)

(Aldemita and
Hodges, 1996)
(Rashid et al., 1996)

(Aldemita and
Hodges, 1966)

(Dong et al., 1996)

(Rachmawati et al.,
2004)
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Ti plasmid (Ruvkun and Ausubel, 1981; Vanhaute et al., 1983; Zambryski et al., 1983).
These procedures were laborious and this approach is now used only for specialist
applications. The other, which represented a major advance in the application of
Agrobacterium to plant genetic engineering was made when it was reported that, apart
from the border sequences themselves, the functions of the Ti plasmid necessary for
transformation could be supplied in trans via a binary vector system (Bevan, 1984;
Deframond et al., 1983; Hoekema et al., 1983). These vector systems comprise two
plasmids: one with a convenient multiple cloning site flanked by T-border sequences, a
selectable marker gene and an origin of replication for easy maintenance in E. coli; and
another, disarmed Ti plasmid, lacking the tumor-inducing genes but retaining the vir loci
whose products interact with the T-strand and facilitate DNA transfer to the plant cell.
Numerous specialist vector systems based on the binary approach have been developed
for plant transformation (for review see Hellens et al., 2000a). For example, the BIBAC
and TAC vectors were designed for large genomic inserts (Hamilton, 1997; Liu et al.,
1999). A series of mini binary vectors were made by removing half the DNA from the
plasmid backbone to generate more unique restriction sites in the multiple cloning site
(Xiang et al., 1999). The modular vector pMVTBP was designed specifically for wheat
and incorporated a ribosomal attachment sequence to increase translational efficiency and
FLAG and His epitope tags to allow immunodetection and purification (Peters et al.,
1999). In the pSoup/pGreen suite of vectors, the RepA replication function was removed
from pGreen, which meant it could replicate in Agrobacterium only if another plasmid,
pSoup, was co-resident in the same strain to provide this function in trans (Hellens et al.,
2000b). Specific pSoup/pGreen suites of vectors also included examples that incorporated additional copies of VirB, VirC and VirG found on the so-called Komari fragment,
implicated in the super-virulence of strains haboring the plasmid pTiBo542 (Hood et al.,
1987; Komari, 1989; 1990). An alternative suite of GATEWAY-compatible (Invitrogen,
Gaithersburg, MD, USA) destination vectors incorporating a range of scorable and
selectable marker genes for Agrobacterium-mediated plant transformation has been
developed (Karimi et al., 2002). Many A. tumefaciens strains and vectors suitable for
plant transformation can be ordered online, for example: www.cambia.org, www.pgreen.
ac.uk, www.cbs.knaw.nl/index.

Other DNA-Delivery Methods
Although Agrobacterium-based transformation is the preferred method for most plant
species, DGT methods have also been widely used, both for general transformation and
for specialist applications. DGT methods were developed and utilized mainly in cereals
due to the early difficulties with Agrobacterium transformation. The transfer of naked
DNA to plant cells and successful transgene expression have been achieved with methods
as diverse as: electroporation, macro- and microinjection, vortexing with silicon carbide
fibers, polyethylene glycol, ultrasound- and laser-mediated uptake and particle bombardment (see review by Barcelo et al., 2001). Some of these methods, such as polyethylene
glycol-mediated uptake or electroporation, were most successful with protoplasts, which
in cereals are laborious to isolate and difficult to regenerate from. Others were inefficient
or not reproducible. However, particle or microprojectile bombardment (also called
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biolistics) became a widely used robust method for cereal transformation. The heliumdriven particle delivery system first developed by DuPont and subsequently marketed by
BioRad as the PDS1000/He was widely used for this purpose, but other devices such as
the particle inflow gun (PIG) and the ACCELLTM electrical discharge technology have
also been used successfully. All involve the adsorption of circular or linear forms of DNA
onto the surface of microcarrier particles, which are driven at high velocity into recipient
plant cells using an acceleration device (Sanford, 1988; 1990). Biolistics has also been
used to deliver DNA into the chloroplast and mitochondrion genomes (for review see
Sanford et al., 1993) and in a twist to the conventional approach, Escherichia coli or
Agrobacterium cells have been used directly as microprojectiles (Kikkert et al., 1999;
Rasmussen et al., 1994).

In vitro and in planta Transformation
For most biotechnology applications, the successful integration of transgenes into the
genome of a target plant cell must be followed by regeneration of whole, fertile, nonchimeric plants. This is commonly achieved by micropropogation through in vitro tissue
culture which utilizes the totipotency and plasticity of plant cells. There are two principle
routes by which plants can be recovered via tissue culture: somatic embryogenesis and
organogenesis. Somatic embryogenesis is an asexual propagation process where somatic
cells differentiate into embryo-like structures with shoot and root meristems. With
appropriate plant hormones and other culture medium additions, somatic embryos can
be ‘germinated’ and give rise to viable adult plants. This is the route used in the
regeneration of most cereal crops (for review see Barcelo et al., 2001). Organogenesis
refers to the ability of some plant tissues (e.g. hypocotyls, cotyledons, leaf bases or callus
derived from them) to re-organize into shoot meristems, which can subsequently be
rooted to generate complete plants. The transformation step can be targeted to explant
tissue such as leaf disks or shoots prior to de-differentiation or to de-differentiated callus
cells.
Although plant regeneration via in vitro tissue culture is the only currently available
route to genetically engineer crops, it is a major bottleneck to high-efficiency transformation in many species; it is time-consuming, labor- and material-intensive and
increases the chance of genetic instability due to unpredictable somaclonal variation.
This has led to considerable interest in various in planta (also called germline)
transformation methods, which depend on the ability to introduce naked DNA or
T-DNA into gametes, pre-gametic tissue or zygotes around the time of fertilization
and avoids the need for tissue culture. Well-developed ‘vacuum infiltration’ and ‘floral
dip’ methods are available for Agrobacterium transformation of Arabidopsis (Bechtold
et al., 1993; Clough and Bent, 1998) that target the unfertilized ovules (Bechtold et al.,
2000; Desfeux et al., 2000; Ye et al., 1999). The infiltration of flowers with Agrobacterium has also been used successfully to transform the model legume Medicago truncate
and Brassica campestris (pakchoi) (Liu et al., 1998; Trieu et al., 2000). Efficient
male germline transformation by biolistics has been achieved in tobacco (Aziz and
Machray, 2002) and there are reports that in planta transformation of soybean has been
achieved in China (Hu and Wang, 1999). No in planta methods are currently available
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for monocots but, if perfected, would represent a major breakthrough for cereal
transformation.

Transgene Integration and Gene Targeting
Molecular analysis of integration sites resulting from untargeted DGT suggests that
transgenes insert via double-stranded illegitimate recombination, utilizing the plant’s
own DNA repair machinery, at a single (or sometimes more than one) locus. The locus
may contain one or multiple copies of the transgene, which may have undergone
rearrangements and/or may have generated short lengths of ‘filler’ DNA homologous
to flanking plant genomic DNA (Kohli et al., 1998; Pawlowski and Somers, 1998;
Svitashev et al., 2000; 2002). The processing, transfer and integration of T-DNA into
plant chromosomal DNA have been studied, both biochemically and in Agrobacterium
strains containing mutant forms of the Vir, Chv, Psc and Att alleles (reviewed in Christie,
1997; Ward et al., 2002; Zupan et al., 1998; 2000). While the precise mechanism of
T-DNA integration remains unclear, it is likely that DNA in the T-complex is made
double-stranded just prior to integration via non-homologous end joining. Although there
appears to be no sequence specificity for T-DNA transformation, there is evidence that
integrations occur preferentially into transcriptionally active regions (Feldmann, 1991;
Koncz et al., 1989; Lindsey et al., 1993; Topping et al., 1991) and can therefore
potentially disrupt native genes. However, recent data suggest that these observations
may be partly explained by selection bias with 30 % of PCR-identified primary T-DNA
insertion sites silenced (Francis and Spiker, 2005).
The conventional way of overcoming the problem of transgene rearrangements, high
copy number or unintentional disruption of native genes is to generate a large number of
lines and screen for single-copy events. However, this unpredictability is a major concern
for opponents of GM technologies, and gene targeting by homologous recombination
offers an alternative, more precise method of genetic manipulation. It is commonly used
in mice, in prokaryotes, in the nuclear genomes of simple plants such as moss and the
chloroplast genome (Capecchi, 2001; Evans, 2001; Maliga, 2004; Schaefer and Zryd,
1997; Smithies, 2001) but appears to operate at low frequency in higher plants. However,
two recent reports have illustrated that gene targeting might be a feasible approach to
modify crop plants. In over four million Arabidopsis plants transformed to induce two
simultaneous mutations, only one was identified as a true gene targeting event with no
ectopic T-DNA insertions (Hanin et al., 2001). A more encouraging result was reported
by Terada et al. (2002) who obtained six rice plants in which the waxy gene had been
disrupted by true homologous recombination with a frequency of 6:5  104 . All the
plants were heterozygous at the waxy locus, with one wild-type and one mutant allele,
and no random or ectopic targeting could be detected.
With further development, gene targeting technologies could provide a means by
which any gene could be mutagenized and reintroduced into its original chromosomal
location. This could be used to knockout individual genes or to alter the properties of
proteins encoded by them. In addition, it could quell some of the fears over the random
nature of genetic manipulation by targeting transgene cassettes into pre-defined, stable
genomic locations.
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Benign Methods of Selection and Removal of Marker Genes
Selectable marker genes are used routinely for research purposes, enabling highly
efficient DNA cloning procedures in E. coli, yeast and plant transformation. However,
perceived risks of horizontal and vertical gene transfer have made the use of such
selectable genes undesirable, particularly where field trials are proposed, and efforts have
been made to develop benign selection systems or to reduce the dependence on selectable
marker genes in the transformation process. The most widely adopted benign selection
system utilizes the ManA gene encoding phosphomannose isomerase (PMI) (Syngenta),
which converts the predominant carbon source available to the plant, mannose6-phosphate, to fructose-6-phosphate for respiration (Joersbo, 2001; Joersbo et al.,
1999). Not only are the untransformed cells deprived of a carbon source, but also the
unutilized mannose-6-phosphate accumulates and has additional negative effects including inhibition of glycolysis, possibly due to phosphate starvation. PMI selection has been
shown to be an effective selection system for crop species including wheat and maize
(Negrotto et al., 2000; Reed et al., 2001; Wang et al., 2000; Wright et al., 2001) rice
(Lucca et al., 2001) and pearl millet (O’Kennedy et al., 2004). Other gene/substrate
combinations used for plant selection include the xylose isomerase gene and medium
containing xylose as the predominant carbon source (Haldrup et al., 1998; 2001),
the E. coli threonine deaminase gene in combination with the isoleucine analog
L-O-methylthreonine (Ebmeier et al., 2004) and genes encoding enzymes that deactivate
D-amino acids, which inhibit plant growth (Erikson et al., 2004).
In a small proportion of lines, the co-bombardment of trait and marker genes on
separate plasmids generates integrations into unlinked loci and the potential to identify
progeny individuals that are null for the marker gene through segregation away from the
trait gene. However, even in lines that have lost the plant selectable plasmid by
segregation, the bacterial selectable marker, origin of replication and plasmid backbone
linked to the trait gene remain in the transgenic plant. In an attempt to overcome this,
Fu et al. (2000) used DNA fragments, comprising only the transgene expression cassette,
to transform rice biolistically. They found that, not only was the vector backbone
eliminated from the plant line but also the proportion of low-copy number, structurally
simple transgenic loci were increased. Purifying clean DNA fragments containing only
the sequences necessary for transgene expression is not a trivial task and Agrobacterium
T-DNAs should be inherently cleaner because, in an ideal model, only the sequences
delineated by the left and right borders are transferred. The potential for twin T-DNA
systems to generate selectable marker-free plants has been assessed in barley. One third
of the transformed plants contained both T-DNAs, and in approximately one quarter of
those the T-DNAs segregated independently to yield marker-free transgenic plants
(Matthews et al., 2001). A range of elite rice cultivars transformed by Agrobacterium
containing a vector with two T-DNA constructs recently confirmed this to be a useful
system for generating marker-free rice plants (Breitler et al., 2004).
Other approaches to marker gene elimination involve the use of site-specific recombinases or transposases to excise or relocate the marker gene for elimination by segregation. These methods have proved successful in model dicot species (reviewed by
Ebinuma et al., 2001; Hohn et al., 2001) and have been successfully applied in rice
(e.g. Hoa et al., 2002) and maize (Zhang et al., 2003). However, these methods can still
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leave sequence fragments in the plant genome and the trends in commercial biotechnology are toward total avoidance rather than the utilization of molecular tools to remove
unwanted sequences. In a radically new approach to the removal of foreign DNA, it has
been demonstrated that analogs of the Agrobacterium T-DNA border sequences exist in
plants (so-called P-DNA) and that they can function to delimit T-strand synthesis and
DNA transfer during the transformation process (Rommens et al., 2004). In this study,
Agrobacterium was used to produce marker- and backbone-free potato plants displaying
reduced expression of an enzyme responsible for post-harvest discoloration. This
represents a significant breakthrough in crop improvement through the modification of
the plant’s own genome and could be applicable to cereal species if T-DNA analogs
could be found.
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Introduction
Agricultural technology has achieved major successes in increasing and securing
output as well as improving product quality. Until recently, emphasis of breeders was
on increasing macronutrients and yield. Developed countries have achieved an oversupply in food energy. Now agriculture strives toward improving food quality,
micronutrient composition and functional ingredients. The advent of plant biotechnology allows targeted improvement of food crops toward better agronomic performance
as well as nutrient composition. Nutritionally valuable components can be increased or
newly introduced into crops. These components find nutritional applications directly
in a food or, as extracts from the plant, added to foods. Antinutritive or allergenic
components can be reduced or removed through plant biotechnology. With the
increase in life expectancy, major chronic disease burdens include cardiovascular

Abbreviations: AMD, age related macula degeneration; ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; FDA, U.S. Food and Drug Administration; GM, genetically modified; GRAS, generally recognized as
safe; LDL, low density lipoprotein; PUFAs, polyunsaturated fatty acids
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disease, cancer, type 2 diabetes, obesity, osteoporosis, immune dysfunction and mental
disability. These diseases can be affected by lifestyle and diet. Thus, nutrition research
has focused on the role of functional ingredients letting people age healthy and
perform at their best. Here, we discuss opportunities to adapt crops to human needs
focusing on nutraceuticals with proven health benefits. Different options and their
respective technical status will be presented, that is (i) to enrich functional ingredients
in food (high xanthophylls in fruit, plant sterols in cereals, and pro-vitamin A
enhanced crops), (ii) to have the plant produce valuable ingredients (vitamin E and
polyunsaturated fatty acids (PUFAs) in oil crops) and (iii) to modify its composition
(high-resistance starch).
Each of us can optimize diet or enhance nutritional health benefits by considerate
food choices with respect to quality and quantity. Still, healthy foods may be delivered
more effectively, in a more tasty and a more sustainable manner through plant
biotechnology. In addition, plant biotechnology can provide foods not normally
tolerated by people with specific sensitivities. Today’s dietary recommendations
take into consideration many individual physiological and lifestyle parameters as
well as disease risk factors to determine an optimal food composition and diet pattern.
Recommendations for food choices are based on the accumulated knowledge in
nutrition and medical research. Nutrition recommendations are constantly updated,
taking into account verified scientific findings on diet–disease relationships and
healthy ingredients. The difference between ‘healthy’ versus ‘unhealthy’ foods by
today’s standards lies in the amounts of different foods and ingredients consumed, the
way of preparation, the freshness and the concentration of contaminants. In the
average Western diet we recognize those ingredients that have health benefits but
faded from modern foods such as flavonoids, fiber and n-3 (or omega-3) fatty acids
(O’Keefe, Jr. and Cordain, 2004; Simopoulos, 1999). Other ingredients such as plant
sterols have been recognized (Katan et al., 2003) or suggested, such as resistant starch
(Behall and Howe, 1995), zeaxanthin and lutein (Krinsky, Landrum and Bone, 2003),
by scientific evidence for their health benefits and it would be desirable to increase
their intake from foods. Finally there are components we want to reduce in our diet.
High amounts of saturated and trans fatty acids (Grundy, Abate and Chandalia, 2002;
Sacks and Katan, 2002) or high glycemic foods (Jenkins et al., 2002) are not
considered healthy. Antinutritive, toxic or allergenic components such as phytic
acid (Davidsson, 2003), mycotoxins (Cleveland et al., 2003; Food and Agriculture
Organization of the United Nations, 1979), wheat gluten (Green and Jabri, 2003) and
food allergens (Breiteneder and Radauer, 2004) may be harmful to individuals.
GM crops provide the opportunity to improve human health by supporting established
health concepts. However, limitations in the development of GM nutritionally enhanced
crops exist: (i) in some cases new health-promoting components are still classified as
pharmaceuticals despite their recognized health benefit to a general population (e.g.
aspirin (Schafer, 1996) and lovastatin (Smith, Jr., 2000)), (ii) the health-promoting effects
of certain compounds have not sufficiently been demonstrated in order to allow for the
expensive commercial development of crops with the active substance enriched (e.g.
resveratrol (Pervaiz, 2003; Stewart, Artime and O’Brian, 2003)), (iii) transgenic plant
material or transgenically produced ingredients do not meet broad public acceptance,
especially in European foods, (iv) commercially relevant levels of target compounds may
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be difficult to achieve by molecular engineering, or (v) the limited market may not justify
the high upfront cost of development.
This chapter will provide an overview of the current status, and future developments in
plant biotechnology with respect to functional foods and functional ingredients for
human health and performance. Our focus is on traits with sufficient health evidence to
possibly capture economic opportunities. These traits include pro-vitamin A, lutein and
zeaxanthin, plant sterols, resistant starch and PUFAs.

Definition of Enhanced Nutrition
Enhanced nutrition means (i) supplying essential nutrients through foods not conventionally serving as source for the respective nutrient, (ii) removing food components from
or (iii) adding them to the diet where they serve nutrient functions beyond energy needs.
Enhanced nutrition promotes health and/or performance, or prevents from diseases. The
specific functional ingredients are termed ‘nutraceuticals’, marketed either as dietary
supplements or as ‘functional foods’. Functional foods are foods fortified with added,
concentrated or (bio)technologically introduced nutraceuticals (ingredients) to a functional level.

Economic Development of Nutraceuticals
A rising demand for functional foods can be seen in developed countries. In the US it
claimed around $22 bn in 2003, with an annual growth estimated to continue at 7 %
(Nutrition Business International LLC, 2003). This constitutes approximately 4 % of the
$550 bn US food market. The US dietary supplement market seems more mature with
around $19 bn sales in 2003 and a smaller predicted growth of 2–4 % until 2013
(Nutrition Business International LLC, 2003). Of the estimated $21 bn Japanese
nutraceutical products market in 2002, 60 % were functional foods. In Japan, per capita
spending on functional foods is the world’s highest at about $100 a year, compared with
less than $70 in the US (Yamaguchi, 2003; FOSHU Approval—Is It Worth The Price?
www.npicenter.com). In Japan, the 454 approved FOSHU (Foods for Specified Health
Uses) products (Sep 2004) accounted for more than $4 bn sales in 2003 (www.naturalproductsasia.com, www.npicenter.com). In contrast to the US, Europe prefers its
nutraceuticals in form of functional foods rather than supplements. Retail spending for
functional foods in the old EU 15 countries was estimated to be around $17 bn plus less
than $15 bn for dietary supplements.
The aging demographics of the 21st century will put more self-care responsibility on
everybody. With the number of people over the age of 65 rising, for example in the US, to
about 70 million by 2035, the medical care costs of people with chronic diseases will
greatly increase (www.cdc.gov). The influence of diet on chronic disease is largest for
obesity, followed by cardiovascular diseases, diabetes, dental caries and cancer. In 2004,
the direct and indirect cost of cardiovascular disease in the US population is estimated to
be $368 bn (American Heart Association, 2003). The US Center for Disease Control and
Prevention (www.cdc.gov) estimates that each year over $33 bn in medical costs and $9 bn in
lost productivity due to heart disease, cancer, stroke, and diabetes are attributed to diet.
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Population rises in developing countries and with it nutrition needs. Enhanced
nutrition implies reducing malnutrition with basic nutrients including vitamins,
proteins and minerals. For the year 2002, the World Health Organization claims
34.4 million years of lost healthy life due to nutritional deficiencies in its 192 member
states (World Health Organization, 2004). Protein-energy malnutrition accounts for
16.9 million and vitamin A deficiency for 800 000 years. The more people to be fed
from a limited agricultural surface, the more important plant-based nutrition will
become. Animal-sourced protein, although higher in nutritional value, will become too
inefficient for some areas of the world. High-quality protein and optimized nutrient
density in staple crops may become an economic and nutritious alternative. Development in these areas is an important investment in human health and nutrition of
nonprofit and government programs as well as private corporations. Breeding programs and molecular engineering will increasingly address the production of valuable
supplements for extractions from plants as well as production of health-promoting
substances in staple crops and specialty plants for direct human consumption. Table
2.2.1 gives an overview on important enhanced nutrition products and crops that are
being addressed in academic research. A few of these traits have been adopted by plant
biotechnology industries to develop the respective traits for the market. The table is
not understood to be complete. Areas such as allergen-free food, flavonoids as putative
nutraceuticals and others are not covered.

b-Carotene, Precursor for Vitamin A
Vitamin A deficiency causes one of the largest nutritional disease burdens together with
protein-, iron- and iodine-deficiency, mainly occurring in developing countries (World
Health Organization, 2004). The FAO/WHO estimates mean requirements and safe levels
of intake to be 500–850 mg retinol equivalents (RE)/d (or 3–5 mg -carotene/d) for adults
at a conversion of 1 mg -carotene ¼ 0.167 mg RE (Food and Agriculture Organization of
the United Nations, 2002). Many developing countries in Africa and Asia have a high
occurrence of vitamin A deficiency (World Health Organization, 1998), apparently
lacking access to an affordable and sustained source of the vitamin or its precursor carotene. Good sources of vitamin A are animal products, however, they are expensive.
Thus the development and supply of plants to support vitamin A intake in these countries
is highly needed.
Nutritional Value, Prevention of Disease by b-Carotene
Vitamin A is found in the body primarily in the form of retinol and retinyl ester, the
majority being stored in the liver. It functions in visual perception, cellular differentiation and the immune response. In vision, vitamin A participates as retinal in the visual
cycle, whereas vitamin A plays an important role in gene expression in the form of retinoic
acid, maintaining differentiation of epithelial cells in intestine, skin and lung (Solomons,
2001).
Early signs of vitamin A deficiency include night blindness due to the role of retinal in
vision. The roles of retinol and retinoic acid in immunity and gene expression become
apparent with more profound deficiency (Food and Agriculture Organization of the
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Table 2.2.1 Overview of important nutraceuticals addressed by Plant Biotechnology. ARA,
arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LDL, low density
lipoprotein.
Trait

Proposed crop

Health impact

Comments

Vitamin E

Oil crops

-Carotene

Rice endosperm,
banana, other
grains, tomato
and oil crops

Iron and zinc

Staple crops
including rice

Benefits of tocopherols
Supplementary
and tocotrienols
tocopherols or
beyond vitamin E
tocotrienols may
function are
reduce cardiovascular
clinically not well
disease (Brigelius-Flohe
established;
et al., 2002; Harris,
mechanisms are
Devaraj and Jialal, 2002)
insufficiently
and may protect against
understood; relative
cancer (Dutta and Dutta,
efficacies of
2003; Kuchide et al.,
tocopherols and
2003) and diabetes
tocotrienols are
(Vega-Lopez, Devaraj
still debated
and Jialal, 2004) through
antioxidant effects and
gene regulation (Zingg
and Azzi, 2004)
Recent scientific
Converted to vitamin
success has
A, -carotene
demonstrated that
prevents blindness and
nutritionally relevant
maintains the immune
concentrations of
system and general
-carotene can be
health; shortage is
expressed in rice
still prominent in
(Paine et al., 2005).
developing countries
Commercial
(Potrykus, 2003;
products await
World Health
development.
Organization, 2004;
Zimmermann and
Hurrell, 2002)
Conventional breeding
Nutritional deficiencies
techniques may be
(e.g. protein, iron,
more effective to
zinc, iodine and
increase mineral
vitamin A) affect
content of staple
more than 3 bn
crops; ‘biofortified’
people worldwide
staple crops may
and account for almost
mask a lack of
two thirds of childhood
dietary diversity
deaths (World Health
and other nutritional
Organization, 2004);
deficiencies
once a micronutrient
enhanced crop system
is in place it may be
more sustainable than
current supplementation
approaches (Bouis, 2003;
Welch and
Graham, 2004)
(continued )
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Table 2.2.1 (Continued)
Trait

Proposed crop

Health impact

Comments

Resistant starch

Starch storing
crops such as
corn, wheat
and potato

Carotenoids,
zeaxanthin
and lutein

Tomato, potato,
carrot and
other crops

Carotenoid,
astaxanthin

Tomato, carrot
and other crops

Carotenoid,
lycopene

Tomato, carrot
and others

Physiologically
High-amylose starch as
effective only in
source for resistant starch
specific food
in bakery products may
preparations;
lower blood glucose and
gastrointestinal
insulin response (Behall
problems in some
et al., 1989; Behall and
individuals
Hallfrisch, 2002) and
energy density; resistant
starch supports
individuals affected by
diabetes or metabolic
syndrome (Brand-Miller,
2003)
A causative
Dietary zeaxanthin
relationship
and lutein can increase
between carotenoid
macular pigment density
intake and reduced
in humans (Richer et al.,
AMD has yet to be
2004), which might
demonstrated;
be protective against
moreover, it is still
the development of
uncertain which
age-related macular
carotenoid is most
degeneration (AMD)
effective
(Krinsky et al., 2003);
carotenoids may also
protect light-exposed
skin and tissue (Sies
and Stahl, 2003)
Evidence for human
Potent antioxidant
health promotion is
carotenoid that may
only suggestive,
be effective in prevention
since most studies
of diseases (Guerin,
were performed on
Huntley and Olaizola,
cell culture or
2003) e.g. immune
animal models;
disorders, tumor
astaxanthin is
induction or growth,
associated with
inflammation and
several proposed
infection (Bennedsen
health functions, the
et al., 1999; Chew
mechanisms of
and Park, 2004;
which are little
Jyonouchi et al., 2000)
understood
Powerful antioxidant, may Clinical intervention
studies to show
reduce risk of
protection from
cancers (e.g. prostate)
prostate cancer still
(Hadley et al., 2002;
lacking; difference
Kristal, 2004; Muller,
between synthetic
Alteheld and Stehle,
lycopene and
2003)
lycopene-rich
carotenoid mixtures
not clear
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Table 2.2.1 (Continued)
Trait

Proposed crop

Health impact

Comments

Fish oil type
fatty acids,
EPA and
DHA

Oil-rich crops
such as
soybean
or linseed

Phytosterols

Oil crops,
vegetables
and grain

Resveratrol

Tomato and
other fruits,
rapeseed

Lovastatin

Specialty crops

Cardiovascular health
Sustainable vegetable
benefits are well
source of EPA and
recognized, but
DHA with healthier
benefits toward
background lipids, less
diabetes,
contaminants and better
inflammatory
taste for reduction of
diseases or cancer
cardiovascular risk
are less
(Bang, Dyerberg and
established;
Hjoorne, 1976; Geelen
mechanism of action
et al., 2004; Kromann
insufficiently
and Green, 1980;
understood; stability
MacLean et al., 2004;
and taste of EPA and
von Schacky, 2004),
DHA in foods still
mental disability and
challenging
cancer (Larsson et al.,
2004)
Currently still
Proven to lower plasma
abundant
LDL-cholesterol as drug
conventional
and as food ingredient
production capacity
(Katan et al., 2003;
preventing serious
Ostlund, Jr., 2004);
investments into GM
approved as
crops; consumer
nutraceutical in the US
interest slower
and EU with the option to
growing than
carry a US health claim
expected despite
(www.cfsan.fda.gov/
proven health
dms/flg-6c.html)
benefits
Benefits not well
May prevent specific
established in
cancers such as prostate
clinical studies but
(Cal et al., 2003; Stewart
rather extrapolated
et al., 2003) and may
from cell culture and
provide health benefits
animal research;
as antioxidant (Pervaiz,
pharmaceutical-like
2003)
anticancer effects
proposed, which
may conflict with
nutraceutical safety
requirements
Not yet approved as
Well-proven HMG-CoA
supplement or food
reductase inhibitor with
ingredient; side
broad cardiovascular
effects in some
benefits and excellent
individuals
safety record (Davidson,
2001), originally isolated
from fungus (Tobert,
2003), has reached ‘over
the counter’ drug status
in the UK in 2004 (http://
medicines.mhra.gov.uk)
(continued )
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Table 2.2.1 (Continued)
Trait

Proposed crop

ARA

Oil crops

Tailored fats

Oil crops

Lactoferrin

Cereals

Health impact

Comments

and is being discussed
as over the counter
drug in the US
(Smith, Jr., 2000);
suitable for
incorporation into
functional foods
after approval
Only a limited market
Required for fetal
for infant formula;
development in its
few applications for
function
adults
as eicosanoid precursor,
developmental regulator
and structural membrane
component, dietary
essentiality for infants
debated (Carlson et al.,
1993; Innis, 2003;
Larque, Demmelmair
and Koletzko, 2002).
1,3-Diacylglycerol provides Clinical long-term
effects of
significantly less energy
1,3-diacylglycerol
for fat synthesis than
consumption
triacylglycerols
have not been
despite similar taste and
studied adequately,
technological properties
thus a chance for
(Maki et al., 2002; Nagao
undesirable side
et al., 2000; Tada and
effects cannot yet
Yoshida, 2003)
be ruled out
Human genes needed
Wheat or rice expressing
to produce plant
the high-quality protein
derived ‘Human
lactoferrin with
lactoferrin’;
biological activities.
nevertheless,
Activities include
plant-derived
antimicrobial (Farnaud
lactoferrin will
and Evans, 2003),
remain distinct
immunomodulatory,
from human
antioxidant, antilactoferrin in its
inflammatory (Weinberg,
carbohydrate
2001) and probiotic
moieties,
effects; it may have a
implications
role in mediating iron
unclear
homeostasis (Ward and
Conneely, 2004);
‘activated’ lactoferrin
may be useful for food
sanitary applications
(Naidu and
Nimmagudda, 2003)
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Table 2.2.1 (Continued)
Trait

Proposed crop

Health impact

Comments

Celiac disease
sensitive
protein

Wheat

Better tasting
beans

Soybean

Tailored fatty
acids

Oil crops (corn,
soy, safflower,
sunflower and
canola)

Freedom of symptoms
Bakery and other wheat
can never be
products tolerable for
guaranteed to all
celiac disease patients
celiac individuals;
could alleviate
food technological
nutritional deficiency
problems may
symptoms for the large
arise from
number of affected
alteration or removal
individuals (Fasano et al.,
of celiac disease2003; Green et al., 2003)
sensitive proteins
Soy may be less
Reduction or elimination
obviously
of the ‘bean like’ aroma
recognized in cases
defects of soy (MacLeod
where allergic
and Ames, 1988) could
individuals are
move the minor food
involved or where
ingredient soy from a
‘adulterations’
feed to a healthy
of traditional meat
food crop
products is an issue
(although soy is
usually the healthier
alternative)
Health-promoting
High-oleic acid oils for
omega-3 fatty acids
improved stability and
are replaced by
viscosity as healthy
nutritionally neutral
alternative to
oleic acid instead of
hydrogenation or
finding
use of saturated fat
technological
(http://web.aces.uiuc.
solutions
edu/value/factsheets/);
to stabilize sensitive
nutrition labeling
omega-3s; high oleic
advantage in the US
traits have already
starting in 2006 (http://
been generated
www.cfsan.fda.gov/
transgenically and
dms/transfat.html);
nontransgenically
similar labeling
anticipated in EU

United Nations, 2002; Sommer and Davidson, 2002). Bacterial invasion and permanent
scarring of the cornea of the eye (xerophthalmia) are later symptoms. Vitamin A
deficiency has also been associated with increased child mortality and vulnerability to
infection, particularly measles and diarrhea. Severe deficiency results in blindness, and in
altered appearance and function of intestine, skin and lung. Risk for vitamin A deficiency
is greatest in children because adequate liver vitamin A stores have yet to be built.
Sommer and Davidson (2002) estimate that 140 million preschool-aged children and at
least 7.2 million pregnant women are vitamin A deficient. Most of these women suffer
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not only clinical complications, primarily xerophthalmia, but also increased mortality. Of
the estimated 0.5 million children worldwide, which become blind each year, 70 % is due
to vitamin A deficiency. Of children who are blind from keratomalacia or who have
corneal disease, more than 50 % are reported to die (Food and Agriculture Organization
of the United Nations, 2002). Thus, the problem of micronutrient deficiency accounts for
a tremendous loss in ‘years of healthy’ life, a humanitarian and economical problem that
is worth addressing through GM technology.
Sources of b-Carotene
-Carotene is found in green leafy vegetables (e.g. spinach and young leaves from
various sources), yellow vegetables (e.g. pumpkins and carrots), noncitrus fruits (e.g.
mangoes, apricots and tomato) and palm oil or fruit (Food and Agriculture Organization
of the United Nations, 2002; www.nal.usda.gov/fnic/foodcomp/Data/car98/car_tble.pdf).
Pre-formed vitamin A is only found in animal products (e.g. liver and eggs) or in fortified
processed foods (Solomons, 2001). Both -carotene and vitamin A are rare in diets of
economically deprived populations that often have to survive on starchy staples with little
fruit or vegetables. Thus, the availability of high -carotene staples (grains and tuberous
roots) should help to alleviate the nutritional deficiency in some areas of the world.
It is being tried to engineer crops containing high levels of -carotene. Successful
modifications have been reported from transgenic rice, tomatoes and canola (for an
overview see Table 2.2.1, Herbers, 2003; the biosynthetic pathway for carotenoids in
plants is depicted in Figure 2.2.1). ‘Golden Rice’ is the most prominent example for
genetic engineering of pro-vitamin A in plants. A de novo carotenoid biosynthetic
pathway had to be introduced into rice endosperm to yield -carotene (summarized by
Beyer et al., 2002). Although promising results were obtained, the levels of -carotene
achieved in these rice plants (1.6 mg/kg dry weight rice endosperm) had not been

GGPP
Phytoene Synthase

Phytoene
Phytoene Desaturase

z-Carotene
ζ-Carotene Desaturase
Lycopene δ -Cyclase

Lycopene

d -Carotene

Lycopene β -Cyclase

g -Carotene
Lycopene β -Cyclase

Phytoene Desaturase

a -Carotene

b -Carotene

Lutein

Zeaxanthin

β-Carotene hydroxylase
δ -Hydroxylase

β-Carotene hydroxylase

Zeaxanthin epoxidase

Antheraxanthin
Zeaxanthin epoxidase

Violaxanthin

Figure 2.2.1

Carotenoid biosynthesis in plants.
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sufficient to provide full vitamin A intake. Recent efforts succeeded in increasing the
amount of -carotene in transgenic rice substantially to concentrations of up to 37 mg carotene/kg dry weight rice endosperm (Paine et al., 2005). The increase was due to
using a maize phytoene synthase instead of the gene from daffodil. With this -carotene
concentration the staple rice could provide a substantial part of daily pro-vitamin A
requirements.
In canola seeds -carotene content was increased by 50-fold by the expression of the
phytoene synthase (crtB) gene from E. uredovora behind the Brassica napin promoter.
This resulted in levels of up to 0.7 g/kg seed -carotene and 0.4 g/kg -carotene
(Shewmaker et al., 1999). The / carotene ratio of 2:1 could be shifted to about 3:1
by the simultaneous expression of crtB, phyotene desaturase (crtI) and -cyclase (crtY)
(Ravanello et al., 2003). In Arabidopsis a 43-fold average increase of -carotene was
reached by using the Arabidopsis phytoene synthase under control of the napin A
promoter (Lindgren et al., 2003).
Recently, impressive levels of -carotene have been obtained by expressing tomato
lycopene -cyclase (tlcy-b) behind the CaMV 35S promoter in transgenic tomato plants
(D’Ambrosio et al., 2004). Fruits reached up to 0.2 g/kg FW due to a total conversion of
lycopene into -carotene as well as to a roughly two-fold increase of total carotenoids.
Given the recommendation for daily intakes to be in the range of between 3 and 5 mg carotene, about 20 g of fresh tomatoes might be sufficient to support the respective intake.

Colorful Bioactive Carotenoids, Zeaxanthin and Lutein
The nonvitamin A carotenoids, zeaxanthin and lutein, may help preventing degeneration
of the eye. Age-related macula degeneration (AMD) is accompanied by a loss of yellow
carotenoid pigments that humans cannot synthesize in the macula lutea. Increased
consumption of zeaxanthin and lutein is associated with a higher macular pigment
density (Landrum and Bone, 2001), but a causative relationship has not yet been
experimentally demonstrated (Krinsky et al., 2003). Despite the uncertainty with respect
to protection from AMD by dietary zeaxanthin and lutein (Mozaffarieh, Sacu and
Wedrich, 2003), reports summarizing research on the dietary effected increase of
serum xanthophylls and macular pigment density, and the possible prevention of lightexposed tissue damage, promote their popularity (Alves-Rodrigues and Shao, 2004; Sies
and Stahl, 2003). Physiologically there is still debate about which of the two dietary
xanthophylls may be the more significant for human health (Krinsky et al., 2003).
Vegetables with relatively high concentrations of zeaxanthin and lutein constitute a
minor portion of the Western diet and their bioavailability needs to be considered
(Castenmiller et al., 1999). Introduction of, or increase in, zeaxanthin and lutein in crops
using GM would make the food supply more versatile to achieve higher plasma and
tissue levels.
Nutritional Value, Prevention of Disease and Recommendations
AMD is the leading cause of severe visual impairment and blindness in the elderly. The
prevalence of neovascular AMD and/or geographic atrophy in the US population of 40
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years and older is estimated to be 1.5 % with 0.6–0.7 % of the citizens having late AMD
(Friedman et al., 2004). Due to the rapidly aging Western populations, more than 1 %
will be affected by AMD in 2020. AMD is a condition that primarily affects the part of
the retina responsible for sharp central vision. Two major types of disease are
differentiated (National Eye Institute, 2002): (i) Dry AMD (nonexudative, 80 % of
cases) involves the presence of drusen, fatty deposits under the light-sensing cells in the
retina, with atrophy in later stages. Vision loss in early dry AMD is moderate and
progresses slowly. (ii) Wet AMD (exudative, 20 %) is more threatening to vision
because of neovascularization under the retina with vessels breaking open and leaking
fluid. This distorts vision and causes scar tissue to form.
Dietary supplementation with zeaxanthin and lutein was suggested as treatment for
AMD long after macular pigment was identified to contain xanthophylls (Krinsky, 2002).
The center of the human retina, the macula lutea, contains an enrichment of the
carotenoids 3R,30 R-zeaxanthin, 3R,30 S(meso)-zeaxanthin and lutein up to a concentration of 1 mM, almost three magnitudes above normal plasma concentration (Landrum
and Bone, 2001). The specific enrichment together with the ability of the xanthophylls to
protect from high-energy blue light damage in the eye, and their antioxidant functions as
radiation quencher and radical chain-breaking antioxidant (Krinsky, 1989) led to the
proposition that dietary zeaxanthin and lutein may protect from maculapathy (including
AMD) (Landrum and Bone, 2001).
Dietary zeaxanthin and lutein are absorbed well from foods or supplements and
distributed through plasma lipoproteins to peripheral tissues. Lutein can be converted to
zeaxanthin (Khachik, Bernstein and Garland, 1997) and zeaxanthin to all-E-3-dehydrolutein (Hartmann et al., 2004) in vivo. However, it is not yet known which of the
carotenoids forms meso-zeaxanthin in the retina (Krinsky et al., 2003). Xanthophyll
supplementation can increase macular pigment density (Richer et al., 2004). Still, the
proposed function of macular lutein, zeaxanthin and meso-zeaxanthin to support
photoprotectors within the retina has yet to be proven (Landrum and Bone, 2001;
Mozaffarieh et al., 2003). Considering the increasing prevalence of AMD and the large
economic impact of severe impairment of vision, benefits from zeaxanthin and lutein in
prevention of the disease could have an enormous social and economic impact.
Sources of Zeaxanthin and Lutein
Zeaxanthin and lutein can primarily be found in vegetables. These include, for example
(lutein þ zeaxanthin mg/100 g edible portion, (www.nal.usda.gov/fnic/foodcomp/Data/
car98/car_tble.pdf; Elmadfa et al., 2004)): corn (2), broccoli (2), zucchini (2), collards
(8), turnip greens (8), spinach (7–12), Savoy cabbage (22), kale (15–40). The concentrations in these vegetables are high considering that the average Western diet provides
1–3 mg/d zeaxanthin and lutein (Nebeling et al., 1997). The low average intake, despite
the availability of xanthophyll-rich vegetables, indicates the relatively low popularity of
these vegetables.
For supplements and functional foods, lutein can be enriched from vegetables and
from marigold (Tagetes erecta, mainly producing lutein). In the US, FDA has no
questions regarding ‘crystalline lutein’, a blend of zeaxanthin and lutein to be added
to a variety of food items in the range of 0.3–3.0 mg per eating occasion, to be considered
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GRAS (GRN 140). ‘Crystalline lutein’ is produced and purified from marigold oleoresin,
which is a hydrophobic solvent extract from dried marigold petals. Zeaxanthin can also
be produced synthetically, and it can be produced from mutated Flavobacterium cultures
for which the carotenoid biosynthesis genes are known (Pasamontes et al., 1997). There
are several bacterial production systems supplying the supplement and functional food
market.
GM approaches to elevate endogenous levels of zeaxanthin (see Figure 2.2.1 for
biosynthetic scheme) have been performed in tomatoes and potato tubers. An increase of
zeaxanthin was achieved for the first time by the combined over-expression of
Arabidopsis -cyclase and pepper -carotene hydroxylase under the control of the
phytoene desaturase promoter in tomato fruits (Dharmapuri et al., 2002). The double
transformants accumulated up to 11 mg/kg FW cryptoxanthin and up to 13 mg/kg FW
zeaxanthin (Dharmapuri et al., 2002). The latter pigments are below detection limits in
wild-type fruits, which usually accumulate mainly lycopene. Another transgenic strategy
was successfully employed by Römer et al. (2002) in transgenic potato tubers. In these
organs the most abundant carotenoids are violaxanthin (see Figure 2.2.1) followed by
lutein; total carotenoids yielding altogether between 10 and 25 mg/kg DW tuber.
Violaxanthin is formed by the action of zeaxanthin epoxidase via antheraxanthin, the
monoepoxy intermediate. Römer et al. (2002) reduced the expression of zeaxanthin
epoxidase. This approach yielded levels of zeaxanthin elevated up to 130-fold, reaching
40 mg zeaxanthin/kg DW. In addition, most of the tubers containing higher zeaxanthin
levels showed increased levels of total carotenoids (up to 5.7-fold). Company statements
give recommendations of >6 mg for daily intakes of lutein and zeaxanthin, levels
acceptable to FDA in GRAS notifications GRN 110 and 140. In relation to these
amounts it becomes obvious that both the transgenic tomatoes and potatoes have been
significantly biofortified for zeaxanthin by genetic modifications.

Plant Sterol Rich Foods for Healthy Blood Lipids
With optimized dietary intake, plant sterols (phytosterols) and/or stanols (1.5–2 g/d) can
lower human serum total- and low-density lipoprotein (LDL) or ‘bad’ cholesterol by
about 10 % (Katan et al., 2003). The associated reduction in clinical manifestation of
coronary heart disease is expected to be around 20 % (Miettinen and Gylling, 2003).
Properly solubilized free or esterified plant sterols/stanols or equivalent esters at 0.8–
1.0 g per day, in fortified and unfortified food vehicles, lower LDL cholesterol and
maintain good heart health (Berger et al., 2004). Average plant sterol intake with
Westernized diets is only 0.2–0.4 g/d (Normen et al., 2001). Historically, human plant
sterol intake must have been higher, because the introduction of oil and fat refining
technology not only improved oil taste and stability but also lowered dietary plant sterols.
The deodorization step in today’s oil refinement removes, depending on the process
applied, approximately half of the sterols from the oil and thus from the diet (Belitz and
Grosch 1999; Przybylski, 2001).
Plant sterols accumulate in the lipid fraction of seeds and fruit. Substantial amounts of
the major sterols, -sitosterol, campesterol and stigmasterol, can also be found in cereals
including wheat (Normen et al., 2001). Plant stanols naturally occur as the hydrogenated
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counterparts of the respective sterols. The major stanols, -sitostanol and campestanol,
contribute <10 % to dietary plant sterol intake (Normen et al., 2001). The steroid
alcohols share a ring structure with cholesterol but differ in respective side chains. Plant
sterols may be present either free, as long-chain fatty acyl esters (about 50 %) or as
glycosides (minor).
Higher dietary plant sterol intake can be achieved through adding sterols to specific
items in the food chain or through genetically increasing the production in the crop plant.
Even low fat foods can be efficient in reducing serum cholesterol, if plant sterols were
appropriately emulsified (Ostlund, Jr., 2004). The relatively high sterol content of wheat
(60–80 mg/100 g) and other cereals (Piironen et al., 2002) compared to about 250 mg/
100 g refined oil in European food products shows that low-fat food items contribute
significantly to plant sterol intake (Normen et al., 2001). Thus, in addition to oil crops,
crops grown for protein or starch such as soy, peas, wheat, corn, bananas or tomatoes
serve an important role in dietary sterol intake and may be altered to overexpress sterols
in the future.
A high plant sterol trait in edible plants would offer an effective dose of plant sterol/
stanol in a serving size. The US FDA approved a health claim for plant sterols or stanols
to reduce risk of coronary heart disease. A food, of which two servings can be consumed per
day with 0.4 g free sterols per serving, can carry the claim that it ‘may reduce the risk of heart
disease’ if included into a diet low in saturated fat and cholesterol (21 CFR 101.83).
Nutritional Value, Prevention of Disease and Recommendations
Plant sterol/stanol esters may reduce the risk of atherosclerosis and cardiovascular
disease by lowering blood cholesterol (US Health Claim, (21 CFR 101.83). www.cfsan.
fda.gov/dms/hclaims.html). To understand cholesterol-lowering mechanisms it is
important to recognize that the human intestine discriminates between cholesterol and
plant sterol for absorption and metabolism. Cholesterol is absorbed efficiently and
recovered in lipoproteins (35–70 %), whereas little plant sterols/stanols are recovered
in plasma (0.02–3.5 %) (de Jong et al., 2003) although plant sterols and cholesterol have
similar physicochemical properties.
There are two hypotheses trying to explain the cholesterol-lowering effect of plant
sterols. First, due to their similar physicochemical properties plant sterols displace
cholesterol from the intestinal micelles without being absorbed into plasma in significant
quantities. The second hypothesis is that plant sterols are rapidly taken up by enterocytes
together with cholesterol. Once in the enterocyte plant sterols increase expression of the
adenosine triphosphate-binding cassette A1 sterol transporter (Ostlund, Jr., 2004; Plat
and Mensink, 2002). Intestinal cell sensors (SREBP-2 and LXR) may not differentiate
between cholesterol and plant sterols. Consequently, the transporter mediates excretion of
the sterol components out of intestinal cells back to the lumen (Plat and Mesink, 2002).
Already the low current dietary intake of 0.2–0.4 g plant sterols/d is bioactive by
reducing cholesterol absorption (Normen et al., 2001; Ostlund, Jr., 2002). Due to their
proven cholesterol-lowering action, FDA approved a health claim (2000) for plant sterols
and risk of coronary heart disease for foods containing at least 0.65 g plant sterol ester or
1.7 g plant stanol ester per reference amount (21 CFR 101.83) (current research suggests
that there is little difference in cholesterol-lowering efficacy between sterols and stanols
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(Ostlund, Jr., 2002)). Also the US National Cholesterol Education Program recommends
plant stanols/sterols of 2 g per day as a therapeutic option for lowering LDL (National
Cholesterol Education Program (NCEP) Expert Panel, 2004). This amount is in the
maximum LDL cholesterol-lowering range (10 %) achievable by diet (1.5–2 g free or
2.5–3.3 g esterified plant sterols/stanols per day) (Katan et al., 2003; Lichtenstein, 2002).
Although nearly all foods contribute appreciably to plant sterol/stanol intake, except for
refined carbohydrates and animal products (Normen et al., 2001), recommendations in
the gram per day range can only be achieved by consuming fortified foods.
Sources for Plant Sterols and Stanols
Plant sterols are obtained as a side product during vegetable oil processing, whereas
stanol-rich products are derived from tall oil, a waste product from the paper industry.
Crude vegetable oil is refined through a series of unit operations known as physical or
alkaline refining. The processing can include the steps of degumming, caustic refining,
bleaching and deodorization (Belitz and Grosch, 1999). The primary purpose of
deodorization is to improve taste, odor and stability via the removal of undesirable
volatiles and pigments. Sterols are recovered in the unsaponifiable fraction from
deodorizer distillate of soy, corn and rapeseed oil. Sterols are further concentrated, for
example by distillation techniques.
Tall oil is produced through organic solvent extraction from tall oil soap, a by-product
of the pulping process used for coniferous trees during paper manufacturing. The tall oil
is extracted with alcohol and heated to give primary plant sterol crystals. After cooling,
these crystals are washed with water and filtered to separate residues. The plant sterols
are recrystallized, filtered, dried under vacuum, milled and sieved. The resulting
crystalline product is predominantly a mixture of -sitosterol, -sitostanol, campesterol
and campestanol (adapted from US Generally Recognized as Safe Notifications, GRN 39
and 112, www.cfsan.fda.gov/rdb/opa-gras.html). Plant sterol- and stanol-enriched
products include vegetable oil spreads, dressings for salad, health drinks, health bars
and yogurt-type products.
Metabolic engineering approaches have shown that it is possible to increase sterol
levels in plants by expressing single genes coding for key regulatory enzymes. So far,
maximum increases of plant sterols were reported to be in the range of 3–6-fold by the
expression of HMG-CoA reductase in tobacco plants (Chappel et al., 1995; Schaller et al.,
1995). The expression of C-24 methyltransferase type 1 in tobacco yielded levels elevated by
about 1.4-fold (Holmberg et al., 2002). Venkatramesh et al. (2003) were able to show that
plant sterols could be converted into their respective hydrogenated forms, the stanols, in
transgenic B. napus and soybean by the expression of a gene encoding 3-hydroxysteroid
oxidase from Streptomyces. Thus, genetic modification gives the potential to enrich plant
sterols and stanols in crop plants for enhanced nutrition purposes.

Resistant Starch, a Valuable Food Fiber
Carbohydrate quantity and quality have become a rising issue in the development of type
2 diabetes and obesity, both dominant problems in the US (Mokdad et al., 2001) and
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Europe. A key factor in carbohydrate quality is the time of digestion and glucose
absorption into blood circulation (glycemic response). Consumption of carbohydrates
that are slowly digested or not digested in the small intestine, for example resistant starch
or dietary fiber, provides health benefits (Augustin et al., 2003; Brand-Miller, 2003).
Benefits include an improved glycemic control in diabetes (Willett, Manson and Liu, 2002),
and reductions in blood insulin and in postprandial lipids (Behall and Hallfrisch, 2002; Behall
et al., 1989). In addition, resistant starch favorably affects the large intestine microflora and
generates butyric acid serving the colon as energy source. These benefits are associated with
a reduced risk for development of type 2 diabetes (Salmeron et al., 1997a,b).
Increasing the resistant starch portion in a starchy food crop may be valuable in
commonly consumed high glycemic foods such as potatoes, corn or rice (Foster-Powell
et al., 2002). Starchy foods usually contain 75 % of the starch as amylopectin with the
remainder as amylose. Amylose is more resistant to intestinal digestion than amylopectin
and sugars because of slower intestinal degradation by -amylase. White potatoes
account for a large proportion of starchy vegetable consumption in the US (US
Department of Agriculture—Agriculture Research Service, 2000). Similarly, corn and
rice are popular staple foods with high glycemic indices in most applications (FosterPowell et al., 2002). Reversing the amylopectin to amylose ratio in favor of amylose, as
was achieved in high-amylose corn, lowers glycemic response to foods containing the
ingredient (Vonk et al., 2000). High amylose in the starch fraction of other starchcontaining crops, such as potato or rice could also improve the resistance to rapid
digestion and absorption of these high glycemic foods.
Nutritional Value and Prevention of Disease
Most of the potential health benefits of amylose from different food sources are
associated with the relatively slow digestion of this starch type and the delayed blood
glucose and insulin response after absorption (Behall et al., 1989; Goddard et al., 1984).
High amounts of amylose double helices and amylose–lipid complexes are believed to be
responsible for reduced starch digestion by pancreatic -amylase in the human small
intestine. Amylose is thus considered ‘resistant starch’ and produces a slow and
comparatively smaller but more sustained rise in blood glucose and insulin than
amylopectin or sugars. The insulin requirement for amylose digestion is relatively low
(Behall et al., 1988), whereas amylopectin raises blood glucose, insulin and glucagon to a
larger extent, thus stressing glucose regulation.
One approach to rate carbohydrate quality is by its glycemic index. It measures the
blood glucose response of specific food carbohydrates relative to dietary glucose or white
bread (Ludwig and Eckel, 2002). Although the glycemic index is still controversial
(Pi-Sunyer, 2002), in large prospective epidemiologic studies a high-glycemic index of
the overall diet has been associated with a greater risk of type 2 diabetes (Willett et al.,
2002). Diabetes diets aim at keeping constant blood glucose level by avoiding foods that
cause a rapid rise after consumption. Several studies demonstrated a lower glycemic
response after hyperinsulinemic and normal subjects consumed diets with amylose
replacing amylopectin (Behall et al., 2002; Behall and Howe, 1995). Diabetes prevention
programs utilizing resistant starch to reduce glycemic response may be more costeffective than medical treatment (Brand-Miller, 2004).

Enhanced Nutritional Value of Food Crops

107

High amylose may also benefit cardiovascular health. Postprandial lipemia, hyperinsulinemia and diabetes contribute to cardiovascular risk. A low-glycemic load (the
glycemic index multiplied by the amount of carbohydrate) diet has been associated with
lower risk of type 2 diabetes and cardiovascular disease in a prospective cohort study (Liu
and Willett, 2002). Low-glycemic load was associated with elevated ‘good’ high-density
lipoprotein-cholesterol in participants of the Nurses’ Health Study (Liu et al., 2001).
Thus, diets high in resistant starches support heart health through a more constant blood
glucose level, although effects on plasma lipoproteins are limited. Highly resistant starch
diets may also affect food intake and weight control. Lack of the sensation of satiety and
a fluctuating blood glucose and insulin level may be critical in body weight regulation
(Ludwig, 2000). The rapid absorption of glucose after high glycemic meals induces a
sequence of hormonal and metabolic changes that could promote more food intake.
Taken together, increasing the resistant starch fraction in foods can help lower postprandial
glucose and insulin response as well as food intake. The reduced glycemic response may
lower the risk of diabetes, secondary cardiovascular disease and obesity. The replacement of
significant amounts of rapidly digestible carbohydrates with resistant starch in popular
starchy crops (potato, corn and rice) can be considered a nutritional enhancement.
Sources for Resistant Starches
Food labels claiming a product to have a low glycemic index have been permitted in
Australia provided the food product meets certain nutrient criteria. Most other countries
have not yet allowed favorable labeling indicating the glycemic index. High-amylose
starch is currently derived mainly from non-GM high-amylose corn (maize) mutants.
Some elevated-amylose rice varieties have also been shown to provide low glycemic
indices (Foster-Powell et al., 2002) as does specifically processed tapioca starch.
High-amylose resistant corn starches available to food manufacturers include Hylon,
Hi-MaizeTM and Novelose1 (National Starch and Chemical Company, Bridgewater, NJ),
AmyloGel (Cargill, Cedar Rapids, IA), Gelose1 (Penford Australia, Lane Cove,
Australia) and Eurylon1 (Roquette America, Inc.). These are processed resistant starches
based on non-GMO high amylose (50–90 %) corn (Vonk et al., 2000). Cerestar
(Mechelen, Belgium) offers C*ActiStar a partially hydrolyzed and retrogradated nonGMO tapioca starch containing >50 % resistant starch. Above starches can be labeled to
contain 30–60 % total dietary fiber for the starch fraction in a food. Products formulated
with resistant starch may carry a ‘Good source of fiber’ in the US, when formulated to
deliver 2.5 g of fiber per serving or ‘High source of fiber’, at 5.0 g. An additional benefit
of resistant starches is the lower amount of energy available to human nutrition, 2–3
instead of 4 kcal/g depending on the product (Behall and Howe, 1996). Food categories
include diabetic bread products, breakfast cereals, pasta and extruded products.
A recent review (Jobling, 2004) describes the technical achievements for yielding
high-amylose starch by genetic engineering. So far, the most successful attempts to
increase amylose levels from 20 % to 30 % in normal starch to >60 % have been by the
simultaneous downregulation of starch branching enzymes I and II (SBE I and II,
Schwall et al., 2000) or by expressing antibodies against SBEII (Jobling et al., 2003).
Both approaches were performed in transgenic potato plants. These approaches should be
transferable also to other starchy crops in order to increase the amount of amylose.
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PUFAs
Long-chain polyunsaturated n-3 (omega-3) fatty acids are vital constituents of human
metabolism. For adults, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
have physiological benefits mainly toward cardiovascular protection, reduction of
inflammation and mental performance. Infants benefit from adding DHA and arachidonic
acid (ARA) to infant formula. Hereby they receive nutrients close to mother’s milk. This
ensures access of the developing organism to DHA, the primary structural fat in the brain
and eyes, and to ARA, a precursor of a hormone-like growth mediator and the most
prevalent omega-6 fatty acid in the brain (Jensen, 1999). In this section we will consider
EPA and DHA for improved adult nutrition. The accumulating scientific evidence
indicating adult health benefits causes an increase in demand for dietary EPA and
DHA, and requires more sustainable and safe production systems for the nutrients.
EPA and DHA are currently sourced from fish, marine animals and marine microalgae.
Oil crops lack the genes to desaturate and elongate their fatty acids to yield EPA and
DHA. The production of EPA and DHA in oil crops should have substantial advantages
over fish oils (Wu et al., 2005). Fish oils accumulate contaminants such as heavy metals,
dioxins and polychlorinated biphenyls. Background fatty acids in fish oils are typically
those of saturated animal fat and thus less healthy than those from plant oils. Importantly,
the lack of odorous amines and metal catalysts degrading the fragile fatty acids in future
crop oils may substantially improve taste and stability. Finally, the sustainability and the
economics of modern crops will allow the incorporation of EPA and DHA into a wide
range of foods.
Nutritional Value, Prevention of Disease and Recommendations
EPA and DHA are important components of human brain and retina, and precursors for
hormone-like mediators (eicosanoids) affecting chronic diseases. Although only linoleic(n-6) and -linolenic acids (n-3) are considered essential for humans (Food and Nutrition
Board (FNB), 2002), evidence accumulates that dietary supplementation with EPA and
DHA has cardiovascular and other benefits for a broad population (von Schacky, 2004).
Dietary EPA and DHA reduce blood coagulation, blood lipids and blood pressure, may
improve the lipoprotein profile and have anti-arrhythmic effects (Calder, 2004; Geelen
et al., 2004). EPA and DHA were shown to suppress inflammatory and allergic processes
(Calder 2002), benefit mental disorders (Horrocks and Farooqui, 2004; Morris et al.,
2003) and depression (Hibbeln, 2002). The significance of cardiovascular health benefits
has been discussed for years and the recent scientific substantiation may convince the US
FDA to eventually upgrade the current ‘Qualified Health Claim’ on ‘Omega-3 Fatty
Acids and Coronary Heart Disease’ (Docket No. 2004Q-0401) into a full claim.
During the last 30 years, evidence has accumulated that dietary supplementation with
EPA and DHA helps prevent chronic diseases (Bang et al., 1976; Kromann et al., 1980).
Studies by Burr et al. (1989) suggested that modest intake of fatty fish reduces mortality
in men who have recovered from myocardial infarction. The GISSI Prevenzione trial
confirmed protective findings in a large intervention study in patients surviving myocardial infarction (GISSI-Prevenzione Investigators, 1999). Treatment with about 0.9 g
EPA and DHA ethyl esters per day significantly lowered the risk of death and
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cardiovascular death. The effect of EPA and DHA on insulin sensitivity in type 2 diabetes
is currently an area of considerable interest. Epidemiological studies suggest that
improved plasma insulin or insulin sensitivity is not observed in diabetics (MacLean
et al., 2004), but that fish consumption protects against cardiovascular disease and total
mortality in diabetics (Hu et al., 2003). Clinical data with respect to diabetes are still
heterogeneous and require more research (Julius, 2003).
International dietary fatty acid recommendations show a trend toward recognizing the
significance of fish oil type fats or EPA and DHA (PUFA Newsletter, September 2003,
www.fatsoflife.com). In the US and most European countries, omega-3 fatty acid intake
for adults ranges between 1 and 2 g/d (0.5–1.0 % of energy), the majority is derived from
-linolenic acid and only 0.1–0.3 g/d from EPA plus DHA (Kris-Etherton et al., 2000;
Sanders, 2000). A few industrialized countries have higher fish oil intakes such as
Portugal, Spain, France and Japan. Vegetarians, especially vegans, often show depressed
tissue EPA and DHA levels (Davis and Kris-Etherton, 2003). Before the introduction of
today’s n-6-rich oil crops, n-3 fatty acids had a more significant role in our diets, with a
dietary n-6/n-3 fatty acid ratio of about 2:1 (Simopoulos, 1999). Today the ratio may
exceed 10:1 in most Western diets. Of concern is the rise in pro-inflammatory and
regulatory eicosanoids produced from ARA metabolites. Thus, an improved supply from
plant oil derived EPA and DHA would be desirable.
Taking together scientific evidence on the benefits of EPA and DHA for adult health
and the levels of supplementation at which benefits were achieved, a prudent goal would
be an intake of 0.5–1.0 g EPA and DHA per day. Thus, the current intake should be
increased 3–5-fold, for which GM oils may offer a healthy and sustainable alternative.
Sources for PUFAs
Current production systems are either not sustainable or not economic to supply large
quantities of the active ingredients that will be needed in future broad food supplementation. The predominant sources of EPA and DHA are fish and fish oils. Some fatty fish,
particularly halibut, mackerel, herring, and salmon, are rich sources of EPA and DHA.
The content of n-3 fatty acids may vary significantly depending on the type of fish, the
environment and if it was farm-raised or wild. Typically, fatty acid patterns of farmraised salmon are adjusted to its wild counterpart by adding marine oils to the diet during
the finishing of the animals. This method has limits since other factors such as physical
activity and environment also affect fish fatty acid pattern. Wild fish exploitation has
raised serious concerns about the ecological effects of industrialized ocean fishing
(Myers and Worm, 2003) with a plea for more sustainable management (Pauly et al.,
2002).
Alternatively DHA can be produced by fermentation of microalgae and subsequent
extraction of the oil (Australia New Zealand Food Authority C, 2002). Fermentative
production systems have been optimized for oil yield as well as for feed and energy
efficiency. Due to its high costs the technology will remain economical only for niche
products. A cost-efficient production in transgenic oil crops might constitute an alternative providing diverse advantages over aquaculture, wild fish exploitation and microbial fermentation. For technical achievements in the area of genetic engineering the
reader is referred to Wu et al. (2005) and to Chapter 2.3.
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Conclusions
The concept of enhanced nutrition to maintain health and performance of an aging
society will become increasingly important in the coming years, especially in the
industrialized nations. Nutraceuticals, which underpin disease prevention strategies, are
either contained in functional food or are consumed as supplements. Often, these
components are not ‘essential’ by a nutrient definition. We have discussed several
compounds with health benefits taken from diverse biochemical fields and with varying
beneficial effects. In short, the scientific literature proposes that plant sterols support a
healthy blood lipoprotein profile, PUFAs reduce cardiovascular disease risk and mental
degradation, pro-vitamin A has essential visual functions, zeaxanthin and lutein may
prevent visual degradation and the intake of resistant starch reduces glycemic response
and may lower the risk of type 2 diabetes and obesity.
The discussion of each of these nutraceuticals has shown that several options exist to
allow for their production, including chemical synthesis, fermentation, extraction from
available natural sources, breeding and plant biotechnology. In all cases plant biotechnology has progressed significantly, yielding elevated levels of the respective compound
in diverse transgenic plant species.
Given these technical achievements it can be concluded that GM crops in general offer
the opportunity to enrich components with proven health benefits and thereby improve
specific food compositions. Moreover, metabolic engineering can also transfer healthy
components from a rarely consumed food or a food with nutritional disadvantages to
popular staple food to make it more beneficial. Finally, an important topic which has not been
dealt with in this chapter, GM techniques can help reduce the amount of problematic
ingredients in foods such as allergens (Chapter 3.1) and compounds adversary to health.
Thus, GM can substantially improve diet health efficacy and quality of food.
Economic considerations determine which option will be taken by private companies
to create enhanced nutritive compounds. The development of a trait by GM technology is
costly and has long timelines until market introduction. To be profitable (i) the quality
and contents of the nutraceutical have to be substantial, (ii) cultivation/production/
extraction costs have to be relatively low compared to competitive systems and (iii) highvalue markets in developed countries have to be targeted in order to obtain the return on
investment. Commercialization has been profitable in a few GM crops including corn,
cotton, rapeseed and soybean with so far little effort to improve food quality (Liu and
Willett, 2002; Stoutjesdijk et al., 2000). The next generation of GM crops is likely to
serve consumer demand for nutritional benefits with crop traits sufficiently large to be
profitable, for example PUFAs from oil crops (Drexler et al., 2003; Wu et al., 2005; Qi
et al., 2004).
The concept of enhanced nutrition by GM technology may also serve developing
countries. Co-operative research developments by publicly funded institutions support
the exploitation of GM results in developing countries to improve not only agronomic
performance, but also nutrient availability in food. To this end, genetically engineered
rice containing -carotene in the endosperm was developed to provide an alternative
intervention to combat vitamin A deficiency (Toenniessen, 2002). Recently, -carotene
concentrations in rice endosperm have reached levels to provide a reasonable source for
vitamin A needs (Paine et al., 2005). Micronutrient deficiencies including iron and zinc,
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which cause severe human health problems in developing countries are also being
addressed both by breeding (Welch and Graham, 2002) as well as by genetic engineering
(Lucca et al., 2001; Zimmermann and Hurrell, 2002).
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Introduction
Long-chain polyunsaturated fatty acids (LC-PUFAs) are important in human health and
nutrition. In particular, fetal development is dependent on a supply of n-3 polyunsaturated fatty acids. n-3 polyunsaturated fatty acids have also been shown to be protective
against cardiovascular disease and risks associated with metabolic syndrome. In view of
the decline in marine fish stocks, which represent the predominant natural reserves of n-3
long chain polyunsaturates, alternative sources are urgently required. One approach may
be to express the LC-PUFA biosynthetic pathway in transgenic plants. Recent progress
in validating this approach has now emerged, demonstrating the feasibility of using
transgenic plants to synthesize these important human nutrients.
There is considerable potential in using molecular techniques to produce plants that
have been modified to improve or enhance the nutritional composition of their crop
(Tucker, 2003). Improving the nutritional composition of the crop may be attempted by
increasing the levels of endogenous nutrients (e.g. vitamin E) (Cahoon et al., 2003) or
alternatively introducing non-native compounds (e.g. essential fatty acids) into plants
(Jaworski and Cahoon, 2003). There are significant economic and ecological drivers
for developing transgenic plants as novel sources of some nutrients; many of these
Plant Biotechnology. Edited by Nigel Halford.
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compounds are currently obtained from non-sustainable or economically unviable
sources (Ohlrogge, 1999; Tucker, 2003).
Transgenic plants engineered to accumulate specific compounds of benefit to human
health and nutrition have begun to emerge as a viable alternative source to current
production methods (Thelen and Olrogge, 2002). While the concept of the ‘green
factory’ (i.e. a transgenic plant engineered to synthesize a desired product) is not new, it is
only in the last few years that this technology has clearly demonstrated its earlier promise
(Ohlrogge, 1999; Tucker, 2003). The continued debate over the desirability, or even acceptability, of transgenic plants entering the human food chain has overshadowed the potential
benefits of GM-derived nutritional enhancement of plants (Sayanova and Napier, 2004).
The first generation of transgenic plants for which regulatory approval to enter the
human food chain was sought were exclusively input traits, meaning they were
engineered for traits such as herbicide tolerance or insect resistance (Thelen and Olrogge,
2002). These traits are of benefit to farmers and conventional agricultural practices, but
they do not demonstrate obvious benefits to the consumer, not in the face of increased
public scepticism regarding GM food and food safety in general. It might be hoped that
output traits, in which transgenic plants are engineered to produce compounds that are of
value to the consumer, might help to persuade the general public of the benefits of this
technology (Sayanova and Napier, 2004; Tucker, 2003). Current examples of output traits
engineered into transgenic plants include the synthesis of molecules such as single-chain
antibodies, as well as the above-mentioned nutritionally enhanced foodstuffs (Paine et al.,
2005; Warzecha and Mason, 2003).
In particular, we are interested in the possibilities of transgenically expressing the
biosynthetic pathway of LC-PUFAs, normally found in aquatic microorganisms
(Sayanova and Napier, 2004).

LC-PUFAs in Human Health
LC-PUFAs are known to play several discrete roles in human metabolism. These are
likely to include biophysical roles in membrane bilayers, as well as those relating to
the metabolism of these fatty acids. Perhaps the best known metabolic function of
LC-PUFAs is their role as precursors to a class of compounds termed eicosanoids
(i.e. metabolites of eicosa [C20] fatty acids) (Funk, 2001). The eicosanoids consist of
leukotrienes, prostaglandins and isoprostanes. These molecules have potent biological
activities on platelets, blood vessels and most organ systems, exerting their actions via G
protein-coupled receptors (GPCRs) or peroxisomal proliferator-activated receptors
(PPARs) (Funk, 2001). These compounds perform a number of essential physiological
functions including regulation of the immune system, blood clotting, neurotransmission
and cholesterol metabolism (Hwang, 2000).
Eicosanoids are formed via physical or chemical insults, which can result in the release
(through the action of phospholipases) of LC-PUFAs from the phospholipid membrane
and subsequent oxygenation by specific oxygenase enzymes (Funk, 2001). The molecular
species of eicosanoid synthesized (and hence the body’s responses) are determined by
multiple factors, which include the specific cell type receiving and responding to the
challenge (e.g. platelets, leukocytes or endothelial cells), the metabolizing oxygenase
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enzymes (cyclo-oxygenase versus lipoxygenase) and the levels of substrate C20 LC-PUFAs
in the cell membrane. Eicosanoids derived from n-6 LC-PUFAs have very distinct
metabolic properties to those derived from n-3 substrates. In general, eicosanoids are
classified into three different groups of LC-PUFA metabolites: series-1 and series-3 are
anti-inflammatory, whereas series-2 is pro-inflammatory. Eicosanoids derived from n-6
substrates are generally pro-inflammatory, pro-aggregatory and immuno-active (Hwang,
2000). In contrast, the eicosanoids derived from n-3 fatty acids such as eicosapentaenoic
acid (20:5, n-3; EPA) have little or no inflammatory activity and act to modulate platelet
aggregation and immuno-reactivity (Funk, 2001). Currently there is increasing interest in
the n-3 fatty acids because of these perceived beneficial properties.
There is also mounting evidence of the importance of n-3 LC-PUFAs as protective
factors in human pathologies such as cardiovascular disease. Dyerberg, Bang and
colleagues documented the low incidence of cardiovascular disease in Inuit communities
whose diet was rich in oily fish (Bang, Dyerberg and Hjoorne, 1976; Dyerberg and Bang,
1982). Since these fish oils are rich in n-3 LC-PUFAs, the authors postulated that this
dietary component made a very significant contribution to the reduced levels of
cardiovascular disease observed in these populations. These detailed studies of nearly
30 years ago formed the basis for many large-scale intervention studies to assess the
importance of n-3 LC-PUFAs in human health. There is now clear evidence to support
the assertion that these dietary components can play a major protective role against
cardiovascular disease (Burr et al., 1989; GISSI-Prevenzione Investigators, 1999; Hu,
Manson and Willett, 2001; von Shacky, 2003).
More recently, it has also emerged that n-3 LC-PUFAs play a role in reducing the risk
for acquisition of metabolic syndrome. Metabolic syndrome is the descriptor for a
collection of pathologies, which are indicative of progression toward cardiovascular
disease and other diseases such as obesity and type 2 diabetes (Nugent, 2004; Sargent and
Tacon, 1999). Thus, it appears that not only can n-3 LC-PUFAs of the type found in fish
oils help in the treatment of chronic conditions such as cardiovascular disease, but also
act as positive protective factors by preventing progression toward these diseases. In
particular, metabolic syndrome can be treated by dietary intervention, using a diet with
reduced carbohydrate intake but with the inclusion of n-3 LC-PUFA fish oils. Metabolic
syndrome is typified by the presence of a number of symptoms (such as increased
waistline, hypertension, high plasma triglycerides and abnormal blood sugar levels),
which collectively indicate an increased risk of cardiovascular disease, as well as
progression toward type 2 diabetes (Nugent, 2004).
There is a growing alarm at the rapidly increasing levels of obesity and diabetes in
North American and European populations. Current estimations are that one in five
Americans can be classified as suffering from metabolic syndrome and/or obesity. Fish
oils are well known to be high in LC-PUFAs. It is estimated that to achieve the
recommended levels of very long chain fatty acids in the diet from fish sources a fourfold increase in the consumption of fish would be required in the USA alone (KrisEtherton et al., 2000). Unfortunately, dietary preferences are strong and aside from the
obvious difficulty of persuading people to change their eating habits, fish stocks are
declining globally and some species are being driven to extinction (Jackson et al., 2001;
James, Ursin and Cleland, 2003). Marine fisheries are in global crisis from overfishing
and farmed fish like salmon and tuna are fed with other fish, thus compounding the
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problem (Pauly et al., 1998; 2003). Finding a sustainable alternative source to marine fish
for LC-PUFAs would aid in protecting these ecosystems.
There have also been doubts about the suitability of supplements derived from marine
sources because of the accumulation of environmental pollutants such as dioxins, PCBs
and heavy metals, which have been found to be concentrated in the liver of fish. This is of
particular relevance to the use of supplements in baby foods. Indeed, in the USA the use
of fish oils in products for babies and young children is not permitted (Ratledge, 2004).

The Biosynthesis of LC-PUFAs
The human diet must contain LC-PUFAs or their precursors, as we are unable to
synthesize these fatty acids de novo (Simopoulos, 2000). Mammals, including humans,
have an absolute requirement for the dietary ingestion of the two essential fatty acids,
linoleic acid (18:2, n-6; LA) and -linolenic acid (18:3, n-3; ALA), because they lack the
appropriate desaturases to convert monounsaturates into these two essential fatty acids
(Wallis et al., 2002). These 12 and 15 desaturases would convert oleic acid (9 18:1)
to linoleic acid and -linolenic acid. Since plants are rich in both LA and ALA, normal
diets usually provide sufficient essential fatty acids. These two fatty acids then enter the
LC-PUFA biosynthetic pathway, and undergo sequential rounds of aerobic desaturation
and chain-length elongation to yield the C20–22 PUFAs (Sayanova and Napier, 2004;
Wallis, Watts and Browse, 2002) (see Figure 2.3.1 for details).
There are several factors which are important in the biosynthesis of LC-PUFAs in
humans. One of the main considerations is that the conversion of essential fatty acids
to LC-PUFAs appears to be a relatively inefficient process (Leonard et al., 2004;
Simopoulos, 2000), emphasizing the desirability of supplementing our endogenous
metabolism with dietary LC-PUFAs. Another important factor is the requirements for
various LC-PUFAs change depending on the developmental stage. For example, it is now
recognized that fatty acids such as arachidonic acid (20:4, n-6; ARA) and docosahexaenoic acid (22:6, n-3; DHA) play essential roles in neonatal and infant health, being of
particular importance for acquisition of ocular vision and brain development (Leonard
et al., 2004). This is now reflected in the inclusion of these two LC-PUFAs in infant
formula milks, which are designed to replace maternal milk (which itself is rich in these
two fatty acids). There is also evidence that LC-PUFA metabolism could be impaired
during illness and old age, and that some geriatric conditions may be alleviated by
treatment with these fatty acids (Leonard et al., 2004).
An important point regarding mammalian LC-PUFA biosynthesis is that there is no
capacity to convert n-6 fatty acids (such as ARA) to n-3 forms such as EPA or DHA
(Leonard et al., 2004; Sayanova and Napier, 2004). The consequence of this has profound
implications on the synthesis of LC-PUFAs from the essential fatty acids, and their
subsequent conversion to eicosanoids, since LA (n-6) can only yield n-6 LC-PUFAs such
as ARA, and ALA (n-3) will yield EPA and DHA n-3 PUFAs. The conversion of these
fatty acids into different eicosanoids generates very different bioactive molecules, and
illustrates the distinct roles of n-6 and n-3 LC-PUFAs.
This situation is exacerbated by the changes in human diet over the last century, which
have moved away from a high vegetable and fish composition (i.e. rich in n-3 fatty acids
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Figure 2.3.1 Generalized representation of LC-PUFA biosynthesis. The conventional 6desaturase/elongase pathway for the synthesis of arachidonic acid and eicosapentaenoic acid
from the essential fatty acids linoleic and -linolenic acids is shown, as is the alternative 9elongase route. The 5-elongase/4-desaturase route for docosahexaenoic acid synthesis is
also indicated (dotted box), as is the potential role of !3-desaturation in conversion of n-6
substrates into n-3 forms (present in some lower eukaryotes). The ‘substrate dichotomy’ of LCPUFA biosynthesis is represented via solid arrows for glycerolipid-linked reactions and open
arrows for acyl-CoA reactions.

in the form of both essential fatty acids and LC-PUFAs), similar to what is known now
as the Mediterranean diet, to a much more red meat-rich diet (containing high levels of
n-6 fatty acids) (Simopoulos, 2000). This has led to the assertion that while typical diets
of >100 years ago were likely to have an n-6/n-3 ratio of 2:1, the present ratio found in
the modern Western diet is in excess of 10:1 (Simopoulos, 2000). In view of all these
factors, it is perhaps unsurprising that human diseases such as metabolic syndrome and
obesity, both preventable by dietary ingestion of n-3 LC-PUFAs, are dramatically
increasing in Western societies (Hu et al., 2001).
Given the profound importance and utility of LC-PUFAs in human health and nutrition
(GISSI-Prevenzione Investigators, 1999; Hu et al., 2001; Nugent, 2004) and the decline
in the marine fish stocks which contain the bulk of consumed LC-PUFAs, alternative
sources of these fatty acids are urgently required.
Oil from certain microalgae and fungal species can be used as a source of some n-3
LC-PUFAs (Ratledge, 2004). The fungus Mortereilla alpina is used as a source of ARA,
though the cost of maintaining the large facilities required is still relatively high, whereas
the output is not high enough. Some aquatic algae, such as Crypthecodinium cohnii,
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which are rich in EPA and/or DHA, are also amenable to cultivation in slightly less
controlled conditions. After extraction it can be used in food production or in supplements. Currently, though, oil from microalgae is not being produced in large enough
quantities for global impact (Ursin, 2003).
A more reliable and sustainable source of LC-PUFAs could be provided by the
engineering of the LC-PUFA biosynthetic pathway into an appropriate (transgenic)
oilseed (Abbadi et al., 2001; Graham et al., 2004; Napier, 2004; Opsahl-Ferstad et al.,
2003). The identification and characterization of the process in a suitable LC-PUFA
synthesizing organism would be followed by the transfer of the genes encoding the
primary LC-PUFA biosynthetic enzymes into a heterologous host such as a transgenic
plant. The rest of this review covers the current work to satisfy the urgent need for an
alternative source of dietary n-3 LC-PUFAs (German, Roberts and Watkins, 2003).

Characterization of LC-PUFA Biosynthetic Pathways
The linear biosynthetic pathways of LC-PUFA biosynthesis have been subject to much
research effort in recent years, and now appear to be fully elucidated at the molecular
level (Leonard et al., 2004; Napier, Michaelson and Sayanova, 2003; Sayanova and
Napier, 2004; Sperling et al., 2003) (summarized in Figure 2.3.1). The predominant
biosynthetic route for the two C20 LC-PUFAs, ARA and EPA, is via the 6-desaturation
of the precursor essential fatty acids, LA and ALA, to yield -linolenic acid (18:3 n-6;
GLA) and stearadonic acid (18:4, n-3; STA), respectively.
The enzyme responsible for this reaction, the microsomal 6 fatty acid desaturase, was
first functionally characterized from borage (Borago officinalis), one of the very few plant
species that carry out this desaturation (Sayanova et al., 1997). Orthologs of the 6-fatty
acid desaturase have been isolated from many species, including mammals, invertebrates,
fungi and algae, and all examples characterized to date share the common feature of an
N-terminal cytochrome b5 domain, distinct from other classes of microsomal desaturases
(Napier et al., 2003; Sperling et al., 2003). It appears that most 6-desaturases do not
have any particular substrate preference for n-6 or n-3 substrates (i.e. the enzyme will
desaturate either LA or ALA with equal efficiency). This confirms the importance of the
composition of dietary essential fatty acids in their metabolism to LC-PUFAs since, as
mentioned above, most higher eukaryotes lack desaturases capable of converting
substrates from n-6 to n-3 forms (Sayanova and Napier, 2004). It has recently been
demonstrated that many lower eukaryotic orthologs of this enzyme utilize as their
substrates LA or ALA esterified to the sn-2 position of phosphatidylcholine (PC)
(Domergue et al., 2003). These data confirmed earlier observations that many microsomal plant desaturase reactions (including the 6-desaturation observed in borage) were
glycerolipid dependent (Browse and Somerville, 1991). In contrast, 6-desaturases from
animals appear to use acyl-CoA substrates (Sperling et al., 2003).
Once the essential fatty acids have undergone 6-desaturation, the products (GLA and
STA) are then elongated by the addition of two carbons via the microsomal 6-elongase,
which yields di-homo--linolenic acid (20:3, n-6; DHGLA) and eicosatetraenoic acid
(20:4, n-3; ETetA), respectively. The microsomal 6-elongase was first identified from
the model lower animal C. elegans and the fungus M. alpina by heterologous expression
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of individual candidate genes in yeast (Beaudoin et al., 2000; Parker-Barnes et al., 2000).
These experiments indicated that while the elongation process requires four sequential
enzyme activities (condensation, ketoreduction, dehydration and enoyl-reduction), only
one activity (in the form of the presumptive condensing enzyme) was necessary to
reconstitute a heterologous elongase with specific activity toward C18 6-desaturated
substrates. The C. elegans and M. alpina C18 6-elongating activities identified by
these studies showed homology to the yeast ELO genes, which are required for the
synthesis of the saturated acyl chains found in sphingolipids (Beaudoin et al., 2000;
Sayanova and Napier, 2004; Wallis et al., 2002). The demonstration that LC-PUFA
elongating activities are paralogous to the yeast ELO genes has facilitated the cloning of
many more examples of this activity (see Leonard et al., (2004) for recent review).
Microsomal elongation requires acyl-CoA substrates and represents a key step in the
biosynthesis of LC-PUFAs.
The final reaction required to synthesize either ARA or EPA is the introduction of an
additional double bond into the elongation products DHGLA or ETetA. This reaction is
catalyzed by the microsomal 5-desaturase, which was first identified from M. alpina by
heterologous expression in yeast (Knutzon et al., 1998). The fatty acid 5-desaturase also
displays the same substrate specificities as the 6-desaturase, with mammalian forms of
the enzyme acting on acyl-CoA substrates, in contrast to the glycerolipid-dependent
requirements of orthologs from lower organisms such as fungi (Domergue et al.,
2003).
Recently, an additional so-called alternative route for the synthesis of ARA and EPA
has been characterized at the molecular level. Previously, a number of examples of
organisms in which ARA or EPA were synthesized in the absence of 6-desaturation had
been described (Leonard et al., 2004; Napier et al., 2003; Sayanova and Napier, 2004;
Sperling et al., 2003). This was found to occur via an alternative route for LC-PUFA
biosynthesis, in which the C2 elongation step precedes desaturation. In this pathway,
the substrates LA and/or ALA are elongated to eicosadienoic acid (20:2, n-6; EDA)
and eicostrienoic acid (20:3, n-3; ETriA), which are then desaturated by the C20
8-desaturase. This yields DHGLA and ETetA, which are then 5-desaturated in the
same way as the conventional pathway to yield ARA and EPA respectively. This
alternative pathway is therefore also known as the 9-elongase/8-desaturase pathway,
due to the distinct activities that comprise this system (Domergue et al., 2003; Napier
et al., 2003).
While the 9-elongation step (which utilizes the 9-desaturated substrates LA and
ALA) requires acyl-CoAs, the substrate requirements of the C20 8-desaturase are
currently undefined. The molecular identification and functional characterization of the
C20 8-desaturase from the aquatic microorganism Euglena gracilis have revealed
similarity to the other LC-PUFA desaturases such as the microsomal 6 and 5
desaturases (Wallis and Browse, 1999). In that respect, it is tempting to speculate that
the 8-desaturase might also display similar substrate requirements (i.e. glycerolipidlinked in the case of lower organisms); this however remains to be demonstrated. More
recently, the 9-elongating activity that commences the alternative pathway was
serendipitously isolated from the marine microorganism Isochrysis galbana. Functional
characterization of an ELO-like elongating activity from Isochrysis revealed this to
utilize only LA and ALA as substrates (Qi et al., 2002). Although Isochrysis was
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previously known to synthesize LC-PUFAs, the presence of the alternative biosynthetic
pathway was unexpected. Importantly, the 9-elongating activity from Isochrysis did not
differ significantly at the molecular level from the 6-elongating activities of the
conventional pathway (Qi et al., 2002), perhaps indicating a shared ancestry.
As a result of the initial molecular identifications of the activities required for ARA
and EPA synthesis (by both the conventional and alternative pathways), many additional
orthologs have been cloned from PUFA-synthesizing organisms (for a review, see Napier
et al., (2003)). Perhaps more importantly, the identification of cDNA or genomic
sequences which encoded PUFA-biosynthetic enzymes provided for the first time the
opportunity to introduce the LC-PUFA trait into organisms which lack this pathway and
yet contain high levels of substrates such as LA and ALA. It is for this reason that
considerable effort (and progress) has been made in the heterologous reconstitution of
C20 LC-PUFA biosynthesis in transgenic plants. There have been two recent reports that
demonstrate for the first time the possibility of synthesizing ARA and EPA in transgenic
plants. These two complementary studies utilized different approaches to the heterologous reconstitution of C20-LC-PUFA biosynthesis, although their outcomes were
similar in terms of the levels of ARA and EPA that accumulated in the transgenic
plants. Besides serving as important ‘proof-of-concepts’ for the prospect of engineering
LC-PUFA biosynthetic pathways into transgenic plants, both these studies provided
better insights into the regulation of fatty acid and lipid biosynthesis in plants.

The Successful Synthesis of C20 PUFAs in Transgenic Plants
The identification of an alternative pathway of 9-elongating activity from Isochrysis
provides an ideal approach for attempting to reconstitute LC-PUFA synthesis in
transgenic plants because, unlike the conventional 6-desaturase/elongase pathway, the
appropriate substrates (in the form of LA-CoA and ALA-CoA) are already present as
endogenous components of higher plant lipid metabolism. Expression (under the control
of a constitutive promoter) of the Isochrysis C18 9-elongating activity in transgenic
Arabidopsis (Arabidopsis thaliana) resulted in the synthesis of the C20 elongation
products EDA and ETriA to significant levels (15 % of total fatty acids) in all vegetative
tissues (Qi et al., 2004). This demonstrated for the first time the efficient reconstitution of
an LC-PUFA elongase in transgenic plants and confirmed the feasibility of engineering
transgenic plants to accumulate C20 polyunsaturated fatty acids. It is worthy of note that
although the C20 di- and tri-enoic fatty acids accumulated to relatively high levels in
membrane lipids of vegetative tissues, this did not result in any disruption to Arabidopsis
morphology or development (Qi et al., 2004). This was in contrast to previous studies on
the constitutive expression of the Arabidopsis FAE1 gene, which encodes a condensing
enzyme responsible for the synthesis of C20–22 monounsaturated fatty acids in seed lipids.
Expression of FAE1 resulted in profound disruptions to plant morphology when levels of
>10 % C20þ monounsaturates were present in vegetative tissue (Millar, Wrischer and
Kunst, 1998).
The distribution among different lipid classes of EDA and ETriA in the transgenic
Arabidopsis expressing the Isochrysis 9-elongase was analyzed and revealed a number
of insights into the channeling of non-native fatty acids in plants (Fraser et al., 2004). For
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example, the levels of EDA (n-6) versus ETriA (n-3) varied among different tissues, but
did not necessarily reflect the ratios of the 9-elongase substrates (LA and ALA). The
accumulation and ratios of the two novel C20 fatty acids differed dramatically in their
accumulation in the different lipid classes present in Arabidopsis. For example, n-3
ETriA was particularly abundant in plastidial galactolipids, accumulating to almost 30%
of the total fatty acids at the sn-1 position (Browse and Somerville, 1991). Conversely, n6 EDA was the predominant C20 fatty acid in phospholipids, and accumulated to 20%
of total fatty acids present at the sn-2 position of either PA or PC. It is of particular
interest that high levels of EDA were detected at the sn-2 position of PC, consistent with
the re-acylation of elongated LA (Browse and Somerville, 1991). Such a process is likely
to be central to efficient reconstitution of C20 LC-PUFA biosynthesis, since desaturation
in higher plants usually occurs on glycerolipid-linked substrates, in contrast to the
cytosolic acyl-CoA-dependent elongation reaction. The ability to exchange substrates
and products between the glycerolipid and acyl-CoA pools is likely to be a major
consideration in attempts to produce LC-PUFAs in transgenic plants.
The observation that the Isochrysis 9-elongase is capable of directing the synthesis
of significant levels of EDA and ETriA facilitated an attempt to fully reconstitute the
alternative LC-PUFA biosynthetic pathway for ARA and EPA (Figure 2.3.1). The Euglena
8 desaturase and the M. alpina 5-desaturase were co-expressed with the Isochrysis
9-elongase. All three transgenes were placed under the control of the same constitutive
promoter and the different constructs were introduced into Arabidopsis by sequential
transformation using different selectable markers (Qi et al., 2004). The resulting (triple)
transgenic plants were morphologically indistinguishable from wild-type Arabidopsis.
However, analysis of the fatty acid composition of these transgenics revealed the
presence of several C20 LC-PUFAs including ARA and EPA (Sayanova et al., 1997).
These two LC-PUFAs accumulated in leaf tissues of transgenic Arabidopsis plants to a
combined level of 10 % of total fatty acids, the majority being ARA (n-6). Again, this
did not reflect the proportions of n-6 or n-3 substrate, which is predominantly ALA (n-3)
in vegetative tissues.
Two other C20 PUFAs, sciadonic acid (20:35,11,14) and juniperonic acid
(20:45,11,14,17), were identified in the transgenic Arabidopsis, in addition to ARA and
EPA (Qi et al., 2004). These two non-methylene-interupted PUFAs are likely to have
resulted from the promiscuous activity of the 5-desaturase, acting on substrates which
might usually be expected to undergo 8-desaturation. Whether this represents some
aspect of perturbation to substrate channeling remains unclear, although both desaturases
are assumed to utilize similar substrates (C20 acyl chains at the sn-2 position of PC).
Although sciadonic and juniperonic acids were not primary targets for synthesis and
accumulation in the transgenic plants, recent evidence suggests that these LC-PUFAs
may also be beneficial to health and play a role in modulating some aspects of human
metabolism. Moreover, both sciadonic and juniperonic acids are found in a number of
species of pine seeds, and as such have been previously consumed by humans without
demonstrating any anti-nutritional effects.
The M. alpina 5-desaturase that was used in the reconstitution of the alternative
LC-PUFA biosynthetic pathway was previously observed to utilize unexpected substrates
when individually expressed in transgenic canola, resulting in the accumulation of the
unusual 5-desaturated C18 fatty acids, taxoleic and pinolenic acid (Knutzon et al.,
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1998). This may indicate that the determinants affecting the substrate specificity of this
desaturase are not fully understood at present.
The reconstitution of the alternative 9-elongase/8-desaturase LC-PUFA biosynthetic pathway in transgenic plants has been recognized as a major milestone in the
production of these nutritional compounds in a sustainable manner (Green, 2004).
However, while current data represent a significant demonstration of ‘proof-of-concept’
in vegetative tissues, it will be crucial to demonstrate that a similar efficient reconstitution
of the alternative LC-PUFA biosynthetic pathway is possible in developing seeds, with
the concomitant accumulation of ARA and (more preferably) EPA in storage lipids such
as triacylglycerol.
A second major study on the accumulation of LC-PUFAs has recently been reported.
Components of the conventional 6-desaturase/elongase pathway were expressed in
transgenic plants (Abbadi et al., 2004). This study provides some additional insights into
heterologous LC-PUFA synthesis during seed development of transgenic oilseeds. Using
genes encoding enzymes from a number of different LC-PUFA-accumulating species,
transgenic linseed and tobacco lines were engineered to express the three primary
activities of the conventional pathway, the 6-desaturase, the 6-elongase and the
5-desaturase (Abbadi et al., 2004) (Figure 2.3.1). In contrast to the above study on the
alternative LC-PUFA pathway, these three activities were placed under the transcriptional
regulation of a seed-specific promoter. Additionally, these three heterologous genes were
introduced into transgenic tobacco or linseed as a single integration event, rather than via
sequential transformation. Analysis of homozygous seeds of resultant transgenic tobacco
and linseed confirmed the presence of very high levels of 6-desaturated fatty acids (30 %
of total fatty acids), yet only relatively low amounts of ARA and EPA. These data clearly
demonstrated the seed-specific reconstitution of the conventional 6-desaturase LCPUFA biosynthetic pathway in transgenic oilseeds, and they also paralleled earlier
observations in yeast on the inefficient synthesis of C20 PUFAs. These earlier studies
had revealed a potential bottleneck at the elongation step in the pathway, which had been
ascribed to the inefficient (acyl) exchange between the glycerolipid and acyl-CoA pools.
Further detailed analysis of transgenic linseed expressing these activities revealed a
number of important observations. First, although the 6-desaturase and the 6-elongase
appeared to function at very different efficiencies (as estimated by the accumulation of
their biosynthetic products), the two transgenes encoding these activities were transcribed at similar levels. Second, in vitro elongation assays carried out on microsomal
fractions isolated from transgenic developing seeds demonstrated the activity of the
heterologous 6-elongase when supplied with exogenous acyl-CoA substrates. Third,
although high levels of 6-desaturated fatty acids accumulated in the microsomal
membranes, particularly at the sn-2 position of PC, this was not reflected in a
concomitant increase in the 6-desaturated acyl-CoAs (as determined by profiling of
the acyl-CoA pool). While it is clear that a lack of 6-desaturated fatty acids in the
acyl-CoA pool will prevent the 6-elongase from functioning efficiently, it is less clear
why these substrates remain in the microsomal membrane lipids. This may reflect
inefficient exchange from PC into the acyl-CoA pool.
A further subtlety was identified by analysis of the acyl composition of TAGs from
these transgenic seeds, revealing the presence of high levels of the n-3 6-desaturated
fatty acid STA when compared with its distribution in other lipid classes such as PC, PE
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and DAG (Abbadi et al., 2004). In contrast, although the n-6 6-desaturated fatty acid
GLA was abundant in PC, STA was present at a very much lower level, even though the
relevant substrates (LA, ALA) were present at similar levels. Full positional analysis
of transgenic TAGs was used to determine the precise distribution of these novel
6-desaturated fatty acids (Abbadi et al., 2004). This found STA predominantly at the
sn-3 position, whereas GLA was found at both sn-2 and sn-3 positions.
These data pose a number of possibilities regarding the channeling of fatty acids into
different lipid classes. In particular, the absence of 6-desaturated fatty acids in the acylCoA pool could reflect a number of scenarios including: inefficient exchange between the
CoA and PC pools; rapid channeling into lipids of any 6-desaturated acyl-CoAs such
that their presence is not detected; channeling into lipids via an acyl-CoA-independent
process, such as the enzyme phospholipid: diacylglycerol acyltransferase (PDAT)
(Beaudoin and Napier, 2004). In that respect, it seems most likely that the n-3
6-desaturated fatty acid STA is channeled from PC directly into TAG by the PDAT
enzyme, precluding it from further elongation and desaturation. In addition, it may be
that exchange of any 6-desaturated fatty acids (n-3 or n-6) from PC into the acyl-CoA
pool is inefficiently catalyzed by the endogenous lyso-phosphatidylcholine: acyltransferase (LPCAT) enzyme and so also substrate-limits the activity of the heterologous
LC-PUFA elongase (Abbadi et al., 2004; Beaudoin and Napier, 2004). The combination
of (at least) these two channeling activities is therefore likely to contribute to the low
levels of C20 LC-PUFAs in the transgenic oilseeds (less than 10 % of the novel C18
6-PUFAs, and skewed toward the accumulation of n-6) (Abbadi et al., 2004).
Taking these observations together, it seems likely that a major constraint for the
efficient reconstitution of C20 LC-PUFAs via the conventional 6-desaturase/elongase
route is the dichotomy of substrate requirements for glycerolipid desaturation and acylCoA elongation. However, the levels of ARA and EPA obtained in the seed lipids of
transgenic linseed are still significant, even allowing for the clearly suboptimal exchange
and channeling of acyl-substrates. Thus, these results can be taken as a highly encouraging
‘proof-of-concept’ for the seed-specific synthesis of LC-PUFAs via this pathway.

Future Directions and Prospects
It is clear from the two studies described above that heterologous reconstitution of C20
LC-PUFA synthesis in transgenic plants has now been demonstrated (Abbadi et al., 2004;
Qi et al., 2004). This has been achieved by the ‘reverse engineering’ of the primary
biosynthetic enzymes, and has yielded significant levels of the nutritionally important C20
LC-PUFAs such as ARA and EPA. Perhaps of equal significance, these data have
indicated that our understanding of the biochemical processes that underpin the synthesis
and accumulation of these fatty acids is still incomplete. In particular, the role of acylchanneling, either in terms of substrate presentation or compartmentation of lipids, is still
an emerging topic (Beaudoin and Napier, 2004).
Another consideration arises directly from the initial rationale to synthesize LCPUFAs in transgenic plants, that is the need to replace the diminishing stocks of fish
oils with a sustainable alternative (Napier, 2004; Opsahl-Ferstad et al., 2003). While
transgenic plants can clearly synthesize and accumulate C20 LC-PUFAs, this results in a
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mixture of n-6 and n-3 fatty acids. This is in contrast to the aquatic food web (i.e. the LCPUFA-synthesizing algae and the fish that consume them), which is predominantly rich in
n-3 fatty acids such as EPA and DHA (Opsahl-Ferstad et al., 2003; Sayanova and Napier,
2004). Seen from the perspective of human health and nutrition the n-3 LC-PUFAs are
beneficial via the derived protection from metabolic syndrome and cardiovascular
disease, whereas n-6 LC-PUFAs such as ARA may give rise to pro-inflammatory responses
through their metabolism via the eicosanoid pathway (Nugent, 2004; Sargent and Tacon,
1999). In that respect, the channeling of n-3 fatty acids into storage lipids (i.e. TAG)
observed in linseed may represent another potential bottleneck in the efficient synthesis
of n-3 LC-PUFAs, since it precludes n-3 substrates from the heterologous LC-PUFA
biosynthetic pathway (Abbadi et al., 2004). It remains to be seen if other oilseeds display
the same strong channeling of n-3 fatty acids into TAGs.
The demonstration that EPA can be synthesized in transgenic plants and accumulated
specifically in seed TAGs is a major step toward providing a sustainable source of LCPUFAs, but an additional goal must also be the production of the C22 fatty acid DHA. To
that end, the very recent identification of the C20 5-elongase (which elongates EPA to
22:5) (Meyer et al., 2004; Pereira et al., 2004), together with the earlier functional
characterization of the C22 4-desaturase (Napier et al., 2003; Sperling et al., 2003), will
facilitate the heterologous reconstitution of DHA synthesis. Initial ‘proof-of-concept’
experiments have been carried out in yeast and revealed low but significant levels of DHA
in strains that have been engineered to contain activities of the conventional LC-PUFA
biosynthetic pathway (i.e. the C18 6-elongase, C20 5-desaturase, C20 5-elongase and
the C22 4-desaturase) (Meyer et al., 2004). A very high proportion of the n-3 C18 STA
supplied to the transgenic yeast was elongated to ETetA, probably due to the high
availability of the substrate as an acyl-CoA. EPA is efficiently elongated to DPA by the
newly identified 5-elongase and DPA is correctly 4-desaturated to DHA, but
the resultant levels of DHA are low (1 % of total fatty acids). This appears to be due
to the very poor conversion of ETetA to EPA by the microsomal 5-desaturase (Meyer
et al., 2004).
As discussed above, the microsomal desaturation reactions, which underpin LC-PUFA
biosynthesis utilize substrates at the sn-2 position of PC, and the inefficiency of the 5desaturase may simply reflect the lack of glycerolipid-linked substrate (even though total
levels of ETetA are high). In that respect, the data on the heterologous reconstitution of
the C20 > C22 LC-PUFA biosynthetic pathway in yeast confirm the bottlenecks observed
for the C18 > C20 pathway in both yeast and transgenic plants (Abbadi et al., 2004;
Beaudoin et al., 2000; Sperling et al., 2003; Qi et al., 2004). In particular, the dichotomy
of substrates required for elongation and desaturation indicates the need for additional
factors (such as acyltransferases) to improve the efficiency of this process. Attempts to
accumulate DHA in transgenic plants are currently determining additional constraints on
heterologous LC-PUFA biosynthesis in these organisms.

Conclusions
The efficient biosynthesis of C20 LC-PUFAs in transgenic plants has now been demonstrated conclusively, using two different approaches. Not only do these data clearly
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indicate the potential to use transgenic plants as an alternative sustainable source of these
important fatty acids, but they also provide new insights into our understanding of lipid
biochemistry, in particular the channeling of fatty acids into various different lipids. In
that respect, these heterologous expression systems have not only realized the possibility
of producing these important nutritional compounds in transgenic plants, but also
provided a new experimental tool with which to better investigate plant lipid metabolism.
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2.4
The Application of Genetic
Engineering to the Improvement
of Cereal Grain Quality
Peter R. Shewry
Crop Performance and Improvement, Rothamsted Research, Harpenden,
Hertfordshire, AL5 2JQ, United Kingdom

Introduction
Cereals are the most important crops in the world, with total annual yields in excess of
2000 million tonnes compared with less than 700 million tonnes for root and tuber crops,
and about 380 million tonnes for legumes and oilseeds (FAO, 2003). Three cereal
species, wheat, maize and rice, are particularly dominant with total annual production of
about 600 million tonnes of each.
The major component of all cereal grain is starch, which accounts for about 70–80 %
of the total dry weight. Hence, cereals are traditionally regarded as sources of energy.
However, they also contain between about 8 % and 15 % protein, meaning that they are
significant sources of protein for humans and livestock. In fact, it can be estimated that
the total amount of protein harvested in cereal grains is approximately fourfold greater
than that in soybeans (which contain up to 40 % protein) and over twice that harvested in
all other seed crops. In addition, cereal grains are important dietary sources of fiber and
some vitamins and minerals, although these are all concentrated in the aleurone layer and
consequently depleted on milling (wheat) or polishing (rice). Furthermore, it is important
to note that wheat is the major cause of one of the most widespread forms of food
intolerance (coeliac disease) as well as causing several important dietary and respiratory
Plant Biotechnology. Edited by Nigel Halford.
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allergies. All of these aspects will be covered in the present chapter with the exception of
starch composition and quality, which is discussed in Chapter 2.5.

Nutritional Quality for Food and Feed
Amino Acid Composition
The nutritional quality of the grain proteins is important when cereals are used as feed for
non-ruminant livestock or consumed by humans as a high proportion of the diet. Protein
nutritional quality is determined by the amounts of essential amino acids. These are the
amino acids that cannot be synthesized by animals and hence must be provided in the
diet. If only one of these amino acids is limiting, the others will be broken down and
excreted, resulting in loss of nitrogen to the environment. Nine of the 20 protein amino
acids are essential (lysine, isoleucine, leucine, phenylalanine, tyrosine, threonine,
tryptophan, valine and methionine) but cysteine is also often added as it can only be
produced in animals from methionine, which is essential.
Because storage proteins account for half or more of the total grain proteins in cereals
their compositions are the major determinants of the nutritional quality of the whole
grain. In wheat, barley, maize, sorghum and most other cereals the major storage proteins
are alcohol-soluble prolamins. These contain low proportions of lysine, which results in
this being the first limiting amino acid (approximately 2.0, 3.1 and 3.5 g % in wheat,
barley and maize compared with a WHO recommended level of 5.5 g %) (Shewry, 2000).
The levels of methionine and threonine are also low and, in maize, the level of
tryptophan. Oats and rice differ from other major cereals in that their major storage
proteins belong to the 11S/12S globulin family and have adequate contents of essential
amino acids.
Two complementary approaches have been taken to increase the lysine content of
cereal grain. First, although most of the amino acids in seeds are present in proteins,
small proportions (typically about 1 % or less of the total) are present as free amino acids.
Lysine, threonine and methionine are all synthesized in plants from aspartic acid, with the
entry into the pathway and the branch point to lysine being catalyzed by two feedbackregulated enzymes called aspartate kinase and dihydrodipicolinate synthase (DHPS),
respectively. In order to increase the accumulation of these free amino acids, it is
necessary to eliminate the feedback regulation of the enzymes, which has been achieved
for lysine by transformation with feedback-insensitive forms of DHPS from bacteria or
from maize. Mazur, Krebbers and Tingey (1999) showed that the expression of a
Corynebacterium enzyme in the maize embryo and aleurone resulted in increases in
free lysine that were sufficient to increase the total grain lysine content by up to twofold,
but that no increase was observed when the same gene was expressed in the starchy
endosperm due to increased lysine breakdown. Similar increased degradation has been
observed in other crops (soybean and canola) (Falco et al., 1995; Mazur et al., 1999), but
work in Arabidopsis (Arabidopsis thaliana) has shown that the effect can be eliminated
by knocking out genes encoding enzymes of lysine catabolism (Zhu and Galili, 2003). In
contrast, Brinch-Pedersen et al. (1996) reported that the expression of a feedbackinsensitive form of DHPS from Escherichia coli under control of the constitutive 35S
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promoter resulted in a two-fold increase in free lysine in the grain. Lee et al. (2001) also
mutated a maize gene encoding DHPS to eliminate the feedback sensitivity of the
enzyme and showed that constitutive expression resulted in up to 2.5-fold more free
lysine in rice seeds despite increased catabolism.
The second approach to increasing essential amino acids is to increase the amounts of
proteins that are enriched in these amino acids. This has been applied particularly to
methionine, recognizing the fact that it is the third limiting amino acid in some cereals,
and that cereals are frequently mixed with methionine-poor legume seeds for livestock
diets. A number of methionine-rich plant proteins have been identified, which fall into
two broad groups: 2S storage albumins from dicotyledenous seeds and prolamin storage
proteins from maize and related panicoid cereals (sorghum and millets).
The only methionine-rich 2S albumin to be expressed in a cereal is SFA8 from
sunflower seeds, which contains 16 methionine and eight cysteine residues of 103
residues in total (Kortt et al., 1991). Expression of this protein in rice seeds resulted in the
expected increase in seed methionine of about 27 % but this was accompanied by a
decrease in cysteine of about 15 % (Hagan et al., 2003). Hence, there was little impact on
the overall nutritional quality of the grain. Similar effects on the redistribution of sulfur
within the seed components (rather than an increase in total seed sulfur) were observed
when SFA8 or a methionine-rich 2S albumin from Brazil nut was expressed in
dicotyledonous seeds, indicating that the supply of sulfur to the seed was limiting
(Shewry, Jones and Halford, 2005a). A further drawback to using 2S albumins is that
many, including SFA8 and Brazil nut albumin, have been reported to be allergenic (Kelly
and Hefle, 2000; Kelly, Hlywka and Hefle, 2000; Melo et al., 1994; Nordlee et al., 1996).
The -zeins and -zeins of maize have methionine contents of up to 11.4 % and 26.9 %,
respectively (Pedersen et al., 1986; Swarup et al., 1995), with related methionine-rich
prolamins being present in other species such as sorghum (Chamba et al., 2005).
Increasing the amount of -zein in maize by transformation with additional gene copies
(Anthony et al., 1997) or by modifying the stability of its mRNA (Lai and Messing,
2002) has been reported to result in increases in total grain methionine. However,
although no data on total grain sulfur were reported, Lai and Messing (2002) showed that
the cysteine content of the grain fell slightly. It is therefore probable that increases in the
transport of sulfur to the seed will be required to exploit the potential for increasing grain
methionine by expression of methionine-rich proteins.
Less work has been carried out on lysine-rich proteins and these also appear to be less
widely distributed in plants, possibly due to their high charge. The most well known of
them is the barley grain protein, chymotrypsin inhibitor 2 (CI-2), which has been widely
studied as a model system for protein folding. Hence, its structure and properties are
understood in some detail (see, e.g., Clore et al., 1987a,b; McPhalen and James, 1987;
Otzen and Fersht, 1995, 1998). CI-2 is enriched in seeds of the high-lysine barley,
Hiproly, where it contributes to the increased lysine content (Hejgaard and Boisen, 1980).
Hence, its accumulation within the cereal grain appears to be tolerated without adverse
effects on development. Similarly, the accumulation of CI-2 in the seed has no apparent
effects on protein digestibility. CI-2 contains eight lysines of 83 residues but mutant
forms containing up to 25 mol % lysine have been designed. Furthermore, analysis of the
mutant proteins expressed in E. coli has shown that some appear to be sufficiently stable
for expression in transgenic plants (Forsyth et al., 2005; Roesler and Rao, 1999; 2000).
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A similar approach has been used to design high lysine forms of hordothionin, a barley
seed protein containing five lysines of 45 residues (Rao et al., 1994). However, this
protein would be less acceptable for expression in transgenic plants as thionins are highly
toxic in vitro to microorganisms (bacteria, fungi and yeasts), invertebrates and animal
cells (Florack and Stiekema, 1994).
Elimination of Allergies and Intolerances
Food allergies are considered to affect 1–2 % of the population and are even more
prevalent in children (up to 8 %). Although cereals are not major causes of allergy, they
nevertheless have significant effects. For example, dietary allergy to wheat is uncommon
but it has been implicated in atopic dermatitis and food-dependent exercise-induced
anaphylaxis. However, one class of cereal seed proteins have been studied in some detail
in relation to both food and respiratory allergies. These are small sulfur-rich proteins of
the cereal trypsin/ -amylase inhibitory family, which are related to the 2S albumins
discussed above and to the major prolamins of cereals (Shewry et al., 2004). Proteins of
this family have been demonstrated to be the major causes of baker’s asthma (respiratory
allergy to flours of wheat, barley and rye) and dietary allergy to rice (Salcedo et al., 2004).
These -amylase/trypsin inhibitors comprise a number of components, which are
structurally related and encoded by small multigene families. Hence, it should be
possible to use genetic engineering to downregulate either the whole family of proteins
or single components. This has already been demonstrated in rice where antisense
expression of a single sequence resulted in reduction of the amount of a group of Mr
14 000–Mr 16 000 proteins responsible for dietary allergy to about 25 % of the amount
present in wild-type plants (Tada et al., 1996). Although this transgenic rice is
hypoallergenic, it still contains significant amounts of -amylase/trypsin inhibitors and
hence is not suitable for consumption by individuals suffering from rice allergy.
The most widespread food intolerance is coeliac disease, which is considered to affect
up to 1 % of the population in some countries. Coeliac disease is a T cell-mediated
autoimmune response, which is triggered by gluten proteins of wheat and a range of
related proteins in barley and rye (Kasarda, 2001). Although the response is triggered by
sequences present in many gluten proteins, there is evidence that the proteins vary in their
relative toxicities, and that the proportions of these proteins also varies between cultivars.
Thus, it could be possible to use a combination of classical plant breeding and genetic
engineering to produce lines with reduced coeliac toxicity, even if it could not be
eliminated completely. However, it must be borne in mind that wheat is consumed after
extensive processing, and that any changes to the gluten protein composition should not
compromise the functional properties.
Enhancing the Amounts of Minerals and Vitamins
Although cereal seeds are potentially significant sources of minerals for nutrition, a high
proportion of these are unavailable as they are in the form of phytin, mixed salts of phytic
acid (myo-inositol-(1,2,3,4,5,6)-hexakis phosphate). These salts (phytates) account for
over 70 % of the total phosphate in cereal grains as well as significant amounts of other
minerals such as Mg2þ, Kþ, Fe3þ, Zn2þ, Ca2þ and Cu2þ. Phytin is present as granules in
the aleurone and embryo cells of cereals, and is digested to release the minerals during
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germination. However, phytates cannot be digested by humans or livestock and are
therefore excreted. This can lead to eutrophication of natural waters by phosphate in
areas of intensive livestock production and to mineral deficiency in humans. The latter is
particularly significant for women and children in developing countries.
Genetic engineering has been used to reduce the amount of phytin in a number of
crops, including cereals, by the expression of genes encoding phytase, notably from the
fungus Aspergillus niger, which secretes an extracellular phytase that has been produced
commercially as an additive for animal feed. Feeding studies with transgenic soybean
and canola have shown benefits in terms of reduced phosphate excretion or increased
growth of pigs and chickens (Denbow et al., 1998; Zhang et al., 2000a,b). Expression of
fungal phytase has also been reported in wheat and rice (Brinch-Pedersen et al., 2000;
2003; Lucca, Hurrell and Potrykus, 2001). The current interest in these two cereals
focuses on the expression of heat-stable forms of phytase (from A. fumigatus) to reduce
the loss of activity, which occurs when the grain is heated during the preparation of food
or feed (Brinch-Pedersen, Sorensen and Holm, 2002; Lucca et al., 2001).
Iron deficiency affects up to 30 % of the total world population (WHO, 1992) and is the
most widespread human mineral deficiency. A significant proportion of the iron in cereal
grain is present in phytates and consequently can be released by digestion with phytase.
An alternative, and complementary, approach is to increase the amounts of other
components which bind iron in the seed. The most well-studied of these is ferritin, a
protein which binds iron to form a storage reserve in plants, animals and bacteria (Theil,
1987). Lucca et al. (2001) have shown that the expression of ferritin genes from soybean
in developing seeds of rice results in two- to three fold increases in the iron content.
Cereals are also a significant source of dietary selenium, accounting for about 10 % of
the intake in the UK. However, in this case the content in the grain appears to be
determined primarily, if not solely, by the availability of selenium in the soil (Adams
et al., 2002) with little or no opportunity for improvement by GM.
Cereal grains contain a range of fat-soluble and water-soluble vitamins but these tend
to be concentrated in the embryo and aleurone, and hence are depleted by milling (wheat)
or polishing (rice). Consequently, consumption of a high proportion of refined cereal
products in the diet can be associated with vitamin deficiency. The best known example
of this is vitamin A (retinol) and rice consumption. It has been estimated that a quarter of
a million children in South East Asia alone go blind every year as a result of vitamin A
deficiency related to consumption of white rice. This has led to the development of the
widely publicized ‘Golden Rice’, in which two genes from daffodil and one gene from
the bacterium Erwinia uredova have been transferred into rice, leading to the accumulation of -carotene, which can be converted into vitamin A by humans (Ye et al., 2000).
Golden Rice also expresses a transgene for phytase to increase mineral availability (see
above), but these traits have not yet been introduced into commercial lines for human
consumption (see Chapter 2.2).
A further important target for GM in cereals is folic acid, with deficiency leading to
defects in neural tube development during pregnancy and to a range of detrimental effects
in adults. Consequently, all grain products are now fortified with folic acid in the USA
but not in the UK. A recent study has shown that the expression of a single gene from
E. coli (expressing GTP cyclohydrolase) in Arabidopsis resulted in an increase in folates
of up to 3.3-fold (Hossain et al., 2004); this strategy could also be applied to cereals.
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Special Requirements for Animal Feed
Massive volumes of cereal grain are used for animal feed, particularly maize, wheat,
barley and oats for cattle, pigs and poultry. Although the broad nutritional requirements
are similar across species, there are notable differences.
In the case of protein quality, the precise composition of amino acids is only important
in monogastric (i.e. non-ruminant) animals as the bacteria present in the rumen of
ruminants are capable of synthesizing the whole range of essential amino acids
irrespective of the composition of the feedstuff. In contrast, reducing the levels of
phytate in order to increase the availability of phosphate and other minerals is important
for all species of livestock. Cell wall composition and content are particularly important
when cereals are fed to chickens and other poultry as high levels of -glucan or
arabinoxylan can lead to sticky feces. Increasing the hardness of wheat and barley
grains could lead to improved feed quality for both ruminant and monogastric livestock,
but for different reasons. Whole grain are usually used to feed ruminants and in this case
the stronger adhesion of matrix proteins to the starch granules could result in reduced loss
of starch by digestion in the rumen. In contrast, grain for monogastric animals is
frequently milled and the stronger protein/starch interactions in hard grain leads to
greater starch damage during milling and hence increased digestibility. Approaches to
manipulating grain texture are discussed below.

Food Processing Quality
Rice is largely consumed after boiling the whole grain, and maize after cooking of whole
or pearled grain. In contrast, wheat is only consumed after processing into a range of food
products (notably bread, cakes, pastries, biscuits, pasta and noodles) and hence the
processing properties are of paramount importance in determining the most appropriate
products. Similarly, although a small proportion of barley is consumed in food products,
including whole pearled grains and malted grain, the main consumption by humankind is
after malting and distilling to give beer and whisky. Thus, in this case, the quality for
malting and distilling is crucial.
Barley Quality for Malting
The malting process involves the controlled germination of the grain followed by
drying and gentle cooking (kilning). During the first part of this process, the enzymes
secreted by the aleurone cells and scutellum digest the walls of the starchy endosperm
cells and some of the proteins present in the cells, rendering the grain friable and easy to
mill. It also allows access of enzymes to the starch granules but limited digestion of the
starch occurs. The drying and kilning reduce the water level to stabilize the grain and
prevent further digestion, but the temperature regime is carefully selected to prevent
excessive loss of enzyme activity. The kilning also develops the characteristic malt
flavors with higher temperatures resulting in smoky or burnt flavors (Bamforth, 1998).
It is clear from this brief description that malting is a complex process which is
affected by a range of parameters. Also, these include factors operating during grain
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development which determine the structure and composition of the mature grain and
processes occurring during the malting itself.
Factors operating during grain development determine the relative thickness of the
starchy endosperm cell walls, the grain protein content, the grain texture and the
synthesis and accumulation of two hydrolases, -amylase and -glucosidase (maltase).
The major factors operating during germination determine the production, activity and
stability of a range of hydrolytic enzymes, including -glucanase and other cell wall
degrading enzymes, proteases and amylolytic enzymes ( -amylase, limit dextrinase and
-glucosidase). These present a wide range of targets for improvement, but only a limited
number of them have been or can readily be targeted using a GM approach.
-amylase is one of the major components of diastatic power, which is particularly
important if high levels of starch adjunct (e.g. other cereal starches) are used for brewing.
-amylase is a hydrolytic enzyme, which is only synthesized in the developing grain
where it is concentrated in the aleurone layer and starchy endosperm. It appears to act as
a storage protein in that the amount is regulated by nitrogen availability (Giese and
Hejgaard, 1984; Yin et al., 2002). There is also genetic variation in -amylase activity,
which allows the selection for high -amylase lines (Yin et al., 2002). However, a more
important target is to improve thermostability as enzymic activity is lost during kilning
and the subsequent mashing at 65  C (Bamforth and Quain, 1988). Natural variation in
the thermostability of -amylase occurs between cultivars of cultivated barley (Kihara
et al., 1998, 1999; Malysheva, Ganal and Roder, 2004; Zhang, Kaneko and Takeda,
2004). It is also possible to increase the thermostability of barley -amylase by protein
engineering, with mutations in seven individual residues resulting in an increase in the
T50 (i.e. the temperature at which half of the enzyme activity is lost in over 30 min) by
11.6  C, from 57.4  C to 69  C (Yoshigi et al., 1995). This improved enzyme would
be ideal for expression in barley by genetic engineering. Other sources of heat stable
-amylases have been sought in thermophilic microorganisms such as Clostridium
thermosulfurogens (Kitamoto et al., 1998).
Kihara et al. (1997; 2000) have reported the expression of their engineered thermostable form of barley -amylase (Yoshigi et al., 1995) in seeds of transgenic barley under
the control of its own promoter. The transgene was expressed in six out of nine lines, but
there was little or no effect on the specific activity of the enzyme in mature seeds.
However, significant increases in the stability of the enzyme at 65  C were observed in
five of the lines, with between 20 % and 60 % of the initial activity remaining after 30 min
compared with none in the control seeds.
During the malting process, the cell walls are digested to allow the solubilization of the
grain proteins and to release the starch granules for fermentation. In addition to limiting
the fermentation of starch, the failure to digest cell walls can also lead to high wort
viscosity and poor filtration in breweries (Fox et al., 2003). It is therefore not surprising
that there are strong correlations between malting quality and either the amount of
-glucans (the major cell wall components) in the mature seed or the amount of
-glucanase produced during germination.
There is also a requirement to increase the heat stability of -glucanase to prevent
denaturation during kilning and mashing. von Wettstein and colleagues (Jensen et al.,
1996; Horvath et al., 2000) have therefore expressed an engineered heat-stable form
of (1,3-1,4)- -glucanase derived from Bacillus spp. in transgenic barley using two
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strategies: expression in the developing starchy endosperm using the D hordein (Hor 3)
promoter and in the aleurone cells of the germinating grain using an -amylase gene
promoter and signal peptide. Both strategies resulted in synthesis and accumulation of the
enzyme. Furthermore, subsequent studies showed that incorporation of malted grain from
a line expressing the enzyme under control of the -amylase promoter into feed for
chickens resulted in increased weight gain and reduced incidence of sticky feces
(resulting from viscosity) (von Wettstein et al., 2000). However, the malting performance
of these lines has not yet been reported.
In considering the potential impact of GM crops it should be noted that the malting,
brewing and distilling industries are understandably conservative regarding the introduction of new materials and hence are unlikely to accept the use of GM raw materials in the
absence of widespread public acceptance.
Grain Texture and Dough Strength of Wheat
Two main characters are used to classify wheats into groups for different end uses: grain
texture (hardness) and gluten strength. Hardness has been described as ‘the most
important single characteristic that affects the functionality of a common wheat’
(Pomeranz and Williams, 1990) and affects the properties for milling (tempering,
yield, size shape and density of the flour particles) and processing (for making bread,
noodles, cakes and biscuits). An important difference between hard and soft wheats is in
their water absorption. Flours milled from hard wheats have a higher baking absorbance,
giving better quality and ultimately increased profit. This difference is assumed to result
from a higher degree of starch damage during milling of hard wheats, due to the starch
granules being more tightly bound into the protein matrix. However, it is important to
distinguish hardness from vitreousness, in which the endosperm appears to be glassy.
Vitreousness is not under strong genetic control but can occur in all varieties, particularly
when grown with high nitrogen fertilization or at high temperature (Pomeranz and
Williams, 1990). Similarly, hardness is not associated with dough strength although
concurrent selection by breeders has resulted in breadmaking varieties generally being
hard and strong.
It is generally accepted that differences in grain hardness are largely determined by the
strength of adhesion between the surface of the starch granule and the matrix (i.e. gluten)
proteins, although adhesion between cell wall components and matrix proteins may also
contribute.
The main breakthrough in our understanding of grain hardness was the demonstration
that an Mr 15 000 protein was present on the surface of water-washed starch from soft
wheats but was reduced in amount or absent from hard bread wheats and completely
absent from durum wheat, which is ultra-hard (Greenwell and Schofield, 1986). This
protein was subsequently called ‘friabilin’ as it appears to determine grain friability and
has been proposed to act as a ‘non-stick’ agent preventing adhesion between starch and
proteins. Subsequent studies have shown that friabilin is a mixture of proteins, with the
major components being two related proteins called puroindolines (Pins) a and b (Gautier
et al., 1994). Genetic studies have shown that Pin a and Pin b are encoded by genes
present at the Ha (hardness) locus on chromosome 5D of bread wheat. This locus actually
confers softness and its absence from durum wheat accounts for the ultra-hard texture.
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Friabilin also comprises several other minor proteins (Morris et al., 1994; Oda and
Schofield, 1997), with one component (called grain softness protein or GSP) also
mapping to the Ha locus (Chantret et al., 2004; Jolly, Glen and Rahman, 1996).
However, the functional significance of this protein has not been demonstrated.
In contrast, there is clear genetic and molecular evidence that the Pins do play a direct
functional role in determining hardness. Detailed studies carried out mainly by Morris,
Giroux and colleagues have shown that softness is associated with mutations in the Pin a
and/or Pin b genes of bread wheat (Giroux and Morris, 1997; 1998; Morris, 2002). These
mutations are of two types, either null mutations in either gene, which result in the
absence of the corresponding protein, or point mutations in the coding sequence of the
Pin b gene, which affect the amino acid sequence of the protein. The most widespread
Pin b mutation results in the substitution of a glycine residue for a serine adjacent to a
cluster of tryptophan residues, which have been suggested to act as a lipid-binding site
(Kooijman et al., 1997).
Giroux and co-workers have provided direct evidence for the role of puroindolines in
conferring grain softness by functional complementation using genetic transformation.
This was initially carried out using the wheat Pin a and Pin b genes in rice
(Krishnamurthy and Giroux, 2001) and subsequently with the wild-type Pin b gene in
hard bread wheat (Beecher et al., 2002).
We have also obtained similar results, by expressing Pin a in durum wheat and Pin b in
a hard genotype of bread wheat (unpublished results of Guang He, Paul Wiley, Paola
Tosi, Sue Steele, Huw Jones and Peter Shewry).
These results clearly demonstrate that it is possible to manipulate the milling texture of
cereals by expression of genes encoding puroindolines. This has been demonstrated for
bread and durum wheats and presumably also applies to barley and oats in which proteins
related to puroindolines are present (Beecher et al., 2001; Darlington et al., 2001; Gautier
et al., 2000). In addition, it also applies to rice, a species which appears to lack
puroindoline homologs, although a putative GSP gene has been reported (Chantret
et al., 2004). This provides opportunities to develop new cereal varieties with optimized
textural characteristics for animal feed and processing.
Breadmaking is one of humankind’s oldest forms of ‘biotechnology’, dating back to
ancient Egypt and Mesopotamia. It is also the most widespread form of food processing
in the world today, with a vast array of breads being baked and consumed in different
cultures. These range from the leavened pan and hearth breads most familiar to readers in
Europe and N. America to steamed breads in China and the Far East and a wide spectrum
of flat and pocket breads, including leavened and unleavened forms, in the Middle East,
North Africa and the Indian subcontinent. It is also important to note that comparable
products cannot be produced from other cereals, even related species such as barley and
rye, although breads produced from these species, or from mixtures with wheat, are
consumed to a limited extent, notably in Northern and Eastern Europe. This unique
ability to make bread from wheat flour is determined largely by the gluten proteins which
confer cohesiveness and viscoelasticity to dough.
The gluten proteins of wheat correspond to the storage proteins, which account for
over half of the total nitrogen in the mature grain. These proteins are deposited in the
cells of the starchy endosperm in discrete protein bodies, which fuse to form a continuous
matrix during the later stages of grain maturation. They are therefore concentrated in
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white flour derived from the starchy endosperm cells. When flour is mixed with water to
form dough, the gluten proteins present in the individual flour particles come together to
form a continuous network which is responsible for the viscoelastic properties.
Gluten is a highly complex and polymorphic mixture of proteins which can be divided
into groups based on their functions or their chemical and molecular characteristics. The
traditional classification, which has been used for over a century, is into two broad groups
which are termed ‘gliadins’ and ‘glutenins’. The longevity of this classification reflects
its usefulness as the gliadins and glutenins appear to play different roles in determining
dough properties. The gliadins are monomeric proteins which interact with other gluten
proteins by non-covalent interactions, principally hydrogen bonds. Consequently, they
appear to be largely responsible for gluten and dough viscosity. In contrast, the glutenins
comprise high-molecular-mass polymers (probably up to Mr of 10 million) which are
stabilized by inter-chain disulfide bonds. These polymers also interact with each other
and with the gliadins by non-covalent forces and are largely responsible for gluten
elasticity, also called strength.
Samples of wheat flour vary widely in strength, and this is exploited in selecting grain
for specific end uses. For example, weak doughs are preferred for making cakes and
biscuits and strong doughs for breadmaking. Low dough strength is the most widespread
problem in sourcing wheat for breadmaking, and hence developing cultivars which give
reliably strong doughs is a major target for plant breeders.
Although the environment in which the wheat is grown has a major impact on dough
strength, there is also strong genetic control. In particular, a range of studies have shown
a clear relationship between allelic variation in the amount and composition of one group
of gluten proteins and dough strength. These are the high-molecular-weight (HMW)
subunits of glutenin.
These proteins account for up to about 12 % of the total grain proteins, or 1–1.7 % of
the flour dry weight (Halford et al., 1992; Nicolas, 1997; Seilmeier et al., 1991).
However, they have been calculated to account between 45 % and 70 % of the genetic
variation in breadmaking performance within European wheats (Branlard and Darderet,
1985; Payne et al., 1987; 1988). Consequently, the HMW subunits have been the most
intensively studied group of wheat grain proteins over the past two decades (see reviews
by Payne, 1987; Shewry et al., 2003).
It is clear from these studies that the HMW subunits play a major role in determining
the amounts of high-molecular-mass glutenin polymers and their properties. However, it
appears that the allelic variation has two separate effects: quantitative and qualitative.
The quantitative effects relate primarily to differences in the numbers of expressed genes.
Cultivars of bread wheat all have six HMW subunit genes but only three, four or five of
these are expressed. Since each HMW subunit accounts, on average, for about 2 % of the
total grain protein (Halford et al., 1992; Seilmeier et al., 1991) this results in quantitative
effects on the total amount of HMW subunit protein. In contrast, the qualitative effects
relate to differences in the structures and properties of allelic subunits, with some allelic
forms appearing to promote the formation of larger and more elastic polymers (Popineau
et al., 1994).
The clear correlation between the numbers of expressed genes and dough elasticity has
resulted in several attempts to improve dough strength by transformation with additional
HMW subunit genes (Altpeter et al., 1996; Alvarez et al., 2000; 2001; Anderson and
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Blechl, 2000; Barro et al., 1997; Blechl and Anderson, 1996; Darlington et al., 2003;
Popineau et al., 2001; Rooke et al., 1999; Vasil et al., 2001; Zhang et al., 2003). In
general, the levels of transgene expression reported are comparable to those of the
endogenous HMW subunits. However, exceptionally high levels of gene expression have
been reported which may result from multiple transgene copies (Rooke, et al., 1999).
Several groups have also reported the functional properties of the transgenic lines
grown either in glasshouse or field trials, although the range of genetic backgrounds used
make the results difficult to compare. In particular, the cultivar Bobwhite is frequently
used for transformation due to its high regeneration frequency but is a poor background
to explore gluten functionality due to the presence of the chromosome 1BL/1RS
translocation which results in ‘sticky dough’. Nevertheless, some conclusions can be
drawn from these studies, the most important of which are that it is possible to increase
dough strength and breadmaking quality by transformation with HMW subunit genes but
that the effects observed vary between genes.
This is illustrated in Figure 2.4.1, which compares the expression of two HMW subunit
genes in a line of wheat (L88-31) selected because it expresses only two HMW subunits
(subunits 1Bx17 and 1By18, which migrate as the single band indicated by the arrow in
Part a). The mixograph shows a relatively low peak resistance and short mixing time, and
the loaf volume is only moderate. Expression of the 1Ax1 HMW subunit gene in this

Image not available
in the electronic edition.
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background (Part c) results in an improved mixing curve (i.e. longer mixing time and
higher peak resistance) and greater loaf volume, the impact being similar to that which
would be observed if the gene was transferred by crossing. In contrast, expression of the
1Dx5 transgene at a similar level (Part b) resulted in detrimental effects on the mixing
properties, and on the loaf volume and texture. These differences have been ascribed to
differences in the amino acid sequences of the two proteins with the subunit 1Dx5 protein
containing an additional cysteine residue which could lead to the formation of highly
cross-linked polymers, which do not hydrate properly during dough mixing (Popineau
et al., 2001).
The experiment shown in Figure 2.4.1 was carried out using a ‘model’ wheat line in
order to compare the functional properties of the two subunits. We have since shown
that expression of the 1Ax1 transgene can also lead to increased dough strength in
commercial group 1 and 2 cultivars grown in the UK, such as Canon and Cadenza
(Pastori et al., 2000; Shewry et al., 2005b).
Dough strength is also an important quality characteristic for making pasta from
durum wheats. It is possible to use a similar transgenic approach to that described above,
with the expression of the 1Ax1 transgene resulting in increased dough strength
measured using the Mixograph (He et al., 1999). However, studies of durum wheat
have shown that the low-molecular-weight (LMW) subunits of glutenin have greater
impacts than the HMW subunits (Pogna et al., 1990; Ruiz and Carillo, 1995). In addition,
these impacts may be associated with differences in the expression levels of the subunit
proteins with one group (called LMW-2) being synthesized in larger amounts than the
commonly occurring allele (LMW-1) (Masci et al., 1995; Payne et al., 1984). Masci et al.
(2003) therefore determined the effect of overexpression of a single LMW subunit on the
functional properties of durum wheat. A single line was identified in which the transgenic
subunit was expressed at about 12 times that of the endogenous proteins. In view of this
level of overexpression it is not surprising that negative effects on dough strength were
observed. In contrast, we have generated a number of transgenic lines of commercial
wheat cultivars expressing LMW subunit transgenes (Tosi et al., 2004). Although two of
the lines showed similar levels of transgene expression, they differed in that this was
associated with co-suppression of the major endogenous LMW subunit in one line. The
lines also differed in their functional properties, with the dough strength being increased
in the line without co-suppression but reduced in the co-suppressed line (Tosi et al.,
2005).
These studies not only demonstrate that it is feasible to manipulate the gluten protein
composition of bread and durum wheats but also indicate that high levels of gene
expression can be used to introduce new properties (e.g. increased cross-linking), which
may be of value in developing lines suitable for novel food or non-food uses.

Conclusions
The technology for the transformation of all the major cereals is now established,
although in some cases, such as sorghum, it is still far from facile and improvements are
still required even for wheat. Similarly, a number of quality traits are now understood
at the biochemical and molecular levels, and the key genes have been isolated and
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characterized. The main limitation to the widespread use of this technology remains
public acceptance, particularly when applied to the manipulation of food crops in the UK
and Western Europe.
I consider that the key to improving public acceptance is to develop crops with positive
health benefits and, in particular, to target the major health risks faced by consumers in
the 21st century: type 2 diabetes, obesity, diet-related cancers and cardiovascular disease.
These targets are challenging, but plant biotechnology has the potential to make
important impacts.
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2.5
Improvements in Starch Quality
Michael M. Burrell
Department of Animal and Plant Sciences, University of Sheffield,
Sheffield, S10 2TN, United Kingdom

Introduction
Starch is the main storage product of the major agricultural crops important to man. In
2003 worldwide cereal and potato production reached 2386 million metric tons (FAO).
The starch in these crops provides, in some parts of the world, up to 90 % of man’s
calorific intake (Burrell 2003; Hels et al., 2003) whereas in the UK it provides directly
about 30 % (UK National Statistics 2004). Thus, increasing the proportion of photosynthetically fixed carbon that is stored as a harvestable crop could provide a means of
reducing malnutrition in the world. However, the focus of this chapter is the starch that is
purified from these plants and how biotechnology might be used to improve the
suitability of the starch for different applications. The aim is to provide an overview
allowing the reader to delve more deeply into aspects of interest rather than to cover
certain aspects of the topic comprehensively.
Starch has many diverse uses both food and non-food. The Egyptians used it as a
binder in paper (4000 BC), the Romans used it as an adhesive and the Greeks used it in
medicine (Tester and Karkalas, 2001; 2002). Maize is the main source of extracted starch
and much of it is produced in the US. In 2002, over 15 % of the US maize crop was
processed by corn refiners and of this over 60 % was converted into various corn syrups
while 10 % was shipped as starch products (Corn Refiners Association Inc, 2003). The
US farmers and corn industry have embraced biotechnology with some 34 % of the crop
planted in 2003 as biotech varieties. Maltodextrin produced from starch and starch itself
are important energy sources, in particular in baby foods because they have a low
Plant Biotechnology. Edited by Nigel Halford.
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fermentability. However, starch not only is important as an energy source but also has a
wide range of uses in processed food to provide different types of texture and
preservation (Burrell, 2003). Modified waxy maize starch is important in processed
meat products where its gelling properties are useful as a binder to maintain the texture
and stability of the product. It is used as a thickener in sauces, a stabilizing agent in
canning and a coating on pre-prepared meals.
While starch is used in food its industrial uses are also very important. Starch is used as
an additive in cement to improve the setting time. It is also used to improve the viscosity
of drilling muds in oil wells and hence seal the walls of bore holes and prevent fluid loss
(Burrell, 2003). In paper making, starch is used for several purposes but different types of
starch are required for these. As a filler, it binds the cellulose fibers together and improves
the strength of the product. It is used as an adhesive in paper bags. It is also used as a
coating to improve writing and erasing properties and improve the finish quality. One
particular use is in carbonless copy papers (Nachtergaele and Vannuffel, 1989; White,
1998). Here starch granules of a uniform size are mixed with encapsulated ink particles
of a slightly smaller size. The starch keeps the sheets of paper apart, but when
compressed by the tip of a pen, the ink capsules break and ink is released onto the
surface of the paper. For this the starch granules need to be rounded and approximately
10 mm in diameter. One particular fraction of wheat starch best meets these criteria. For a
more detailed listing of current uses of starch the reader is referred to the International
Starch Institute web pages (www.starch.dk). For all these uses it is the structure of the
starch and the size of the granule that are important.

Starch Structure
Starch is produced as granules in plastids. Granules vary greatly in size and shape, both
between species and between the same variety grown under different conditions (Banks
and Muir, 1980; Boyer et al., 1976; Chojecki et al., 1986; Haase and Plate, 1996; Jobling,
2004) (Table 2.5.1). Potato (Solanum tuberosum) has some of the largest granules found
in nature. In tubers they may be as large as 100 mm and oval/spherical in shape. On the

Table 2.5.1 Characteristics of starch from different species. Compiled from Banks and Muir
(1980), Davydova et al., (1995) and Whistler et al., (1984).

Species

Property
————————————————
——————————————————
Type
Crystallinity
Shape
Diameter
Other

Cassava
Barley
Maize
Pea
Potato
Rice
Wheat

Root
Cereal
Cereal
Legume
Tuber
Cereal
Cereal

B
A
A
C
B
A
A

Oval
Round/elliptical
Round/polygonal
Round/oval
Oval/spherical
Lenticular/round
Lenticular/round

4–35
2–25
5–30
10–45
5–100
3–8
1–45

Bimodal

Compound
Bimodal
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The structure of the branch in an amylopectin chain.

other hand, in barley and wheat there are usually two sizes of granule, with the smaller
ones only being 1–2 mm and the larger ones being round and 10–15 mm. The shape of the
A granules (the larger ones) in wheat makes them ideal for carbonless copy papers, where
the granule provides the spacer between the sheets of paper protecting the ink capsules
until they are broken by the pressure of a pen.
The granules consist of mainly two carbohydrate polymers, amylose and amylopectin
(Banks and Muir, 1980). It is the behavior of these two molecules on heating in water that
gives starch the properties that lead to its multitude of uses. Both polymers consist of -1,
4-linked glucan chains, which have -1,6 branches (Figure 2.5.1). Amylopectin has
shorter chains of up to 50 glucan units, depending on the source, and many branches,
whereas amylose has much longer linear chains with fewer branches. In potato starch the
amylose chains can be 100 glucan units or more. These two molecules are assembled
together to form a semi-crystalline starch granule. The granule also contains small
amounts of lipid and phosphate (Kainuma, 1988), which have significant effects on the
properties of the starch.
Our current understanding of the organization of the amylose, amylopectin, lipid and
phosphate in the starch granule is quite incomplete. The granule consists of crystalline
and amorphous regions and it is this degree of crystallinity, the length of the glucan
chains and the quantity of minor components that determine the thermal properties of the
starch i.e., the temperature and stability of the gel or paste that is produced.
On heating in water, the starch granules swell as water is absorbed into the
amylopectin structure and the helices melt with the formation of a visco-elastic paste.
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Table 2.5.2 Common starch modifications (Whistler et al., 1984). Reproduced with
permission of Elsevier.
Modification

Property and uses

Oxidation

Low viscosity, high solid dispersion,
resistance to gelling. Used in
paper and board manufacture.
Reduced gelatinisation temperature,
increased clarity and reduced
retrogradation. Used in food
thickenings, when cross-linked
in canned foods, warp sizing
of textiles.
Reinforces the hydrogen bonds in the
granule and reduces swelling.
More stable viscosity at high
temperature. Lacks rubbery texture
of waxy corn starch. Used in
salad dressings, deodorants
and, textile printing.

Esterification

Starch acetates
Carboxymethyl starches
Cationic starches
Mono-starch phosphates

þ Cross-linking

Di-starch phosphates
Di-starch adipates
Hydroxyalkyl starches

On further heating the granules burst and viscosity decreases as the starch goes into
solution. On cooling, a gel is formed as the glucan chains re-associate. A good example
of the properties of a natural starch is the clear paste produced by potato starch. The long
amylose chains provide a low gelling temperature and a clear gel, which is suitable in the
canning industry. However, gels made from natural starches with a high amylose content
lose a lot of water from the gel on cooling, a process called retrogradation.
The starch industry has developed many chemical methods to improve and alter the
processing properties of starch. One type of modification is to add groups to the glucose
residues, which cross-link the glucan chains. Such cross-linking modifications strengthen
the granules by reinforcing the hydrogen bonds, which are responsible for holding the
granules intact and thus improve the stability of the swollen starch granules under
handling and processing conditions. The interaction between the glucan chains and the
interaction with other molecules such as clay or cellulose is altered (Table 2.5.2). For a
detailed discussion of starch modification the reader is referred to Whistler et al. (1984).
The efficacy of such modifications depends on the properties of the starch used, which
in turn depends not only on the species (Table 2.5.1) but on variety as well. There is
therefore a sound basis to justify an understanding of how a plant synthesizes starch
and how alterations in structure affect the processing properties. A targeted plant
breeding or genetic modification strategy could then be used to tailor the end product
to man’s needs.

The Synthesis of Starch
The synthesis of the glucan in starch involves at least three enzyme reactions starting
with glucose-1-phosphate. However, this hides a very complex set of reactions which
involve many isozymes with slightly different properties, and there is still much to learn
about how the different enzymes interact.
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ADPGlucose Pyrophosphorylase (AGPase) E.C. 2.7.7.27
This enzyme catalyses the first step where carbon is committed to starch synthesis:
ATP þ glucose 1-P 3———" ADPG þ PPi
The reaction is reversible with an equilibrium position of approximately 1 (Preiss, 1988).
It is generally considered that the direction is synthetic because alkaline pyrophosphatase
in the plastid will cleave the pyrophosphate. However, recent evidence has shown that at
least in cereal species a considerable proportion of the enzyme is in the cytosol (Burton
et al., 2002) and thus other enzymes are required to cleave the pyrophosphate. At present
it is quite unclear whether ADPG is synthesized simultaneously in both compartments,
how the glucose-1-P in the cytosol is partitioned between glycolysis, the synthesis of
UDPG and ADPG, and how the cell regulates this.
AGPase is regulated by several mechanisms. Allosteric regulation occurs via the inhibitor
phosphate and activator PGA in many species but the regulation can differ in different tissues
of the same species (Ball and Preiss, 1994; Ballicora et al., 1998; Copeland and Preiss, 1981;
Dickinson and Preiss, 1969; Preiss 1988; Sowokinos and Preiss, 1982). More recently, it
has been shown that a redox-dependent inhibition and activation mechanism is involved
in regulating the in vivo activity of the enzyme in potato tubers (Gibon et al., 2004;
Hendriks et al., 2003; Tiessen et al., 2002). The mechanism appears to involve the
formation of a thiol link between the two small subunits of the tetrameric enzyme.
Recently, this dimerization has also been found to occur in wheat, suggesting that cereals
also regulate the in vivo enzyme activity by this mechanism. Thus, the synthesis of ADPG and
its regulation varies between species and between tissues (Burrell et al., 2004).
Starch Synthase E.C. 2.4.1.21
All starch synthases use ADPG and add a unit of glucose to a glucan chain, in contrast to
mammalian glycogen synthases which use UDPG in essentially the same reaction.
Originally, starch synthases were divided into two groups: the granule bound enzyme and
the soluble enzymes. However, with the increased understanding of the multiple forms of
starch synthases and their expression pattern, this distinction is no longer really valid
(Harn et al., 1998). GBSSI, originally described as the granule-bound starch synthase, is
the most studied enzyme and is involved in amylose biosynthesis. It is a very abundant
enzyme in the amyloplast and its location within the starch granule makes its isolation
quite straightforward, but the measurement of maximum catalytic activity difficult. The
maize mutation waxy leads to a lack of this enzyme, no amylose synthesis and a starch
with very different characteristics (as discussed above).
Waxy starches are easily identified because the lack of amylose means that they do not
stain blue/black with iodine but stain a red/brown color. They are very important
commercially and have been actively sought and discovered in all the starch-producing
crops. In some species, plants that are heterozygous for the waxy allele can have
intermediate amounts of amylose (see below).
A second GBSS isoform was suggested by Nelson in 1978 (Nelson et al., 1978) as a
minor component in maize seed, which was associated with the su2 locus. This locus is
now thought to be a soluble starch synthase zSSIIa (see below). More recently a GBSSII
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has been identified in the pericarp of waxy wheat seeds and appears to account for
amylose synthesis in this tissue (Nakamura et al., 1998).
Multiple forms of soluble starch synthases have been identified in different systems
and originally these were identified by their elution pattern from DEAE-cellulose
chromatography (Preiss and Levi, 1980). Three soluble starch synthases have been
identified in maize, wheat and potato. In describing these enzymes, care must be taken to
distinguish between descriptions of enzyme activity and analysis of genes and their
function. SSI can be assayed in the absence of glucan primer and the activity is
stimulated by the presence of citrate. SSII however requires a glucan primer and is not
affected by citrate. Knight et al. (1998) have cloned a cDNA, now designated zSSI,
which accounts for the SSI activity in maize endosperm. The gene for SSIIa activity
appears to map to the sugary-2 (su-2) locus (Harn et al., 1998). The gene Dull1 (Du1)
encodes an SSII activity that, to avoid confusion, has now been designated DU1 and, by
sequence comparison, is more similar to other SSIII isoforms than SSII. SSIII appears to
be exclusively soluble in maize and wheat but is also found attached to the granule in
potato. While GBSSI is only active in the starch granule it is not clear whether the soluble
enzymes need to be attached to the starch to function in vivo.
All the soluble starch synthases are involved in amylopectin synthesis, but with the
complexity of isoforms and expression patterns, it has proved difficult to identify their
specific roles. Kinetic evidence has shown that different forms have different affinities for
the glucan polymer, suggesting that SSII forms would extend longer chains (Preiss,
1988). Du1 mutants appear to have as much soluble starch synthase activity as wild-type
maize, although the structure of the starch differs, having an increased proportion of
branches. However, immuno-depletion experiments indicated that the DU1 protein can
account for nearly 30 % of the maize kernel soluble starch synthase activity (Cao et al.,
2000). SSII mutants in wheat and pea and the production of antisense SSII potato tubers
revealed starches with an increased proportion of short chains (<10).
Starch Branching Enzyme E.C. 2.4.1.18
Starch branching enzymes introduce -1,6 linkages into starch. As with the synthases
there are multiple isoforms. SBE1 isoforms transfer longer glucan chains and have a
higher affinity for amylose while SBEII isoforms have a higher affinity for amylopectin
and transfer shorter chains (Burton et al., 1995; Kawasaki et al., 1993; Mizuno et al.,
2001; Morell et al., 1997; Takeda et al., 1993). In wheat, maize and pea embryos the sbe2
gene, encoding SBEII protein, is expressed earlier in development and for longer than its
sbe1 counterpart (Hamada et al., 2002). The maize mutant, amylose extender (ae),
confirms the role of SBEII isoforms in amylopectin synthesis, since its starch has a higher
apparent amylose content and longer amylopectin chains. Recently, it has been shown
that a novel sbe1c isoform in wheat can be regulated by protein phosphorylation (Tetlow
et al., 2004). This provides a mechanism for regulating the branch frequency and chain
length of the glucan polymer and also provides new targets for biotechnology.
In addition to the above enzymes, other enzymes such as debranching enzyme,
disproportionating enzyme and isoamylase have been suggested to be involved in granule
synthesis (Ball and Morell, 2003). Two models of amylose synthesis have been proposed
and are supported with evidence from different species. In one, the amylose chains are
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extended from the growing starch granule and then cleaved to produce the free amylose
chains present in the amorphous region. In the second, small malto-oligosaccharides are
used as the primer (Ball et al., 1998; Denyer et al., 1996). The latter was originally
proposed based on work with pea and potato and also suggests that GBSSI could be
involved in amylopectin biosynthesis.
A current model for the synthesis of amylopectin (Ball et al., 1996; Mouille et al.,
1996) involves the discontinuous elongation of glucan chains which, when long enough
to accommodate branching enzymes, become highly branched. Debranching enzymes
then selectively reduce the complexity of branching allowing further elongation. Clearly,
there is still much to learn before we can define the correct roles and sequence of action
of all the above enzymes. However, there are plenty of target enzymes which can be
modified to further our understanding of the synthesis of the granule and provide
modified starches for the marketplace.

Modification of Starch Quality
Starches with Altered Amylose
Amylose and amylopectin can be fractionated by dissolving the starch in water and
letting the amylose diffuse out, but these methods are time-consuming and expensive.
Thus, there has been a lot of effort to produce plants with native starch of the required
properties.
As discussed above, the maize mutant waxy is the original low-amylose starch plant
used for starch production (Whistler et al., 1984). Pastes made with waxy (high
amylopectin) starches have the great advantage of little retrogradation. However, they
tend to have a rubbery texture not suitable for food applications and require improved
stability. They are therefore usually cross-linked with agents that form covalent bonds
between the glucan chains. At low levels of cross-linking this produces a paste with a
lower viscosity at high temperatures but better properties for many food applications. At
high levels of cross-linking, starches can be produced which do not gelatinize in boiling
water.
Waxy forms have now been produced in all the species used for commercial starch
production. However, waxy wheat and waxy potatoes were not achieved until the late
1980s and early 1990s (Hovenkamp-Hermelink et al., 1987; Nakaimura et al., 1995).
Fully waxy soft wheats have starch with distinctive viscometric profiles, which may not
be suitable for current applications but offer new opportunities (Kim et al., 2003).
However, partial waxy durum wheats have been found to be useful (Sharma et al., 2002).
For example, a wheat with the wx alleles on chromosome 4A, containing 5 % amylose,
produced better pasta with lower cooking loss. This was correlated with a higher starch
peak viscosity, greater swelling power and improved adhesive properties. White salted
noodles are produced from wheat flour and a comparison between lines carrying the waxy
mutation in the A, B and D genomes showed that both single null types, wx-B1 or wx-D1,
had better mechanical and texture properties. Interestingly the double null, wx-A1/wx-D1,
was best (Ishida et al., 2003). Clearly there could be advantages in developing lines with
small increments in the amount of amylose for specific purposes.
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Visser et al. were the first to demonstrate the feasibility of altering starch type by
genetic modification. They introduced an antisense clone of GBSSI into potato plants,
producing a waxy type of potato starch (Visser et al., 1991). A waxy potato starch has
distinct advantages with an improved paste clarity and stability. Commercial lines of GM
waxy potatoes are now available and have undergone extensive field tests. The GM
approach provides two important benefits: firstly, it provides a means to control the level
of expression of a gene and hence potentially the quantitative amount of amylose;
secondly, the tetraploid nature of potato makes the introduction of a waxy phenotype into
other varieties a complex process. Sense suppression has also been used in sweet potato
to produce waxy mutants (Kimura et al., 2001; Noda et al., 2002).
As indicated above, while the improved freeze-thaw stability of waxy starches is an
advantage, it is often not enough for many uses. Thus, it would be advantageous to
produce more stable starches in planta, which do not need chemical modification.
Recently, substantial progress has been made on this front by producing potato tubers
with antisense constructs for starch synthase II and III as well as GBSSI (Jobling et al.,
2002). These triple antisense plants, which illustrate the true power and precision now
possible with GM technology, lacked amylose and had shorter glucan chains in the
amylopectin. The starch had altered viscometric profiles and excellent freeze-thaw
stability. A similar starch can be produced in maize from a double mutant wx/su-2
(Fergason and Wurzburg, 1984), but such maize starches are difficult to process.
Interestingly, the defects that occur in the maize starch granules from double mutants
were not present in the potato starch. To produce starches with the freeze-thaw
parameters of the triple antisense potato plants normally requires chemical modifications.
It is not clear how these novel properties were achieved but the authors hypothesize that
the shorter amylopectin chains restricted reassociation of the glucan chains and therefore
improved water retention. Thus, these new starches offer considerable environmental and
consumer benefits.
High-Amylose Starches
High-amylose starches are also of considerable economic importance. The high gel
strength of these starches makes them important in sweets and the film properties make
them excellent coatings, especially for fried products. A high amylose content also
produces ‘resistant starch’, which is now recognized to have some health benefits because
it is not digested in the small intestine but fermented in the large intestine, producing
compounds which reduce the risk of cancer (Brouns et al., 2002).
In maize, high amylose starch was recognized in the ae mutants (Deatherage et al.,
1954). This gene encodes SBE-IIb (Hedman and Boyer, 1982). Antisense experiments in
potato with an SBE-A gene, which on the basis of sequence analysis would encode an
SBEII-type enzyme, showed that although it was a very minor component of branching
enzyme activity it had a large effect on the starch, increasing the amylose content from
30 % to 38.5 %, increasing the phosphorus content and changing the amylopectin
structure (Jobling et al., 1999).
Previously, a clone for a potato SBEI had been introduced in both sense and antisense
constructs into the waxy mutant of potato and, although it had no apparent effect on the
starch structure, the physico-chemical properties were changed (Flipse et al., 1996). To
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obtain very high amylose potato starches both SBEI and SBEII activities had to be
inhibited (Schwall et al., 2000). In this case, the branching enzyme activity was reduced
to almost none. The starch in these plants had altered granule morphology, changed
glucan molecular weight, altered branch length and increased phosphorus content. Since
the chain length and the phosphate content of normal potato starches are greater than
those of cereal starches, one can expect that these new starches will have some interesting
functional properties. It is clear that even with our present limited knowledge, a wide
range of novel starches could now be produced by systematically altering the amounts
and proportions of the different branching enzymes and starch synthases.
Amylopectin Structure
Changes in amylopectin structure have been achieved in potato by introducing antisense
constructs for SSII and SSIII isoforms separately and in combination (Edwards et al.,
1999). Reduction of either or both activities caused a change in granule morphology,
although this was minor in the case of reduced SSII, and an increase in shorter glucan
chains. In general, there was an increase in the number of short chains below about DP 12
and a decrease in the longer chains, although the individual transgenic lines had distinct
patterns. The starch had a very low gelatinization temperature, which suggests some
valuable properties for use in the food industry.
Recently, changes in amylopectin structure have been achieved in rice by alterations in
SBEI (Satoh et al., 2003) and possibly SSIIa (Umemoto et al., 2002), although the latter
needs confirmation. The introduction of a glycogen branching enzyme into the amf
mutant of potato increased the number of branches and the number of short glucan chains
in the amylopectin. This was associated with a lower peak viscosity and weaker gels
(Kortstee et al., 1996; 1998).
Covalent Modification
The only known natural covalent modification of starch is the attachment of phosphate
to amylopectin chains. As already indicated above, the amount of phosphate can be
altered by altering amylopectin and amylose contents and structure. The phosphate
group is added to the amylopectin molecule by a water glucan dikinase (Ritte et al.,
2002). It is not understood what function the presence of phosphate serves in storage
starches, such as in tubers, but in leaves, where transitory starch occurs, it appears
to be involved in starch degradation (Ritte et al., 2004). However, we know very little
about how this dikinase enzyme works. Phosphate is attached at the C6, C2 and C3
positions of the glucose molecule (Nielsen et al., 1994), which might suggest that more
than one protein is involved. Also, the best substrate for the dikinase has a longer glucan
chain length than the reported position of the phosphate in potato starch (Blennow et al.,
1998).
Commercially, the addition of more phosphate or other acidic groups to the starch
molecule in planta would find many uses. Many enzymes have now been described from
microorganisms, which could be used to modify starch in vivo and we have the
knowledge to target them to the amyloplast. Such a biotechnological approach would
avoid many of the chemical processes used to create the starches shown in Table 2.5.2.
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Granule Size
As indicated above, granule size is an important factor for many applications, including
thin films, paper coatings, cosmetic products and carbonless copy papers. However, we
have very little knowledge on how this is controlled. The timing of expression of the
cereal starch branching enzymes and starch synthases might affect it. Alternatively,
granule size may be related to amyloplast size (Burrell and Coates, 2003), although our
understanding of plastid division is still in its infancy. Recent observations on isoamylase
mutants of barley suggest that the timing and expression of isoamylase genes may control
granule initiation or size (Burton et al., 2002), but in neither of these cases is it clear how
the cell balances granule initiation and growth to control the final size and shape of the
granule.

Conclusion
Henry Nix stated at a meeting of the Australian Urban and Regional Information Systems
Association in 1990: ‘Data does not equal information, information does not equal
knowledge and, most importantly of all, knowledge does not equal wisdom’. We
certainly have plenty of data on starch synthesis and some information. Clearly, we
have a little knowledge on how to apply it to improve starch quality but we are lacking in
wisdom on how to do this predictively.
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2.6
Production of Vaccines in GM Plants
Liz Nicholson, M. Carmen Cañizares and George P. Lomonossoff
John Innes Centre, Colney Lane, Norwich NR4 7UH, UK

Introduction
In recent years, plants have been proposed as an attractive alternative to the traditional
production systems for vaccine production, such as animal cell culture. The production of
recombinant proteins in plants has many potential advantages including: (i) it is more
economical than traditional expression systems; (ii) proteins are post-translationally
modified in a manner similar to that found in mammalian systems; (iii) plants offer the
possibility of expressing proteins in different organs and cellular compartments, which
may optimize protein accumulation; (iv) the amount of recombinant product that can be
produced could be scaled up to industrial levels; (v) absence of risk contamination with
animal pathogens and (vi) the possibility of producing edible vaccines.
The expression of foreign proteins in plants can be tackled using stable or transient
genetic modification. Among the technologies developed so far, stable genetic modification includes both nuclear genetic transformation and the more recently developed plastid
transformation approach. The transient option, on the other hand, is principally
represented by Agrobacterium-mediated transient expression and the use of viral vectors.
In this chapter we will discuss the main types of plant expression systems considering
the advantages and limitations of each system, and will provide an account of the types of
antibodies and antigens for passive and active immunization respectively, expressed in
plants using these technologies.
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Main Technologies Used for Vaccine Production in Plants
Nuclear Genetic Modification
The most commonly used approach for the production of vaccines in plants is nuclear
genetic modification. This involves the integration of the genes to be expressed into the
nuclear genome of the selected plant species. The two principal transformation methods
currently used are Agrobacterium-mediated gene transfer, mainly to dicotyledonous
plants (dicots) such as tobacco and pea (Horsch et al., 1985) and particle bombardment of
genes to monocotyledonous plants (monocots), such as wheat, rice or maize (Christou,
1995).
To achieve high yields of the desired protein, the structure of the expression constructs
needs to be optimized. To maximize transcription, a strong constitutive promoter is
usually chosen. In the case of dicots, the cauliflower mosaic virus 35S (CaMV 35S)
promoter is generally the preferred choice while for monocots the maize ubiquitin
promoter is favored. The presence of introns in these sequences often increases the rate of
transcription. Apart from these constitutive promoters, regulated promoters are increasingly being used. The advantage of using, for example, a tissue-specific promoter is that
it would avoid the expression of the protein in vegetative tissues where it might affect
plant growth and development. The use of inducible promoters (Padidam, 2003) allows
the expression of the recombinant protein when it is required and is a potentially valuable
approach in situations when premature protein overexpression would be deleterious to
plant growth.
To maximize the translation of transgene-derived mRNAs, translational enhancers,
such as the 50 non-coding region derived from tobacco mosaic virus (TMV) RNA, are
usually positioned immediately upstream of the coding region of the inserted gene
(Gallie and Walbot, 1992). In addition, the translational start site is generally adjusted to
match the Kozak consensus sequence for plants (Kawaguchi and Bailey-Serres, 2002).
For some transgenes it has also proven advantageous to modify codon usage of the
coding portion of the inserted gene so that it more closely resembles that of the host plant
(Kusnadi, Nikolov and Howard, 1997).
To ensure that an expressed protein is appropriately post-translationally modified, and
frequently to increase its yield, the sequence of the protein to be expressed can be flanked
by signals that can target it to, and retain it within, the plant secretory pathway. The
endoplasmic reticulum (ER) provides an environment where correct protein folding and
assembly occurs and important post-translational modifications, such as glycosylation,
occur only in the endomembrane system. To achieve targeting and retention, an
N-terminal signal sequence (which directs proteins to the secretory pathway) and a
C-terminal tetrapeptide signal, H/KDEL (which facilitates retrieval from the Golgi
apparatus back to the ER; Fiedler et al., 1997; Fischer et al., 1999), are included in
the expression construct. In the absence of an H/KDEL signal, the expressed protein is
secreted to the apoplast.
Other factors that have an important effect on the level and stability of transgene
expression are the position and number of integrations as well as the structure of the
transgene locus. To try to minimize variation in transgene expression due to silencing
phenomena, such as post-transcriptional gene silencing (PTGS) that are triggered by
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some of these factors, systems have been developed in which PTGS-impaired mutants or
lines of plants overexpressing viral gene silencing suppressors are used for transformation (Butaye et al., 2004; Mallory et al., 2002).
Though the transformation of individual plants cells is reasonably straightforward, the
regeneration of lines of fertile transgenic plants can be a time-consuming process which
is species dependent. However, once produced, the transgenic lines can be considered to
be essentially a plant variety and used in subsequent crossing experiments.
Plastid Genetic Modification
The development of methods for introducing foreign genes into the plastid genome has
led to the development of transplastomic plants (Maliga, 2002). There are two major
advantages of this approach. First, each cell of a plant contains multiple copies (10 000 in
the case of tobacco) of the chloroplast genome per cell, meaning that very high levels of
expression can potentially be obtained and levels up to 47 % of the total soluble protein
have been reported (DeCosa et al., 2001). Second, because the chloroplast genome is
inherited maternally, pollen grains contain no transgenic DNA curtailing the ability of the
transgene to spread in the environment and thus providing a level of biocontainment.
Biolistic DNA delivery is the system of choice for most laboratories involved in plastid
transformation (Svab, Hajdukiewicz and Maliga, 1990). The integration of the plastidtargeting sequences of the transformation vector into the targeted region of the plastid
genome occurs by homologous recombination. To achieve this, plastid vectors have left and
right plastid-targeting regions of 1–2 kb that are homologous to the chosen target site.
To obtain high levels of transcription the strong plastid rRNA operon (rrn) promoter
(Prrn), which is recognized by the plastid-encoded RNA polymerase, is mostly used. The
resultant mRNA can be stabilized by flanking the coding sequence with 50 and 30
untranslated regions (50 -UTR and 30 -UTRs) from plastid genes, which typically include
stem loop structures. The mRNA 50 -UTR includes sequences that facilitate loading
of mRNAs onto ribosomes, facilitating the initiation of translation, whereas the mRNA
30 -UTR functions as an inefficient terminator of transcription (Monde, Schuster and
Stern, 2000). The protein levels can be enhanced by including the amino-terminus of the
coding region of the source plastid gene, in addition to the 50 -UTR, in the expression
cassette (Kuroda and Maliga, 2001). The possible explanation for this is that the
sequences around the AUG translation initiation codon have evolved together to ensure
the translation of the encoded protein (Zerges, 2000).
Because the foreign gene insertion is at a precise and predetermined location in the
plastid genome, the ‘position effect’ often observed in nuclear transformation is
eliminated, resulting in uniform transgene expression among transgenic lines. In addition
to this, the phenomenon of gene silencing, frequently observed in nuclear transgenic
plants, has not been observed in transplastomic plants. Unfortunately there are also some
disadvantages to the transplastomic approach. Apart from being a time-consuming
process, as in the case of nuclear transformation, currently plastid transformation is
only routine in a few species, though this number is increasing all the time. Perhaps more
significant is the fact that glycosylation of proteins does not occur in plastids, so
transplastomic technology, at least in its present form, is not suitable for the production
of proteins which depend on glycosylation for their activity or stability.
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Transient Expression via Agrobacterium
This method involves the infiltration of leaves with a suspension of A. tumefaciens
harboring the construct of interest. The delivery of recombinant Agrobacterium into
leaf tissue is usually carried out by vacuum infiltration resulting in multiple copies of
the construct being delivered to the cells that have been infiltrated. Once Agrobacterium
is present in the leaf, bacterial proteins transfer the gene of interest into the host cells,
a process that is equivalent to the initial stages of nuclear genetic transformation
(Section 2.1). However, the transferred T-DNA does not integrate into the host chromosome but is present in the nucleus, where it is transcribed leading to transient expression
of the target gene (Kapila et al., 1997). Expression of the introduced gene occurs rapidly,
usually in a matter of a few days. The expression vector used for this transient assay can
be the same as the ones designed for conventional nuclear transformation, and thus it is
also possible to target the sequence of interest to different cellular compartments. The
utility of this system for the expression and assembly of multi-component protein
complexes has been demonstrated (Vaquero et al., 1999). Though the method is very
useful for small-scale experiments aimed at evaluating the properties of gene constructs
prior to undertaking lengthy transformation/regeneration studies, scaling up the procedure
presents a considerable challenge. However, there has been progress toward this goal by
developing systems that either allow higher levels of transient expression to occur (Voinnet
et al., 2003) or permit the processing of large amounts of material (Fischer et al., 2004).

Transient Genetic Modification via Viral Vectors
An alternative approach for transient expression involves the use of plant virus-based
vectors. One of the main attractions of this approach is that viral genomes multiply
within infected cells, potentially leading to very high levels of protein expression.
Additional advantages include the fact that viral genomes are very small and therefore
relatively easy to manipulate, and that the infection process is simpler than transformation/
regeneration. There are, inevitably, disadvantages to the approach: the foreign gene is
not heritable, there are limitations on the size and complexity of the sequences which
can be expressed in a genetically stable manner and there are concerns about the ability
of modified viruses to spread in the environment. Despite these difficulties, a number of
different plant virus vectors have been used for protein expression.
Most plant viruses have genomes that consist of one or more strands of positive-sense
RNA. As with animal RNA viruses, they use a variety of strategies for gene expression,
including the use of subgenomic promoters and polyprotein processing. The availability
of infectious cDNA clones was prerequisite for the development of RNA virus-based
vectors (Ahlquist et al., 1984). Since then, members of several virus families have been
developed as useful vectors (Figure 2.6.1). Initial attempts at vector construction were
based on gene replacement strategies in which a sequence encoding a non-essential viral
function was replaced by a gene of interest. Though several of these early constructs
could replicate in isolated plant cells, they generally could not systemically infect whole
plants. A more successful approach has been the development of vectors based on gene
addition. In these a foreign sequence is added to the complement of viral genes, rather
than substituting for one.
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Figure 2.6.1 Genome organization of viruses used to express heterologous peptides and
proteins in plants. Positions where epitopes have been inserted into the coat proteins of the
various viruses are shown by black arrows. The positions where foreign proteins (shown hatched)
have been inserted into the viral genomes are also indicated. The functions of various virus genes
are shown as: CP, coat protein; HC-Pro, helper component proteinase; Hel, helicase; MP,
movement protein; LCP, large coat protein; Pol, RNA-dependent RNA polymerase; Pro,
proteinase; ProC, proteinase co-factor; Reg, regulatory protein; TGB, triple gene block; VPg,
virus protein genome-linked; P1-Pro, P1-Proteinase; P3, protein P3; 6K, 6 kilodalton protein; SCP,
small coat protein; VPg-Pro, VPg-Proteinase. * represents a leaky termination codon.
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Two basic types of systems have been developed for the production of immunogenic
peptides and proteins in plants. The first type, often termed epitope presentation systems,
involves inserting a sequence encoding an antigenic peptide into the viral coat protein
gene in such a manner that the peptide is expressed on the surface of assembled virus
particles. The modified virions are often referred to as chimeras or chimeric virus
particles (CVPs). Such particles are attractive as potential novel vaccines, since the
presentation of multiple copies of an antigenic peptide on the surface of a macromolecular assembly can significantly increase its immunogenicity (Lomonossoff and Johnson,
1996). With these systems it is generally anticipated that the modified particles will be at
least partially purified prior to administration to animals. The second type, often referred
to as polypeptide expression systems, involves introducing a whole gene into the viral
genome in such a manner that it is efficiently expressed in infected cells, usually as an
unfused polypeptide. Though purification of the expressed protein may be necessary or
desirable, this type of system could be suitable for the production of immunogens that
can be supplied orally by direct feeding of plant material to animals.

Choice of Plant Species for Expression
Much of the early work on the expression of foreign proteins was carried out in tobacco
(Nicotiana tabacum) because of the relative ease with which this plant can be genetically
modified and regenerated (Fischer and Emmans, 2000). In addition, there is considerable
experience available concerning the large-scale growth of tobacco and a continuing
interest in developing new uses for the crop. Although Nicotiana species are extremely
useful as experimental systems, they suffer the disadvantage that the leaves contain high
levels of nicotine and other alkaloids. Thus, any vaccine produced in these plants will
have to be extensively purified before use. Consequently, several other leafy plant species
have been investigated as production platforms, including lettuce, white clover, soybean,
alfalfa and Arabidopsis. Unfortunately, the synthesis of recombinant proteins in the leaf’s
aqueous environment correlates with low protein stability in the harvested material. As a
result, leaves must be frozen or dried for transport, or processed soon after harvest to
extract useful amounts of the product.
However, when it is not necessary to synthesize the protein in the leaves of a plant,
there are considerable advantages to directing expression to other organs, such as seeds,
tubers or fruit. For instance, in contrast to leafy crops, the expression of proteins in seeds
enables long-term storage, even at room temperature, because seeds have the appropriate
biochemical environment to promote stable protein accumulation. Expression in cereal
grains is particularly attractive as methods for the large-scale harvesting and storage of
such material are well developed and the expressed proteins are stable over an extended
period. Thus, different crops have been investigated for seed-based production, including
cereals (maize, rice, wheat and barley) and legumes (pea and soybean). The genetic
modification of vegetable crops such as tubers (potato), or roots (carrots) or fruits
(tomatoes and bananas) is an attractive prospect. Indeed the possibility of consuming
uncooked, unprocessed or partially processed material makes them ideal plant choices for
the production of recombinant subunit vaccines and antibodies designed for topical and
oral applications.
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Along with traditional crop species, a number of more unusual plants with a variety of
potential advantages are being investigated for vaccine production. These include the
duckweed Lemna minor (Gasdaska, Spencer and Dickey, 2003), which is being developed
by the US biotechnology company Biolex Inc, the unicellular green alga Chlamydomonas
rheinhardtii which is amenable to nuclear, plastid and mitochondrial transformation
(Franklin and Mayfield, 2004; Mayfield, Franklin and Lerner, 2003) and the moss
Physcomitrella patens in which knockout mutants may be generated by homologous
recombination, allowing efficient targeted gene disruption. Thus, the major drawback of
producing human proteins in plants, allergic reactions caused by plant-specific glycosylation, can be diminished by targeted knockout of the responsible genes in moss, ending
in the ‘humanization’ of plant-derived pharmaceuticals (Decker and Reski, 2004).
The successful application of viral vectors for the production of immunogens in
plants has provided a valuable alternative approach to stable genetic engineering. Several
plant species have been reported in the literature as being useful hosts for vaccine
production, including N. tabacum, N. clevelandii, Spinacia oleracea, Vigna unguiculata
and N. benthamiana, with the latter being widely used since it is a host for many different
plant viruses.

Recombinant Subunit Vaccines
The term ‘subunit vaccine’ refers to the use of a pathogen-derived protein, or even just an
immunogenic domain of a protein, often called an epitope, rather than the whole
pathogen itself (killed or attenuated) to stimulate protective immunity. Subunit vaccines
cannot cause disease and obviate the need to culture the pathogen. However, they suffer
from the drawback that they may not elicit the entire range of immune responses
necessary to provide effective immunity. The original concept behind the use of plants for
the expression of subunit vaccines was based on the idea that the plant tissues could be
fed to humans or commercially important animals. This method of vaccination would
then elicit a mucosal immune response, which represents a first line of defense against
most pathogens. Expression of proteins from a variety of microbial and viral pathogens
showed the feasibility of transgenic plant expression systems for the production of
subunit vaccines. The proteins expressed include those from the Hepatitis B surface
antigen (HbsAg) in tobacco and lettuce (Ehsani, Khabiri and Domansky, 1997; Mason,
Lam and Arntzen, 1992), a rabies virus antigen in tomato (McGarvey et al., 1995), a
cholera antigen in tobacco and potato (Arakawa et al., 1997; Hein et al., 1996), a
recombinant bacterial antigen (LT-B) in tobacco and potato (Haq et al., 1995), the
Norwalk virus capsid protein (NVCP) in tobacco and potato (Mason et al., 1996) and a
human cytomegalovirus antigen in tobacco (Tackaberry et al., 1999).
Interest in the production of subunit vaccines in plants was stimulated when, in 1992,
the structural authenticity of HbsAg expressed in tobacco was confirmed, despite low
levels of antigen being obtained (0.01 % of soluble leaf protein). Three years later, the
immunogenicity of the tobacco-derived HBsAg was demonstrated by immunization of
experimental mice (Thanavala et al., 1995). To prove that plant-derived HBsAg can
stimulate mucosal immune responses via the oral route, edible plants rather than tobacco
were the focus of subsequent research into HBV vaccine production in plants. For
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instance, clinical trials carried out to test the efficacy of HbsAg expressed in lupin, potato
and lettuce, in mice and humans (Kapusta et al., 1999; Ritcher et al., 2000; Thanavala
et al., 2005), found that the plant-expressed material was effective at eliciting immune
responses to the immunogen supplied orally.
Two other vaccine candidates expressed in tobacco and potato have reached the stage
of clinical trials: the heat-labile toxin B subunit (LT-B) of enterotoxigenic Escherichia
coli (ETEC) and the NVCP (Haq et al., 1995; Mason et al., 1996). These antigens from
two enteric pathogens represent ideal oral subunit vaccine candidates, as both are
multimeric structures that survive in the extreme conditions of the human gut. Clinical
trials in humans showed that consumption of raw potato tubers that contained 0.3–10 mg
of LT-B produced high titers of mucosal and systemic antibodies (Tacket et al., 1998).
Subsequent studies demonstrated that when LT-B was delivered in transgenic corn meal,
it elicited protective immunity (Tacket et al., 2004). Similarly, a mucosal response was
also observed in patients receiving potato tubers containing recombinant NVCP (Tacket
et al., 2000). In the case of veterinary vaccines, oral and parenteral immunogenicity of
the foot and mouth disease virus (FMDV) antigen VP1 has been tested in mice using
protein expressed in a variety of transgenic plants including Arabidopsis, potatoes and
alfalfa (Carrillo et al., 1998; 2001; Dus Santos et al., 2005), and protection against
challenge with virulent FMDV has been shown. In another example, the spike protein of
swine transmissible gastroentirits virus (TGEV), expressed in corn seeds and fed to
piglets, elicited protective immunity (Lamphear et al., 2002; Streatfield et al., 2001).
Other major developments in the expression of subunit vaccines using nuclear or plastid
genetic modification are listed in Table 2.6.1.
The viral approach has also been used for the transient expression of subunit vaccines,
mainly veterinary ones. Exploiting both the epitope presentation and polypeptide
expression approaches, a number of immunogenic peptides and proteins have been
expressed in plants (Table 2.6.2). Examples reported so far have made use of vectors
based on a number of different plant viruses including cowpea mosaic virus (CPMV),
TMV, tomato bushy stunt virus (TBSV), alfalfa mosaic virus (AlMV), plum potyvirus
(PPV) and potato virus X (PVX).
A large number of chimeras based on different viruses have been tested for
immunogenic properties. In most cases, purified CVPs have been administered parenterally, although there is increasing evidence that intranasal or oral immunization may
also be effective. In a key study, it was found that parenteral admistration of a CPMV
chimera (CPMV-PARVO1) that contained a 17-amino acid epitope from the N-terminal
region of VP2 capsid protein of canine parvovirus gave protection against canine
parvoviruses (CPV) in mink and dogs (Daalsgard et al., 1997; Langeveld et al., 2001).
Similarly, Koo et al. (1999) were able to produce chimeric TMV particles presenting an
epitope from mouse hepatitis virus (MHV). Mice immunized with purified virions
produced antibodies against the MHV epitope, and those with high antibody titers
were protected against challenge with the virus.
To overcome the limitation on the size of peptide that can be fused directly to the coat
proteins of plant viruses without abolishing infectivity, Yusibov et al. (1997) developed a
system where an appropriately modified version of the AlMV coat protein is expressed
from an additional copy of the TMV coat protein subgenomic promoter. Using
this approach, a 40-amino acid sequence containing epitopes from rabies virus and a
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Table 2.6.1 Proteins with applications for human or animal vaccines and stably expressed by transgenic plants.
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Protective antigen
(PA) of Bacillus
anthracis

CTB-2L21(CPV)
fusion

14.8 % TSP

Plastid

N. tabacum

Plastid

Plastid

Plastid

31.1 % TSP

18.1 % TSP

25 % TSP

100 mg/g dry mass

Tetanus toxin
fragment C

Nuclear

Lettuce

160 mg/g dry mass in lettuce
10 mg/g dry mass in alfalfa

Cysteine protease
from Fasciola
hepatica

Nuclear

Lettuce Alfalfa

E2 glycoprotein from
classical swine
fever virus (CSFV)

Oral route is effective in (Legocki et al., 2005)
inducing a specific
antibody response
against the antigen in
mice.
Oral route induces a
(Legocki et al., 2005)
specific antibody
response against the
antigen in mice.
It allows the
(Tregoning et al., 2003)
development of a
safe, plant-based
tetanus vaccine for
nasal and oral
applications.
The antigen assembled
(Watson et al., 2004)
into heptamers and
retained binding to
host cell receptors.
Developed to control
(Daniell et al., 2005)
the spread of plague.
Oral immunization
(Webster et al., 2005)
of mice with
plant-derived MV-H
protein resulted in
humoral and mucosal
immune responses.
Resulting chimera CTB- (Molina et al., 2004)
2L21 protein retained
pentamerization and
GM1-ganglioside
binding characteristics
of the native cholera
toxin B (CTB) and
induced antibodies able
to recognize VP2
protein from canine
parvovirus (CPV).
(continued )

Nuclear

Nuclear

Nuclear

CTB-rotavirus entero- Potato
toxin NSP4 fusion

Potato

CTB-insulin fusion

CFA/I-CTA2-CTB-rota- Potato
virus enterotoxin
NSP4 fusion

CTB-rotavirus
NSP4175 fusion

Nuclear

Potato

Protein

Method of
genetic
modification

Host plant
system

Table 2.6.1 (Continued)

3 mg/g fresh weight

0.006–0.026 % TSP

0.01–0.1 % TSP

0.1 % TSP

Expression
levels
Reference

Non-obese diabetic
(Arakawa et al., 1998b)
mice fed transformed
potato tuber tissues
showed a substantial
reduction in pancreatic
islet inflammation
(insulitis) and a delay in
the progression of
clinical diabetes.
(Arakawa, Yu and Langridge,
It assembles into
2001)
oligomers that
retained enterocyte
receptor GM1
ganglioside binding
affinity.
It has the potential to
(Kim and Langridge, 2003)
generate more
protection against
rotavirus infection
than first-generation
plant-based vaccines
containing fewer
rotavirus enterotoxin
epitopes.
Orally immunized mice (Yu and Langridge, 2001)
generated detectable
levels of serum and
intestinal antibodies
against the pathogen.

Applications/
immunological
properties

Nuclear

Soybean Rice

Corn

Corn

IgG Specific to
herpes simplex
virus 2 (HSV)

SIgA Specific to HSV

IgG Specific to R9
protein of
respiratory
syncytial virus

Nuclear

Nuclear

Nuclear

Nuclear

Nuclear

A. thaliana Alfalfa
Potato

Potato

<0.02 % TSP

Nuclear

N. tabacum

Not reported

0.3 % TSP

Not reported

500 mg/g fresh weight
tobacco leaves

0.3 % TSP

0.01 % TSP in alfalfa

0.06 % TSP in A. thaliana
0.2 % TSP in N. tabacum
<0.01 % fresh weight
in corn.

Nuclear

A. thaliana
N. tabacum Corn

SIgA/G (Guy’s 13)
N. tabacum Rice
Specific to
Streptococcus
mutans adhesin I/II.

Antibodies

VP60 from rabbit
hemorrhagic
disease virus
(RHDV)

Glycoprotein S from
transmissible
gastroenteritis
coronavirus
(TGEV)
Glycoprotein from
human
cytomegalovirus
VP1 from foot and
mouth disease
virus

Therapeutic (topical) for
the control of dental
caries. Licensed to
Planet Biotechnology
CA., under the name
of CaroRX.
Therapeutic (topical) for
the control of sexually
transmitted diseases.
Licensed to EPIcyte
Pharmaceutical.
Therapeutic for the
control of herpex
simplex virus
Therapeutic (inhaled).
Licensed to EPIcyte
Pharmaceutical.

Immunogenic and
protective when
administered to
agricultural domestic
animals and mice by
injection.
Immunogenic and
protective when
administered to
rabbits by injection

Immunologically active
protein

(continued )

(Cone and Whaley)

(Hood , Woodard, and Horn,
2002)

(Zeitlin et al., 1998)
(Briggs et al., 2001)

(Ma et al., 1995; 1998; 2003)
(Nicholson et al., 2005)

(Castanon et al., 1999)

(Carrillo et al., 1998)
(Wigdorovitz et al., 1999a)
(Carrillo et al., 2001)
(Dus santos et al., 2005)

(Tackaberry et al., 1999)

Immunogenic when
(Gomez et al., 1998) (Tuboly
administered to pigs
et al., 2000) (Streatfield
by injection and orally
et al., 2001) (Lamphear
et al., 2002)

30 mg/L

Nuclear and
Not reported
transient by
pseudo-viral
infection.
scFv84.66,
Rice cell culture and Nuclear and
Rice (29 mg/g leaves,
diabody84.66,
plants Wheat Pea
transient by
32 mg/g seed, 3.8 mg/g
and chimeric
Tomato N. tabacum
agroinfiltration
callus)
IgG1T84.66. Specific
Wheat (0.9 mg/g leaves,
to the carcinoem1.5 mg/g seed) N. tabacum
bryonic
(1 mg/g)
antigen (CEA)
Large single-chain
Chlamydomonas
Plastid
0.5 % TSP
Specific to g D of
reinhardtii
HSV.

scFv-bryodin 1
N. tabacum cell
immunotoxin fusion
culture
Specific to CD40.
scFv-HER2 Specific
N. tabacum
to a breast
N. benthamiana
oncogene.

Nuclear

Transient by
Not reported
agroinfiltration

benthamiana

N.

0.6 % TSP

Nuclear

Arabidopsis thaliana

0.07 % TSP

IgG1
Specific
to Rhesus
D antigen
Human IgG specific
to the protective
antigen (PA) of
Bacillus anthracis

Nuclear

Expression
levels

N. tabacum

Method of
genetic
modification

IgG Specific to
rabies virus

Protein

Host plant
system

Table 2.6.1 (Continued)

(Galeffi et al., 2005)

(Francisco et al., 1997)

(Hull et al., 2005)

(Bouquin et al., 2002)

(Ko et al., 2003)

Reference

Therapeutic

(Mayfield et al., 2003)

Therapeutic/diagnostic in (Torres et al., 1999) (Stoger
the treatment of cancer et al., 2000; 2002) (Perrin
et al., 2000) (Vaquero et al.,
1999; 2002)

Therapeutic. Useful as a
post-exposure prophylactic in hamsters.
Therapeutic. Used in
the alloimmunization
of RhD mothers
carrying a RhDþ fetus.
Prophylactic. The
resulting antibody was
able to neutralize toxin
activity in vitro and in
vivo.
Therapeutic for the
control of nonHodgkin’s lymphoma.
Therapeutic/diagnostic in
the control of breast
cancer.

Applications/
immunological
properties

Mouse hepatitis virus (MHV)

Foot and mouth disease
virus (FMDV)

Pseudomonas aeruginosa
outer membrane (OM)
protein F

TMV

TMV

TMV

TMV

CPMV

Pseudomonas aeruginosa
outer membrane (OM)
protein F
Staphylococcus aureus D2
domain of
fibronectin-binding
protein (FnBP)
Glycoprotein ZP3 from the
murine zona pellucida

CPMV

N. tabacum

N. tabacum

N. tabacum

N. tabacum

V. unguiculata

V. unguiculata

V. unguiculata

Canine parvovirus VP2

CPMV

Plant used
for infection
Vigna unguiculata

Expressed epitope
or polypeptide

Epitope presentation system
CPMV
VP2 capsid protein of canine
parvovivirus (CPV)

Viral
approach

Mouse

Guinea
pigs

Mouse

Mouse

Rat

Mouse

Dog

Mink

Species
protected

The modified virions were
capable of eliciting antibodies
in parenterally immunized mice
Mice parenterally and intranasally
immunized were protected
against challenge with MHV
Oral immunization was less
effective than
the parenteral
injection against FMDV
challenge
Parenterally immunized mice
were protected against
challenge with P. aeruginosa

Parenteral injection protected mink
against challenge with mink
enteritis virus (MEV)
Ultraviolet light-inactivated form
of the chimera protected dogs
against challenge with canine
parvovirus (CPV)
Parenteral injection protected
mice against challenge with
P. aeruginosa
Parenteral application protected
rats against endocarditis

Immunological
properties

Staczek et al., 2000)

(Wu et al., 2003)

(Koo et al., 1999)

(continued )

(Fitchen, Beacky and Hein, 1995)

(Rennermalm et al., 2001)

(Brennan et al., 1999)

(Langeveld et al., 2001)

(Dalsgaard et al., 1997)

Reference

Table 2.6.2 Proteins with applications for human or animal vaccines and transiently expressed in plants using viral vectors.

gp 120 of HIV-1

VP2 capsid protein of
canine parvovirus (CPV)

gp41 of HIV-1

TBSV

PPV

PVX
N. benthamiana

N. clevelandii

N. benthamiana

N. benthamiana

Hepatitis C linked to the
C-terminus of the CTB
subunit

TMV

N. tabacum

N. benthamiana
Spinacia
oleracea

Pseudomonas aeruginosa
outer membrane (OM)
protein F

TMV

Plant used
for infection

TMV/AlMV Rabies virus HIV-1

Expressed epitope
or polypeptide

Viral
approach

Table 2.6.2 (Continued)

Mouse

Mouse
Rabbit

Mouse

Mouse

Mouse

Mouse

Species
protected
Reference

Mice immunized with a mixture of (Gilleland et al., 2000)
a TMV chimera and a chimeric
influenza virus, parenterally and
nasally administrated, respectively,
produced antibodies against the
two different epitopes expressed
and were protected against
challenge with P. aeruginosa.
Both epitopes produced
(Yusibov et al., 1997)
virus-neutralizing antibodies,
(Modelska et al., 1998)
being the rabies ones able to
protect mice when supplied
either intra-peritoneally or orally
Nasal administration of crude plant (Nemchinov et al., 2000)
material elicited the production
of antibodies against both
epitopes.
Parenteral immunization only gave (Joelson et al., 1997)
a relatively low synthetic peptide
specific primary antibodies
Parenteral immunization showed
(Fernandez-Fernandez et al., 1998)
the presence of neutralizing
antibodies against both CPV
and PPV
Mice immunized intra-peritoneally
(Marusic et al., 2001)
or nasally produced high levels
of HIV-1 IgG and IgA antibodies.
Immunodeficient mice
reconstituted with human
peripheral lymphocytes made
human primary neutralizing
antibodies

Immunological
properties

gDc from bovine herpes
virus type 1 (BHV-1)

Synthetic neutralizing epitope
(COE) of porcine epidemic
diarrhea virus (PEDV)

CO17-1A IgG1 against colon
cancer antigen
HIV-1 Tat
protein

TMV

TMV

TMV

TMV

Betv1 a major birch pollen
antigen

TMV

N. benthamiana
Spinacia
oleracea

N. benthamiana

N. tabacum

N. benthamiana

N. benthamiana

N. benthamiana

38C13 scFv specific to the
38C13 mouse B cell
lymphoma

TMV

Transient/P12
transgenic
N. tabacum

N. benthamiana

Respiratory syncitial
virus (RSV) G protein

Polypeptide expression system
TMV
VP1 from
the FMDV

AlMV

300 mg/g

Mice fed with Tat-producing
spinach did not show adverse
effects on growth rate, and it
primed mice for the
subsequent DNA immunization
with a Tat-expressing construct

(Karasev et al., 2005)

(Verch et al., 1998)

(Kang et al., 2004b)

(continued )

(Perez-Filgueira et al., 2003)

(Krebitz et al., 2000)

(McCormick et al., 1999; 2003)

(Wigdorovitz et al., 1999b)

Parenteral injection of recombinant (Yusibov et al., 2005)
particles generated T- and B-cell
responses. In vitro human dendritic
cells incubated with the chimaera
generated strong T-cell response

Parenteral application in the
presence of Freund’s complete
adjuvant protected all animals in
two separate experiments.
Mouse
Mice vaccinated with the affinity
purified 38C13 scFv generated
>10 mg/mL anti-idiotype
immunoglobulins. These mice
were protected from challenge
by a lethal dose of the syngeneic
38C13 tumor
Mouse
Parenteral application with crude
leaf extracts generated
immunological responses
comparable to those induced by
the protein expressed in E. coli
or extracted from birch pollen.
Mouse
Parenteral application of oil-based
Cattle
vaccines with crude extracts
protected both animals
Not tested
High-level expression reaching 5 %
yet
TSP, 30-fold higher than that
obtained for the native COE
gene
Not reported Therapeutic/diagnostic

Mouse

Monkey

VP60 from RHDV

Hepatitis B virus core
antigen (HBcAg)

PPV

CPMV
V. unguiculata

N. clevelandii

E7 from human papillomavirus N. benthamiana
16 (HPV-16)

PVX

Plant used
for infection

Expressed epitope
or polypeptide

Viral
approach

Table 2.6.2 (Continued)

Not
reported

Rabbit

Mouse

Species
protected
Reference

Parenteral application with foliar
(Franconi et al., 2002)
extracts in the presence of
Quil A as an adjuvant
developed both antibody and
cell-mediated immune responses
Parenteral application with crude
(Fernandez-Fernandez et al., 2001)
extracts in the presence of
adjuvant fully protected rabbits
against subsequent challenge
with a lethal dose of RHDV
Assembled HbcAg particles
(Mechtcheriakova et al., 2005)
detected

Immunological
properties
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47-amino acid sequence from HIV-1 were fused to the AlMV CP (Yusibov et al., 1997).
Both types of particles elicited the production of appropriate virus-neutralizing
antibodies, the ones displaying the rabies virus epitopes being able to protect mice
against a normally lethal challenge with the virus (Modelska et al., 1998).
Transient expression of larger polypeptides has been reported using a number of
different viral vectors. For example, TMV-based vectors have been used to express a
number of antigenic proteins. These include VP1 from FMDV (Wigdorovitz et al., 1999 a,b),
which protected mice in two separate experiments, a major birch pollen antigen (Betv1)
(Krebitz et al., 2000) that generated immunological responses comparable to those
induced by the protein expressed in E. coli or extracted from birch pollen, and the
cytosolic form of the Bovine herpes virus gD protein (Perez-Filgueira et al., 2003), which
protected mice and cattle after challenge with the virulent BHV-1. PVX has been used for
the expression of the E7 protein from the human papilloma virus 16. Mice immunized
with E7-containing crude foliar extracts developed both humoral and cell-mediated
immune responses and were protected from tumor development after challenge with the
E7-expressing C3 tumoral cell line (Franconi et al., 2002). Work carried out using a PPVbased vector for the expression of the VP60 structural protein from rabbit hemorrhagic
disease virus (RHDV) (Fernandez-Fernandez et al., 2001) found that immunized rabbits
were protected against subsequent challenge with a lethal dose of RHDV.

Antibody Production in Plants
Antibodies are complex glycoproteins that recognize and bind to target antigens with
great specificity. Because of their highly specific binding properties, antibodies have a
number of uses both within and outside medicine. Within medicine, they have applications for both diagnosis and treatment, the latter including their use for vaccination. In
most cases, antibodies are used as ‘passive’ vaccines, where they are used to eliminate a
pathogen directly rather than to stimulate the recipient’s own immune system. However,
there are examples where the administration of antibodies or their fragments are used as
active immunogens to stimulate the production of anti-idiotypic antibodies for the
treatment of B-cell malignancies.
The production of recombinant antibodies in plants represents a special challenge
because the molecules must fold and assemble correctly to recognize their cognate
antigens. Full-length mammalian serum antibodies are complex molecules consisting of
two identical heavy (H) and two identical light (L) chains held together by disulfide
bridges. The variable regions that occur at the N-terminus of each chain determine the
specificity of an antibody. Other more complex forms, such as secretory antibodies, are
dimers of the typical serum antibody and include two additional polypeptides, the
joining (J) chain and the secretory component (SC). Their assembly process requires two
different cell types in mammals, but in plants it is achieved in one single cell (Ma et al.,
1995; Nicholson et al., 2005). Because antigen recognition is determined entirely by the
N-terminal variable domain of each chain, it is possible to produce smaller, less complex,
antibody derivatives that still retain their specificity. Among those successfully expressed
in planta are Fab fragments, single-chain Fv molecules (scFvs), bispecific Fvs, diabodies,
minibodies, single variable domains, antibody-fusion proteins, large single-chain
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antibodies and camelid heavy-chain antibodies (reviewed in Ma, Drake and Christou,
2003). Antibody derivatives such as scFvs have the variable regions of the heavy and
light chains of a given antibody fused by a flexible peptide linker. Such molecules are
particularly useful for diagnostic and drug targeting purposes as their small size
allows efficient penetration of tissue. However, they are less efficient at neutralizing
infections as they are monovalent. Major developments in the expression of recombinant
antibodies for vaccine production and therapeutic applications in plants are presented in
Table 2.6.1.
Recombinant Full-Length Antibodies
The first attempt to produce functional antibodies in plants involved producing separate
lines of N. tabacum plants transgenic for the light and heavy chains of a monoclonal
antibody specific for a low-molecular-weight phosphonate ester, followed by crossing to
obtain assembled IgG molecules (Hiatt, Cafferkey and Bowdish, 1989). The levels of
assembled IgG that accumulated (up to 1.3 % total leaf protein) considerably exceeded
the levels of the individual chains in the initial transformants, indicating that assembly is
required for immunoglobulin (Ig) stability. Correct assembly was also obtained when
both the heavy and light chains were expressed from a single construct (Düring et al.,
1990). Failure of the Ig chains to assemble correctly compromises antigen recognition
and binding. In the vast majority of cases, individual light or heavy chains, or misfolded
Ig molecules are not functional. In mammalian plasma cells, the mechanism of antibody
assembly is partially understood. The Ig light and heavy chains are synthesized as
precursor proteins, and signal sequences direct their translocation into the lumen of the
ER. Within the ER, there is cleavage of the signal peptides, and stress proteins, such as
BiP and GRP94, as well as enzymes such as protein disulfide isomerase (PDI), function
as chaperones which bind to unassembled heavy and light chains and direct subsequent
folding and assembly. In plants, passage of Ig chains through the ER is also necessary, as
in the absence of a signal peptide related either to the light or heavy chain gene, assembly
of antibody does not take place (Hiatt et al., 1989). However, both plant and non-plant
signal sequences from a variety of sources are sufficient for correct targeting (Düring
et al., 1990; Hein et al., 1991). Plant chaperones homologous to mammalian BiP, GRP94
and PDI have been described within the ER (Denecke et al., 1991; Fontes et al., 1991),
and expression of Ig chains in plants is indeed associated with increased BiP and PDI
expression. Thus, it seems likely that there are broadly similar folding and assembly
mechanisms for antibodies in mammals and plants.
Since these pioneering studies a number of full-length antibodies have been expressed
in many different plant systems, mainly using the transgenic approach (Daniell et al.,
2001a; Fischer et al., 2003; Khoudi et al., 1999; Stoger et al., 2002). One of the most
impressive demonstrations of the utility of plants for antibody production concerned the
production of functional secretory chimeric IgA/G molecules first in tobacco (Ma et al.,
1995) and later in rice (Nicholson et al., 2005). This IgA was based on a monoclonal
antibody, Guys 13, which binds to the surface protein of Streptococcus mutans, the
causative agent of dental caries. Topical application of this monoclonal antibody had
been shown to prevent colonization of teeth by S. mutans, offering a potential means of
combating tooth decay, if the monoclonal could be produced in stable form at low cost.
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To assemble the complete secretory antibody, separate tobacco lines individually
transgenic for each of the four polypeptides (H, L, J and SC) were created and then
crossed (Ma et al., 1995). The quadruple transgenic plants accumulated significant
quantities of assembled antibody, which was shown to be active in binding to S. mutans
(Ma et al., 1998). The Guy’s 13 SIgA-G plantibody technology is licensed to Planet
Biotechnology Inc (USA) and is currently in Phase II clinical trials under the product
name CaroRxTM. The trials have shown that topical application, after bacteria have been
removed from the mouth, helps to prevent recolonization by S. mutans for several months
(Ma et al., 2003).
Another example of the use of plants to express functional antibodies concerned the
successful expression of a full-length humanized version of IgG1 against herpes simplex
virus (HSV)-2 glycoprotein B in transgenic soybean. The plant-expressed antibody had
an activity identical to the original monoclonal antibody from which it was derived and
could protect mice against vaginal transmission of HSV-2 (Zeitlin et al., 1998). It has
now reached advanced stages of development and would represent an inexpensive
preventative for sexually transmitted diseases if it worked similarly in humans.
Though the transgenic approach has been the one most widely used for full-length
antibody expression, there are some examples of such molecules being expressed
transiently or from viral vectors. A full-length antibody, T84.66, which recognizes a
carcinoembryonic antigen (CEA), has been transiently expressed in tobacco leaves using
agroinfiltration (Vaquero et al., 1999), and it has now been widely tested for cancer
imaging and therapy. Likewise, a monoclonal antibody, CO17-1A, specific for a colon
cancer antigen, has been produced by infecting N. benthamiana leaves with TMV-based
constructs expressing the individual H and L chains (Verch, Yusibov and Koprowski,
1998).
Recombinant Antibody Derivatives
Because of their relative simplicity, antibody derivatives such as scFvs have attracted
particular attention for plant-based expression using both transgenic and virus-based
approaches. For instance, the expression of a scFv 84.66 against CEA has been studied in
different plant systems, including rice cell cultures (Torres et al., 1999), rice, wheat,
tomato, pea and tobacco plants (Perrin et al., 2000; Stoger et al., 2000; Vaquero et al.,
2002), to demonstrate and compare objectively the expression efficiency and product
quality. The study also confirmed that the levels of scFvs in seeds did not show a
significant decline after storage at room temperature after 6 months, while, in another
study, full antigen-binding activity was retained for as long as 3 years at refrigerator
temperature.
Numerous laboratories have shown transgenic protein accumulation in seeds including
tobacco (Fiedler and Conrad, 1995), corn (Hood and Jilka, 1999; Russell, 1999) or
soybean (Zeitlin et al., 1998). A fusion protein that combines scFv84.66 and interleukin2 has also been produced and could be used to stimulate lymphokine-activated killer cells
and tumor-infiltrating lymphocytes near tumor masses (Ma et al., 2003). One of the few
examples using a viral approach concerned the expression of scFv molecules corresponding to an antibody expressed on the surface of a mouse lymphoma cell line in
N. benthamiana using a TMV vector (McCormick et al., 1999). The plant-produced
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scFv was able to stimulate the production of anti-idiotypic antibodies, which were able to
protect mice against challenge with the lymphoma cell line 38C13. This system could be
adapted to produce antibodies that recognize unique markers on the surface of any
malignant B cell and could therefore be an effective therapy for human diseases such as
non-Hodgkin lymphoma. The antibodies were produced using virus-infected plants based
on TMV rather than transgenic plants, which is a strategy that is well suited to the rapid
and small-scale production that is required to treat individual patients with unique
antibodies. Large Scale Biology Corporation (LSBC) has completed phase I trials on
such material.

Prospects
As a general expression system for recombinant proteins, plants are highly competitive
with other technologies. This includes the production and purification of vaccines for
parenteral administration. Though there have been several laboratory-scale experiments
which have demonstrated that plant-expressed peptides and proteins can provide
protective immunity, there are a number of practical and regulatory issues which will
have to be addressed if their use is to become a practical reality. These include the
scaling-up of production facilities, addressing any safety concerns about the unwanted
spread of transgenic plants or modified viruses and the demonstration of equivalence
between plant-expressed proteins and those produced by more conventional means
(Miele, 1997).
In the specific area of oral vaccines, the added advantage of using edible plants brings
with it its own challenges: the control of dose, the requirement for an adjuvant and the
overall control of the immune response. The induction of immune responses following
oral immunization is frequently dependent upon the co-administration of appropriate
adjuvants that can initiate and support the transition from innate to adaptive immunity.
The three bacterial products with the greatest potential to function as mucosal adjuvants
are the ADP-ribosylating enterotoxins (cholera toxin (CT) and the heat-labile enterotoxin
of E. coli), synthetic oligodeoxynucleotides containing unmethylated CpG dinucleotides
(CpG ODN) and monophosphoryl lipid A (MPL) (Freytag and Clements, 2005).
However, because of their extremely high toxicity, their use in humans is limited. During
the past few years, site-directed mutagenesis has permitted the generation of LT and CT
mutants which are either fully non-toxic or have dramatically reduced toxicity, but which
still retain their strong adjuvanticity at the mucosal level. Two mutants, LTK63 (fully
non-toxic) and LTR72 (with some residual enzymatic activity) have been tested as
mucosal adjuvants in different animal species using a wide variety of antigens. Mucosal
delivery (nasal or oral) of antigens together with LTK63 or LTR72 mutants also conferred
protection against challenge in appropriate animal models (e.g. tetanus, Helicobacter
pylori, pertussis, pneumococci, influenza, etc.) (Pizza et al., 2001).
Making use of plastidial transformation, LTK63 has been expressed in tobacco
chloroplasts, reaching up to 3.7 % of total soluble proteins (Kang et al., 2004a). Other
developments in plant-derived vaccines include the second generation of edible vaccines,
multi-component vaccines, aiming to provide protection against several pathogens. In
this context, Yu and Langridge (2001) have expressed the rotavirus enterotoxin and the
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ETEC fimbrial antigen fused to both subunits, B and A2, of the CT in potato. In this
approach, CT provides a scaffold for presentation of protective epitopes of rotavirus and
ETEC, acting as a vaccine candidate in its own right and as a mucosal adjuvant devoid of
toxicity. The trivalent edible vaccine, when fed to mice, elicited significant humoral
responses, as well as immune memory B cells and T-helper cell responses, important
hallmarks of successful immunization. Other recent examples are listed in Table 2.6.1.
A further difficulty however concerns the control of the immune response and in
particular the avoidance of oral tolerance, first described by Wells and Osbourne in 1910
(reviewed in Ma, 2001). Oral tolerance has been described as a state of systemic
unresponsiveness following mucosal administration of an antigen. This is obviously a
rather undesirable adverse reaction to mucosal immunization, but its avoidance is not
completely understood (Hershberg and Mayer, 2000). To some extent, controlling
antigen dosage and the use of non-toxic derivatives of CT or LT as mucosal adjuvants
will address this issue, but the possibility of oral tolerance probably remains one of the
major concerns regarding the development of any oral vaccine, whether it be derived
from plants or not.
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Introduction
Abiotic stress is a leading factor that prevents the use of certain environments for
cultivation and restricts agricultural productivity worldwide. These abiotic stresses
include high/low temperature, drought and salinity, which may act independently or
simultaneously (Cherry, Locy and Rychter, 1999). The world’s rising population and
decline in available arable land have led to the exploration of methods that could lead to
the utilization of traditionally non-arable land. Ultimately, all the above mentioned
stresses result in osmotic and oxidative stress at the cellular level by inhibiting the
absorption and transport of water (Shi et al., 2002). There are plants that contain
desiccation-tolerant vegetative tissue. These include certain algae, bryophytes, lichens,
ferns and a unique group of angiosperms known as ‘resurrection’ plants (Oliver et al.,
1998). These plants have the ability to survive extremes of dehydration and subsequent
rehydration from the air-dried state (Gaff, 1971). Xerophyta viscosa (family
Velloziaceae), endemic to southern Africa, Madagascar and southern America, is such
a plant, and is the model plant used in our laboratory. X. viscosa can survive extremes of
dehydration, down to 5 % relative water content (RWC), and upon rehydration reach full
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turgor and regain all physiological activities within 80 h of re-watering (Sherwin and
Farrant, 1996).
Traditional Crop Improvement
The worlds’ demand for food and fiber has grown dramatically over the last few centuries
(Huffman, 2004). Initially mankind met this demand by increasing the amount of land
under cultivation and later on by improving crops to enhance their yield (Huffman,
2004). Traditional plant breeding is the act of plant improvement using genetic
improvement (Lamkey, 2002). In plant improvement methods, genes are exchanged
mainly between sexually compatible species using a method called backcrossing (Lamkey,
2002). In spite of current technology and the recent advances in molecular biology,
almost nothing is known about what changes occur at the DNA level when backcrossing
takes place (Lamkey, 2002). Plant breeders select for a desired phenotype and have no
control over the resultant genotype (Lamkey, 2002). Crop improvement by plant breeding
has seldom caused controversy. Regulations for plant breeding were not seen as being
necessary, despite the fact that in several cases traditional methods have resulted in
cultivars that have negative effects on the ecology (National Research Council, 2002).
Recombinant DNA technology, or genetic engineering, is the human-mediated construction and insertion of recombinant DNA molecules into an organism (Smith et al.,
1997). The exchange of genes between sexually incompatible species has caused debate
and resulted in the implementation of regulations on transgenic plants (Lamkey, 2002).
Genetic engineering offers the most ground-breaking advances to impact agricultural
research in recent years (Grover et al., 2001). Advantages of genetic engineering include:
(i) a wider gene pool at one’s disposal. Characteristics from sexually incompatible plant
species, as well as other organisms can be utilized. This is particularly important
with respect to engineering pest and disease resistance. Many resistance genes
transferred via traditional breeding become ineffective as these pests and diseasecausing organisms undergo selection pressure in order to survive;
(ii) single, specific genes can be transferred. Only the specific minimal DNA necessary
for the desired trait is transferred. This prevents linkage drag which is associated
with traditional breeding in which genetically linked, undesired genes are also
transferred;
(iii) new genes can be directly transferred into existing plant lines. This eliminates timeconsuming plant breeding cycles, in which many generations are required in order to
recover specific lines; and,
(iv) novel gene constructions can be purposely designed. For example, promoter regions
that control spatial, temporal and quantitative gene expression can be introduced
(Conner and Jacobs, 1999).
Utilizing an Extremophile as a Model Organism
Variations in gene expression of particular genes from stress-sensitive and stress-tolerant
species show that stress tolerance is genetically encoded (Bohnert and Jensen, 1996). It is
therefore important to study tolerant species, as understanding their genetic makeup
could lead to understanding tolerance mechanisms.
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X. viscosa is an extremophile as it can survive in environments that experience severe
temperature, salinity, high light and drought. Plants that have been ‘engineered’ by nature
to survive and flourish under such conditions are an important source of knowledge as
they may utilize novel proteins or signal transduction cascades.
Most crop plants have not been bred to survive extreme environments, and
therefore their ability to survive under these conditions is restricted (Grover et al.,
2001). Abiotic stresses adversely affect the survival, biomass production and yield of
most crop plants and can result in reduced seed germination, seedling establishment
and pollen viability. It is therefore important to develop plants that can produce sufficient
crop and survive extreme environments, using traditional breeding and/or genetic
engineering.

Approaches used to Isolate Genes of Interest
A number of approaches are currently used to isolate and identify stress-responsive genes
and gene products. These include differential screening of cDNA libraries, the screening
of expression libraries, subtractive hybridization techniques and insertion mutations
(Mundree and Farrant, 2000). Our research group uses a number of different strategies to
identify genes and gene products of interest.
Complementation by functional sufficiency (Singh, Mundree and Locy, 2000), which
uses eukaryotic expression libraries to complement appropriate Escherichia coli (E. coli)
mutants to identify genes conferring a specific phenotype on the bacteria, has been
widely utilized (Delauney and Verma, 1990; Hoff et al., 1995; Hu, Delauney and Verma,
1992; Ilag, Kumar and Soll, 1994; Ravanel et al., 1996). It allows the identification of
cDNA clones that independently confer tolerance to the host organism in an osmotically
stressed environment. This technique identified nine genes from X. viscosa that could
independently confer tolerance to osmotically stressed E. coli (srl::Tn10) cells (Mundree
and Farrant, 2000).
For the differential screening of a cDNA library Ndima et al. (2001) constructed a
l ZAP cDNA library from poly(A)þ RNA isolated from X. viscosa leaves. The plants
were desiccated to 85 %, 37 % and 5 % RWC and the isolated RNA was separately
pooled. This could identify genes that were expressed in the leaves during dehydration.
The library was probed separately with cDNA probes synthesized from total RNA
isolated from leaves at 100 % (hydrated) and 37 % (dehydrated) RWC. The result was
that 30 cDNAs had higher levels of transcripts present when the plant was dehydrated,
and 20 cDNAs appeared to be downregulated.
For microarray analysis, RNA extracted from dehydrating leaves (35 % RWC) of
X. viscosa was used to construct a full-length cDNA library. Individual clones (9696)
were amplified and spotted onto microarray slides. These were then screened with mRNA
isolated from hydrated and dehydrated X. viscosa leaf tissue. Forty-five independent
cDNA clones were observed to be upregulated more than twofold in response to
dehydration. These cDNAs could be categorized broadly into chlorophyll synthesis,
translation machinery and other known stress-responsive genes such as those encoding
enzymes involved in antioxidant production, late embryogenesis abundant proteins
(LEAs), dehydrins and other desiccation-related proteins.
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Screening for changes in protein levels at varying stages of RWC is currently in
progress. Total protein was isolated from X. viscosa plants at full turgor, 65 % and 35 %
RWC and 18 h after rehydration. The samples were electrophoresed on two-dimensional
gels, and proteins of interest are being identified by mass spectrometry. The total protein
profile at full turgor is being compared to that at 65 % and 35 % RWC in order to identify
candidate proteins that are upregulated in response to dehydration. Although most
research involving resurrection plants indicates that cellular protection occurs during
dehydration, cellular damage is present in rehydrating cells in these tissues, and so
cellular repair must take place, presumably during rehydration. In order to determine
whether or not there are rehydration-induced changes in expression, the total protein
profile at 35 % RWC is being compared to the profile obtained at 18 h after rehydration to
determine whether transcripts are stored during dehydration in preparation for recovery.
It has been reported that rehydration-specific transcripts were observed 15 h after
re-watering (Oliver et al., 1998). Therefore, the protein profile 18 h after rehydration
should include the products of such transcripts.

Candidate Genes Isolated from X. viscosa for Crop Transformation
A number of interesting genes have been identified as upregulated in response to various
stresses. A few of these include XvPer1, XvPrx2, XvGols, XvIno1, XvALDR4, XvERD15,
XvSAP1, XvVHA-c00 1 and XvCaM.
Antioxidants
When desiccation is experienced, X. viscosa undergoes numerous changes to reduce
oxidative stress that results in the production of reactive oxygen species (ROS). The loss
of water affects the electron transport chain of chloroplasts and mitochondria. Some
plants use structural changes to protect the leaves from absorbing excess light, thereby
reducing photo-oxidative stress (Sherwin and Farrant, 1998). X. viscosa is poikilochlorophyllous and this means that it breaks down its chlorophyll and thylakoid membranes
during the drying process (Gaff, 1977). It also produces several antioxidant enzymes of
which two peroxiredoxins (Prxs), XvPer1 and XvPrx2, are being characterized as
possible candidates for maize transformation. Prxs are a new type of antioxidant,
unrelated to any other peroxidase families (Finkemeier et al., 2005). They function in
antioxidant defense in photosynthesis, respiration, stress response and redox signaling.
Prxs are shown to detoxify ROS and reactive nitrogen species (RNS).
XvPer1 is a stress-inducible antioxidant enzyme (Mowla et al., 2002). It has a
characteristic conserved cysteine residue and forms part of the 1-Cys Prx grouping.
Other 1-Cys Prxs have been reported in plants, but only in seeds and immature embryos
(Mundree et al., 2002). XvPer1 has been found in vegetative tissues exposed to stresses
such as dehydration, high light, high/low temperature and abscisic acid, thus alluding to
the fact that it has a protective function under these stress conditions.
XvPrx2, which encodes a type II Prx, was isolated from a low-temperature stress
library (unpublished data). XvPrx2 displays highest identity to an ortholog from rice, also
possessing only a single catalytic cysteinyl residue. A previous study (Dietz, 2003) has
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shown that generally type II Prxs contain two cysteine residues of which only one is
catalytic. XvPrx2 was tested in a mixed-function oxidation system containing Fe2þ, O2
and dithiothreitol (DTT) to initiate oxidative damage to macromolecules. Supplementation of the assay with XvPrx2 suppressed the occurrence of this damage. Enzyme assays
using XvPrx2 have shown that it is able to detoxify a wide range of substrates using
suitable electron donors for regeneration (unpublished data).
These antioxidants may be useful in protecting plants from harmful damage caused
by ROS/RNS produced by plants as a result of photosynthesis, respiration and
stress response. Analyzing the effects of overexpressing these proteins in plants is
important in determining whether the plants will be able to cope better with ROS/RNS
stress.
Osmoprotectants
Resurrection plants in particular accumulate an assortment of carbohydrates, amino acids
and polyols that are thought to be involved in protecting cell integrity upon water loss
(Ramanjulu and Bartels, 2002). A significant set of compatible solutes is the ‘raffinose
family oligosaccharides’ (RFOs). The RFOs play an important role in the physiology of
plants, which includes acting as osmoprotectants during various osmotic stresses. Two
genes involved in the synthesis of osmoprotectants have been isolated from X. viscosa,
namely, XvGols and XvIno1.
A full-length XvGols was isolated from a dehydrated cDNA library. XvGols encodes a
galactinol synthase and may be an important component in compatible solute biosynthesis. It was found to be upregulated in the leaves of X. viscosa during drought stress
(unpublished data). Galactinol synthase enzymes represent the first step in the synthesis
of RFOs. These not only have been extensively characterized as principle agents in
carbon translocation in plants but also have been observed to accumulate under low
temperature, drought or salinity stress, implying a role for RFOs in stress adaptation.
XvIno1 is a myo-inositol-1-phosphate synthase gene isolated from a low-temperature
stress cDNA library. This gene encodes the enzyme that catalyzes the committed step in
the biosynthesis of RFOs. The enzyme catalyzes the conversion of glucose-6-phosphate
to myo-inositol-1-phosphate, which is subsequently dephosphorylated to myo-inositol.
Myo-inositol is a precursor for a number of important metabolites, which include
membrane components, storage molecules, phytohormones and a variety of osmoprotectants. XvIno1 has been shown to be upregulated during various stresses (unpublished
data).
XvALDR4 (formerly referred to as ALDR4XV; Mundree et al., 2000) is a cDNA
isolated from the dehydration library and codes for an aldose reductase. This enzyme
catalyzes the reduction of sugars to their analogous alcohol, for example glucose6-phosphate to sorbitol (Bohren et al., 1989; Rakowitz et al., 2002). Oberschall et al.
(2000) also demonstrated that plant aldose reductase can detoxify cytotoxic aldehydes,
such as 4-hydroxynon-2-enal that is a product of ROS-induced lipid peroxidation.
Transcript and protein levels of XvALDR4 have been shown to increase within leaves
in response to water deficit (Mundree et al., 2000). Transgenic plants transformed with
XvALDR4 are being studied at the molecular and physiological level to verify whether it
will increase drought tolerance in these plants.
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Early Response to Dehydration (ERD)
This category of genes has only recently been elucidated and little is known about the
role they play during the early stages of dehydration. Twenty-six X. viscosa cDNA clones
were detected by a differential screen and these were analyzed further to identify clones
involved in the ‘ERD’ (Kiyosue, Yamaguchi-Shinozaki and Shinozaki, 1993).
Arabidopsis thaliana produces ERD15 (Kiyosue, Yamaguchi-Shinozaki and Shinozaki, 1994), a gene encoding an ortholog of which we have found in X. viscosa from a
low-temperature stress cDNA library (unpublished data). ERD15 is hydrophilic, acidic
and lacks cysteine residues. The X. viscosa ortholog proved to be stress responsive at the
early stages of dehydration stress (unpublished data). Overexpression of XvERD15 in
A. thaliana is being studied to ascertain its function.
Cell Membrane Integrity
Maintaining intact cell membranes during osmotic stress is critical to stress-tolerance
mechanisms. If the membrane is damaged, ion homeostasis and signal transduction will
be adversely affected, creating metabolic imbalances. The disruption of the cell
membrane by osmotic stress induces the production of protection proteins such as
embryogenesis abundant proteins (LEAs) and heat shock proteins (Hoekstra, Golvina and
Buitink, 2001).
XvSAP1 was isolated from a cDNA library synthesized from dehydration stressed
X. viscosa leaves. XvSAP1 is a highly hydrophobic protein and has two membrane
lipoprotein lipid attachment sites. It also displays high sequence similarity with the Kþ
transporter family (Garwe, Thomson and Mundree, 2003). Expression of XvSAP1 in
E. coli (srl::Tn10) conferred osmotic stress tolerance when the cells were grown in 1 M
sorbitol. Transgenic A. thaliana and Nicotiana tabacum plants constitutively expressing
XvSAP1 displayed increased tolerance to osmotic, salt, heat and dehydration stress
(unpublished data). These features suggest that XvSAP1 could play an important role in
repair of damage to the cell membrane.
Ion Homeostasis
Hyperosmotic stress reduces the chemical attributes of water causing a decline in cell
turgor. This can be brought about by drought as well as salinity stress and the latter
particularly could disrupt ionic equilibrium in the cell by a cytotoxic buildup of Naþ and
Cl (Serrano et al., 1996; 1999). Upon NaCl stress, the excess sodium is removed from
the cytoplasm by the vacuole. Vacuoles are multifunctional as they provide structural
support to the cell and cell wall, sequester and store toxic compounds, and maintain ion
homeostasis. Naþ/Hþ antiporters on the vacuolar membrane transport the Naþ into the
vacuole using a proton motive force, which is generated by the V-ATPase (Apse et al.,
1999; Taiz, 1992).
XvVHA-c00 1 is a cDNA coding for the subunit c00 protein of the V-ATPase isolated
from a dehydration library. Southern blot analysis showed that the gene was present
possibly as a single copy. Transcripts increased in response to NaCl, dehydration and
low-temperature shock. Saccharomyces cereviseae Vma3 (defective Ca2þ homeostasis)
transformed with XvVHA-c00 1 was able to withstand a 100 mM CaCl2 stress, verifying its
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functional significance (Marais et al., 2004). It is postulated that XvVHA-c00 1 plays a role
in creating a proton translocating pore and assisting in adapting to osmotic pressure
fluctuations as well as having a housekeeping role to maintain luminal acidification.
Calcium-Binding Proteins
Plants utilize a number of messengers to allow the cells to process the multitude of
stimuli they experience. Signaling pathways use secondary messengers, such as Ca2þ,
pH, lipids, inositol triphosphate, cyclic guanosine monophosphate and activated oxygen
species (Bowler and Fluhr, 2000; Sanders, Brownlee and Harper, 1999), yet Ca2þ
responds to more stimuli than any other messenger. Transient increases in cytosolic
Ca2þ concentration occur in response to signals from stresses induced by low temperature, drought, high light, phytohormones (abscisic acid) and even mechanical stimuli
such as gravity and touch. Calmodulin (CaM) is highly conserved and ubiquitous as a
Ca2þ receptor in plants. In rice seedlings, a CaM-like protein was isolated, which is
induced by abscisic acid, salt stress and dehydration.
XvCaM was isolated from a cDNA library synthesized from dehydration stressed
X. viscosa leaves and codes for a classic CaM with four EF hands. Northern blot analyses
indicate that transcript levels only fluctuate under dehydration stress. Western blot
analyses show that the protein accumulates at low RWC and is present during the
rehydration of the plant. No protein is present at full turgor after rehydration. Under a
150 mM NaCl stress, XvCaM is present only 24 h after application of NaCl. Purified
recombinant protein was subjected to an overlay assay using Ca45þ (Maruyama, Mikawa
and Ebashi, 1984) and showed that 0.5 mg of protein was able to bind calcium, thus
establishing its functional importance (unpublished data).

Use of Model Systems to Test Genes of Interest
Garwe (2003) introduced XvSAP1, under the control of a cauliflower mosaic virus 35S
promoter and nos terminator, into A. thaliana and N. tabacum by Agrobacterium
tumefaciens-mediated transformation. She noted that expression of XvSAP1 in both
Arabidopsis and Nicotiana plants led to the constitutive accumulation of the corresponding protein in the leaves. Transgenic A. thaliana grown on plant nutrient agar in petri
dishes and Nicotiana grown hydroponically were more tolerant to salt and osmotic stress.
Non-transgenic plants had shorter roots, leaf expansion was inhibited and leaves were
more chlorotic than those of the transgenic plants. In addition, transgenic Nicotiana
plants attained a higher fresh and dry weight than the untransformed controls. Transgenic
Nicotiana also showed a significantly greater tolerance to desiccation stress when grown
in soil. Untransformed plants were smaller, wilted earlier and were more chlorotic in
response to desiccation stress. The transgenic plants expressing XvSAP1 had greater
membrane permeability to electrolytes, measured by electrolyte leakage, which resulted
in less negative water potential and thus the ability to continue normal growth. The
expression of XvSAP1 had no effect on the efficiency of photosystem II under normal
growth conditions or under drought stress. These experiments confirmed that expression
of XvSAP1 confers tolerance to NaCl and osmotic stress.
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Transgenic A. thaliana plants constitutively expressing the X. viscosa aldose reductase,
XvALDR4, exhibited increased tolerance to salt and dehydration stresses compared to the
wild type (Colombia ecotype). Transgenic and wild-type A. thaliana seedlings exposed to
salt stress were cultured on vertical plant nutrient agar plates. Unsupplemented plant
nutrient agar was used as a control. Wild-type and transgenic plants were grown
alongside each other to allow for comparison of root lengths that were used as a measure
of growth. While growth of seedlings on unsupplemented agar was similar, the transgenic
plants were better able to cope with salt stress. On 75 mM and 100 mM NaCl, wild-type
A. thaliana attained on average 50 % of the root length obtained by the transgenic plants.
Dehydration of 1-month-old A. thaliana plants showed that transgenic plants survived for
more than a week longer than the wild type (unpublished data).

Maize Transformation—Current Status Internationally with the Shift
from Biolistics to A. tumefaciens-mediated Transformation
Gene delivery by microparticle bombardment has become a widely used technique with
broad applications in plant transformation (Klein et al., 1989, 1998a). The bombardment
method has been widely adopted by many researchers for use on different maize tissue
types and on other crops (Armstrong, 1999; Fromm et al., 1990; Gordon-Kamm et al.,
1990). An example of the successful use of this technology is maize resistant to European
corn borer (Koziel et al., 1993).
Many studies (Gordon-Kamm et al., 1990; Klein et al., 1998a, 1989; Register et al.,
1994; Vasil et al., 1992; Wan and Lemaux, 1994) however, have reported that transformation by particle bombardment often leads to integration at one locus of complex
arrays of multiple copies of the introduced genes including the plasmid vector, often
fragmented and rearranged. Since the multiple copies inserted during biolistic transformation are usually genetically linked, they cannot be segregated during subsequent
breeding. Multiple copies of transgenes may lead to instability of their expression
(Matzke and Matzke, 1995). In addition, multiple copies of transgenes may interact to
inactivate each other and related host genes by epigenetic mechanisms, and homologous
recombination may cause genetic instability of multiple gene copies. For these reasons,
reduction of the copy number of inserted transgenes and simplification of their arrangement should prove beneficial for maintaining the fidelity and expression of introduced
genes (Hansen and Chilton, 1996).
In the last decade the application of A. tumefaciens-mediated transformation to
monocotyledonous species, such as rice and maize, has been reported (Chan, Lee and
Chang, 1992; Hiei et al., 1994; Ishida et al., 1996). Although not natural hosts for
A. tumefaciens, monocotyledonous species appear under certain conditions to be
susceptible to infection. Studies on Agrobacterium infection of maize were first reported
by Grimsley et al. (1987) and Gould et al. (1991). However, the first evidence of the
possibility of the application of A. tumefaciens-mediated transformation to cereal species
comes from the work of Chan et al. (1992) and Hiei et al. (1994), who first obtained
transgenic rice plants by means of transformation of immature embryos. Thereafter, the
technique was successfully applied to maize, and transgenic plants have been obtained at
high frequency (Ishida et al., 1996).
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The integration pattern of foreign genes introduced via A. tumefaciens-mediated
transformation is, in general, strikingly different from the pattern resulting from particle
bombardment of plant cells. There are fewer intact and re-arranged transgenes in
transgenic plants introduced by the Agrobacterium system. The main characteristics of
the Agrobacterium system in maize, as for dicotyledonous species, are (i) a greater
proportion of stable, low-copy number transgenic events; (ii) proper integration of the
foreign gene into the host genome; and, (iii) the possibility of transferring larger DNA
segments into recipient cells, promoting correct expression of the transgene (Frame et al.,
2002; Ingham et al., 2001; Miller et al., 2002; Negrotto et al., 2000).
Continuous development of the A. tumefaciens-mediated transformation technology
has been reported. Concurrent with gene delivery methods, selectable marker development has been integral in developing efficient maize transformation. Kanamycin
(Fromm, Taylor and Walbot, 1986; Lyznik et al., 1989; Rhodes et al., 1988) and
hygromycin (Walters et al., 1992) were two of the earliest antibiotics used as selection
agents in maize. More recently, Li et al. (2003) developed protoporphyrinogen oxidase as
a selectable marker. Reproducible protocols for A. tumefaciens-mediated maize transformation have used super-binary vectors, in which the bacterium carries extra copies of
VirB, VirC and VirG (Komari, 1990) to infect immature zygotic embryos of the inbred
line A188 (Ishida et al., 1996; Negrotto et al., 2000) or the hybrid line HiII (Zhao et al.,
1998, 1999). More recently, Frame et al. (2002) reported the use of an A. tumefaciens
standard binary vector system to routinely produce fertile, stable transgenic maize.

Concluding Remarks
During the first half of the 20th century, African farmers transformed maize from a minor
imported food crop into the continent’s principal staple food. In the second half of the
century, newly independent governments launched support programs that greatly
expanded smallholder production, leading to substantial production surges of 10–20
years in duration. Today, after widespread adoption by both commercial farmers and
smallholders, farmers now dedicate 58 % of all the maize-growing area in East and
southern Africa to new high-yielding varieties, which on average out-perform traditional
varieties by 40–50 % even without fertilizer (Smale and Jayne, 2004).
The sustained domestic breeding programs that underpin this transformation represent
impressive technical and political commitments. During 1960, Zimbabwe (then Southern
Rhodesia) released its famous SR-52, the first commercially grown single-cross maize
hybrid in the world (Smale and Jayne, 2004). In recent years genetic engineering has
offered the most ground-breaking advances to impact agricultural research (Grover et al.,
2001). With the advances in this technology it is anticipated that this trend should
continue. Our strategy focuses on the:
(i) identification of genetic material from X. viscosa upregulated during dehydration
stress;
(ii) in-depth characterization of these genetic elements to identify those that display the
potential to reduce the impact of dehydration stress;
(iii) incorporation of characterized genetic elements into maize plants; and,

202

Plant Biotechnology

(iv) identification of those genetic elements that increase the ability of maize plants to
tolerate dehydration stress.
The satisfactory completion of this research goal would ideally result in a maize
variety that is able to withstand the harsh natural conditions, especially drought,
experienced in southern Africa.
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Introduction
Agricultural productivity is severely affected by soil salinity, and the damaging effects of
salt accumulation in agricultural soils have influenced ancient and modern civilizations.
Environmental stress due to salinity is one of the most serious factors limiting the
productivity of agricultural crops, which are predominantly sensitive to the presence of
high concentrations of salts in the soil. Levels of salt inimical to plant growth affect large
terrestrial areas of the world. It is estimated that more than 20% of all the irrigated land in
the world is presently affected by salinity. This is exclusive of the regions classified as
arid and desert lands (which comprise 25 % of the total land of our planet). The loss of
farmable land due to salinization is directly in conflict with the needs of the world
population, projected to increase by 1.5 billion in the next 20 years, and the challenge of
maintaining the world food supplies. Although famine in the world nowadays is
originated by complex problems and not only by an insufficient production of food,
there is no doubt that the gains in food production provided by the Green Revolution have
reached their ceiling while the world population continues to rise. Therefore, increasing
the yield of crop plants in normal soils and in less productive lands, including salinized
lands, is an absolute requirement for feeding the world.
Plant Biotechnology. Edited by Nigel Halford.
# 2006 John Wiley & Sons, Ltd.
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The degradation of agricultural land and water supplies is a result of the intensive
agricultural practices employed in developed and developing countries. Ideally these
practices should be changed to a more rational use of land and water resources, but this
change will not occur in the foreseeable future. For example, mixed cropping with
perennials and trees would alleviate the accumulation of sodium and other salts in the
upper soil layers. Nonetheless, this kind of change in farming systems and the
development of new products is likely a long and difficult process, since it will require
the use of new land and will not address the problem of growing crops in land that is
already compromised. The development and use of crops that can tolerate high levels of
salinity in the soils is a practical solution, at least for the time-being.
The need to produce stress-tolerant crops was evident even in ancient times (Jacobsen
and Adams, 1958). However, efforts to improve crop performance under environmental
stresses have not been particularly fruitful because the fundamental mechanisms of stress
tolerance in plants remain to be completely understood. Epstein et al. (1980) described
technical and biological constraints to the problem of salinity. While there appears to
have been some success with the technical solutions to the problem, the biological
solutions have been more difficult to develop. A biological approach for the development
of salt-tolerant crop varieties requires as a pre-requisite the identification of key genetic
determinants of stress tolerance and the use of salt stress tolerance-related genes or QTLs
(Quantitative Trait Loci). The existence of salt-tolerant plants (halophytes) and differences in salt tolerance between genotypes within salt-sensitive plant species (glycophytes) clearly indicate that there is a genetic basis to salt response. While differences in
salt tolerance between varieties have been known for a long time (Epstein, 1977, 1983)
and intra-specific selection for salt tolerance reported in rice (Akbar and Yabuno, 1977)
and barley (Epstein et al., 1980), there exists still a large gap in our understanding.
Flowers and Yeo (1995) reviewed the evidence for the paucity of salt-tolerant cultivars
and concluded that the number was likely to be less than 30. Flowers (2004) pointed out
that since 1993 there have been just three registrations of salt-resistant cultivars in Crop
Science (Al-Doss and Smith, 1998; Dierig et al., 2001; Owen et al., 1994).
Two basic genetic approaches are currently being utilized to improve stress tolerance:
(1) exploitation of natural genetic variations, either through direct selection in stressful
environments or through the mapping of QTLs and subsequent marker-assisted selection
and (2) generation of transgenic plants to introduce novel genes or alter expression levels
of the existing genes to affect the degree of salt stress tolerance. We discuss these
approaches in some detail, focusing on the recent experimentation with transgenic plants
that has led to increased salinity tolerance, with emphasis on the areas of ion homeostasis, osmotic regulation and antioxidant protection. There is an emerging body of
work in the area of signaling and transcriptional control that has been recently reviewed
(Hasegawa et al., 2000; Zhang, Creelman and Zhu, 2004; Zhu, 2001, 2002) and thus will
not be dealt with here.

Genetics of Salt Tolerance
The direct selection of superior salt-tolerant genotypes under field conditions is hindered
by the significant influence that environmental factors have on the response of plants to
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salinity (Richards, 1996). There is also evidence suggesting that salt tolerance in plants is
developmentally regulated and that the tolerance of plants at one stage of development is
not always correlated with tolerance at other stages (Foolad 2004; Greenway and Munns,
1980; Tal and Shannon, 1983). For example, in tomato, barley, corn, rice and wheat, salt
tolerance of the plants tends to increase with age (Foolad, 2004 and references therein).
QTLs associated with salt tolerance at the germination stage in barley (Mano and Takeda,
1997), tomato (Foolad, Lin and Chen, 1999) and Arabidopsis (Quesada et al., 2002) were
different from those associated with salt tolerance at the early stage of growth, and the
plants selected by their ability to germinate at high salinity did not display similar salt
tolerance during vegetative growth (Flowers, 2004; Foolad et al., 1999; Lindsay et al.,
2004; Mano and Takeda, 1997; Quesada et al., 2002).
The development of molecular biology techniques has allowed for the development
of DNA markers that can be used to identify QTLs. A QTL is a region of the genome
that is associated with the variation of a quantitative trait of interest. The use of
QTLs has improved the efficiency of selection, in particular for those traits that
are controlled by several genes and are highly influenced by environmental factors
(Flowers, 2004). QTLs and marker-assisted selection provide several advantages
over direct phenotypic screening, in particular because the PCR-based methodologies
used to detect the markers reduce the time needed to screen individuals and reduce
the environmental effects on the trait under study. There is considerable evidence to
support the view that salt tolerance and its subtraits are determined by multiple QTLs
and that both additive and dominance effects are important in the inheritance of many of
the associated traits (Flowers, 2004; Foolad, 2004; Gregorio et al., 2002). The development of high-density DNA maps that incorporate microsatellite markers, restriction
fragment length polymorphisms (RFLPs) and amplified fragment length polymorphisms (AFLPs), and advances in marker-assisted selection techniques will facilitate
the pyramiding of traits of interest to attain substantial improvement in crop salt
tolerance.

Salt Tolerance Using Transgenic Approaches
Physiologically, salinity (a) imposes water deficit that results from the relatively high
solute concentrations in the soil, (b) causes ion-specific stresses resulting from altered
Kþ/Naþ ratios and (c) leads to buildup in Naþ and Cl concentrations that are
detrimental to plants. Plants respond to salinity using two different types of responses.
Salt-sensitive plants restrict the uptake of salt and adjust their osmotic pressure by the
synthesis of compatible solutes (proline, glycinebetaine, sugars etc.) (Greenway and
Munns, 1980). Salt-tolerant plants sequester and accumulate salt into the cell vacuoles,
controlling the salt concentrations in the cytosol and maintaining a high cytosolic
Kþ/Naþ ratio in their cells (Glenn, Brown and Blumwald, 1999). Clearly, ion exclusion
mechanisms could provide a degree of tolerance to relatively low NaCl concentrations
but would not work at high salt concentrations, resulting in the inhibition of key
metabolic processes with concomitant growth inhibition. Here, we discuss three key
processes that contribute to salt tolerance at the cellular level: (a) the establishment of
cellular ion homeostasis, (b) the synthesis of compatible solutes for osmotic adjustment
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and (c) the increased ability of the cells to neutralize reactive oxygen species (ROS)
generated during the stress response.
Ion Homeostasis
Although Naþ is required in some plants, particularly halophytes (Glenn et al., 1999), a
high NaCl concentration is a toxic factor for plant growth. The alteration of ion ratios in
plants is due to the influx of Naþ through pathways that function in the acquisition of
Kþ (Blumwald, Aharon and Apse, 2000). The sensitivity to salt of cytosolic enzymes is
similar in both glycophytes and halophytes, indicating that the maintenance of a high
cytosolic Kþ/Naþ concentration ratio is a key requirement for plant growth in high salt
(Glenn et al., 1999). Strategies that plants could use in order to maintain a high Kþ/Naþ
ratio in the cytosol include: (i) extrusion of Naþ ions out of the cell and (ii) vacuolar
compartmentation of Naþ ions. Under typical physiological conditions, plants maintain a
high cytosolic Kþ/Naþ ratio. Given the negative membrane potential difference at
the plasma membrane (140 mV) (Higinbotham, 1973), a rise in extracellular Naþ
concentration will establish a large electrochemical gradient favoring the passive
transport of Naþ into the cells.
Three classes of low-affinity Kþ channels have been identified. Inward rectifying
channels (KIRC), such as AKT1 (Sentenac et al., 1992), activate Kþ influx upon plasmamembrane hyperpolarization and display a high Kþ/Naþ selectivity ratio. A knockout
mutant of AKT1 in Arabidopsis (akt1-1) displayed similar sensitivity to salt as the wild
type, suggesting that this channel does not play a role in Naþ uptake (Spalding et al.,
1999). Kþ outward rectifying channels (KORCs) could play a role in mediating the influx
of Naþ into plant cells. KORC channels showed a high selectivity for Kþ over Naþ in
barley roots (Wegner and Raschke, 1994) and a somewhat lower Kþ/Naþ selectivity ratio
in Arabidopsis root cells (Maathuis and Sanders, 1995). These channels, which open
during the depolarization of the plasma membrane (i.e. upon a shift in the electrical
potential difference to more positive values), could mediate the efflux of Kþ and the
influx of Naþ ions (Maathuis and Sanders, 1995). Voltage-independent cation channels
(VIC) in plant plasma membranes have been reported (de Boer and Wegner, 1997;
Roberts and Tester, 1997). These channels have a relatively high Naþ/Kþ selectivity, are
not gated by voltage and provide a pathway for the entry of Naþ into plant cells
(Maathuis and Amtmann, 1999).
Sodium ions can enter the cell through a number of low- and high-affinity Kþ carriers;
among these is AtHKT1 from Arabidopsis, which was shown to function as a selective
Naþ transporter and, to a lesser extent, to mediate Kþ transport (Uozumi et al., 2000).
AtHKT1 was identified as a regulator of Naþ influx in plant roots. This conclusion was
based on the capacity of hkt1 mutants to suppress Naþ accumulation and sodium
hypersensitivity in a sos3 (salt-overly-sensitive) mutant background (Rus et al., 2001),
suggesting that AtHKT1 is a salt tolerance determinant that controls the entry of Naþ into
the roots.
Naþ extrusion from plant cells is powered by the operation of the plasma membrane
þ
H -ATPase generating an electrochemical Hþ gradient that allows plasma membrane
Naþ/Hþ antiporters to couple the passive movement of Hþ inside the cells, along its
electrochemical potential, to the active extrusion of Naþ (Blumwald et al., 2000).
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Table 2.8.1 Salt tolerance in transgenic plants expressing genes involved in ion transporters.
Gene
AtNHX1

AtNHX1

AtNHX1

AtNHX1

GhNHX1

AgNHX1

AtSOS1

AVP1

HAL1

Gene
product
Vacuolar
Naþ/Hþ
antiporter
Vacuolar
Naþ/Hþ
antiporter
Vacuolar
Naþ/Hþ
antiporter
Vacuolar
Naþ/Hþ
antiporter
Vacuolar
Naþ/Hþ
antiporter
Vacuolar
Naþ/Hþ
antiporter
Plasma
membrane
Naþ/Hþ
antiporter
Vacuolar Hþpyrophosphatase
Kþ/Naþ
transport
regulation

Source

Cellular
role(s)

Target
plant

Parameter
studied

þ

Reference

A. thaliana

Arabidopsis Biomass
Na vacuolar
sequestration

A. thaliana

Tomato
Naþ vacuolar
sequestration

A. thaliana

Naþ vacuolar
B. napus
sequestration

A. thaliana

Maize
Naþ vacuolar
sequestration

Gossypium
hirsutum

Tobacco
Naþ vacuolar
sequestration

Biomass

Wu et al.,
2004

Atriplex
gmelini

Rice
Naþ vacuolar
sequestration

Biomass

Ohta et al.,
2002

A. thaliana

Naþ extrusion

Arabidopsis Biomass

Shi et al.,
2003

A. thaliana

Vacuolar
acidification

Arabidopsis Biomass

Gaxiola
et al., 2001

S. cerevisiae Kþ/Naþ
homeostasis

Apse et al.,
1999

Biomass
Zhang and
and fruit
Blumwald,
production
2001
Biomass
Zhang et al.,
and oil
2001
production
Biomass
Yin et al.,
2004

Tomato,
Ion content, Bordas et al.,
melon,
plant
1997;
Arabidopsis growth
Gisbert
et al., 2000;
Yang et al.,
2001

Recently, AtSOS1 from Arabidopsis has been shown to encode a plasma membrane
Naþ/Hþ antiporter with significant sequence similarity to plasma membrane Naþ/Hþ
antiporters from bacteria and fungi (Shi et al., 2000). The overexpression of
SOS1 improved the salt tolerance of Arabidopsis, demonstrating that improved salt
tolerance can be attained by limiting Naþ accumulation in plant cells (Shi et al., 2003)
(Table 2.8.1). The compartmentation of Naþ ions into vacuoles also provides an efficient
mechanism to avert the toxic effects of Naþ in the cytosol. The transport of Naþ into the
vacuoles is mediated by a Naþ/Hþ antiporter that is driven by the electrochemical
gradient of protons generated by the vacuolar Hþ-translocating enzymes, the Hþ-ATPase
and the Hþ-PPiase (Blumwald, 1987). The overexpression in Arabidopsis of AtNHX1, an
Arabidopsis gene encoding a vacuolar Naþ/Hþ antiporter, resulted in transgenic plants
that were able to grow in high salt concentrations (Apse et al., 1999).
The paramount role of Naþ compartmentation in plant salt tolerance has been
further demonstrated in transgenic tomato plants overexpressing AtNHX1 (Zhang and
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Blumwald, 2001). The transgenic tomato plants grown in the presence of 200 mM NaCl
were able to grow, flower, and set fruit. Although the leaves accumulated high sodium
concentrations, the tomato fruits displayed very low amounts of sodium (Zhang and
Blumwald, 2001). Similar results were obtained with transgenic Brassica napus (Canola)
overexpressing AtNHX1 (Zhang et al., 2001). Leaves of transgenic plants grown in the
presence of 200 mM NaCl accumulated sodium to up to 6 % of their dry weight, but the
seed yields and oil quality were not affected, demonstrating the potential use of this
technology for agricultural use in saline soils. Similar results have been reported in other
species. The introduction of a vacuolar Naþ/Hþ antiporter from the halophyte Atriplex
gmelini conferred salt tolerance in rice (Ohta et al., 2002). Most recently, the overexpression of GhNHX1 from cotton in tobacco plants (Wu et al., 2004) and the
overexpression of AtNHX1 in maize (Yin et al., 2004) resulted in enhanced salt tolerance.
Additional evidence supporting the role of vacuolar transport in salt tolerance has been
provided by Arabidopsis plants overexpressing a vacuolar Hþ-PPiase (Gaxiola et al.,
2001). Transgenic plants overexpressing AVP1, coding for the vacuolar Hþ-pyrophosphatase, displayed enhanced salt tolerance that was correlated with an increased ion
content of the plants. These results suggest that the enhanced vacuolar Hþ-pumping in
the transgenic plants provided additional driving force for vacuolar sodium accumulation
via the vacuolar Naþ/Hþ antiporter.
Synthesis of Compatible Solutes
The cellular response of salt-tolerant organisms to both long- and short-term salinity
stress includes the synthesis and accumulation of a class of osmoprotective compounds
known as compatible solutes. These relatively small, organic osmolytes include amino
acids and derivatives, polyols and sugars, methylamines etc. These osmolytes stabilize
proteins and cellular structures and can increase the osmotic pressure of the cell (Yancey
et al., 1982). This response is homeostatic for cell water status and protein integrity,
which is perturbed in the face of soil solutions containing higher amounts of NaCl and
the consequent loss of water from the cell. The accumulation of osmotically active
compounds in the cytosol increases the osmotic potential to provide a balance between
the apoplastic solution, which itself becomes more concentrated with Naþ and Cl ions,
and the vacuolar lumen, which in halophytes can accumulate up to 1 M Naþ (and Cl).
For a short-term stress, this may provide the cells with the ability to prevent water loss.
However, for continued growth under salinity stress, an osmotic gradient (toward the
cytosol) must be kept in order to maintain turgor, water uptake and facilitate cell
expansion.
The enhancement of proline and glycinebetaine syntheses in target plants has received
much attention (Rontein, Basset and Hanson, 2002). Two themes have emerged from the
results of these efforts: (i) there are metabolic limitations on the absolute levels of the
target osmolyte that can be accumulated and (ii) the degree to which the transformed
plants are able to tolerate salinity stress is not necessarily correlative with the amounts of
the osmoprotectants attained.
The metabolic limitations on increasing the concentration of a given osmoprotectant
are well illustrated with both proline and glycinebetaine. Initial strategies aimed at
engineering higher concentrations of proline began with the overexpression of genes
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encoding the biosynthetic enzymes pyrroline-5-carboxylate (P5C) synthase (P5CS) and
P5C reductase (P5CR) that catalyze the two steps between the substrate, glutamic acid,
and the product, proline. P5CS overexpression in transgenic tobacco dramatically
elevated free proline (Kishor et al., 1995) (Table 2.8.2). However, the regulation of
free proline does not appear to be straightforward. Proline catabolism, via proline
dehydrogenase (ProDH), is upregulated by free proline and there is strong evidence
that free proline inhibits P5CS (Roosens et al., 1999). Further, a two-fold increase in free
proline was achieved in tobacco plants transformed with a P5CS modified by sitedirected mutagenesis (Hong et al., 2000). This modification alleviated the feedback
inhibition by proline on the P5CS activity and resulted in improved germination and
growth of seedlings under salt stress. Free cellular proline levels are also transcriptionally
and translationally controlled. P5CR promoter analysis revealed that P5CR transcripts
have reduced translational initiation. A 92-bp segment of the 50 UTR of P5CR was
sufficient to provide increased mRNA stability and translational inhibition under salt
stress to the GUS reporter gene that was ligated at the 30 end of this small region (Hua
et al., 2001). These results highlighted the complex regulation of P5CR during stress and
emphasized the importance of stability and translation of P5CR mRNA during salt stress.
An alternative approach to attain significant free proline levels, where antisense cDNA
transformation was used to decrease ProDH expression, has been utilized (Nanjo et al.,
1999). Levels of proline in the transgenic Arabidopsis were twice (100 mg/g fresh weight)
that of control plants when grown in the absence of stress, and three times higher (600 mg/
g fresh weight) than in control plants when grown under stress. The high levels of proline
were correlated with an improvement in tolerance to salinity, albeit for a short duration
exposure to 600 mM NaCl.
There has been considerably more experimentation directed at the engineering of
glycinebetaine synthesis than for any other compatible solute. Unlike proline, glycinebetaine degradation is not significant in plants (Nuccio et al., 2000), but the problems of
metabolic fluxes, compounded with the compartmentation of the substrate and product
pools, has made the engineering of appreciable levels of glycinebetaine problematic. In
plants that are naturally glycinebetaine accumulators (e.g., spinach and sugar beet),
synthesis of this compound occurs in the chloroplast, with two oxidation reactions from
choline to glycinebetaine. The first oxidation to betaine aldehyde is catalyzed by choline
mono-oxygenase (CMO), an iron–sulfur enzyme. Betaine aldehyde oxidation to glycinebetaine is catalyzed by betaine aldehyde dehydrogenase (BADH), a non-specific
soluble aldehyde dehydrogenase (Rathinasabapathi, 2000). In Escherichia coli, these
reactions are cytosolic; the first reaction is catalyzed by choline dehydrogenase (CDH),
an NADþ-dependent enzyme that is encoded by the betA locus; the second reaction is
catalyzed by BADH, which is encoded by the betB locus. In Arthrobacter globiformis,
the two oxidation steps are catalyzed by one enzyme, choline oxidase (COD), which is
encoded by the codA locus (Sakamoto and Murata, 2000).
The CodA gene of A. globiformis offers an attractive alternative to the engineering
of glycinebetaine synthesis as it necessitates only a single gene transformation event.
This strategy was employed for engineering glycinebetaine synthesis in Arabidopsis
(Hayashi et al., 1997). The 35S promoter-driven construct for transformation included
the transit peptide for the small subunit of Rubisco so that the COD protein would be
targeted to the chloroplast. Improved salinity tolerance was obtained in transgenic

Tobacco
Arabidopsis

Proline
Proline

A. globiformis;
A. panescens

Choline oxidase

FMN-binding protein

COD1; COX

HAL3

S. cerevisiae

M. chrystallinum

Myo-inositol-Omethyl transferase

Arabidopsis
thaliana

V. aconitifolia

Arabidopsis,
rice, Brassica

Arabidopsis

Glycinebetaine

Kþ/Naþ
homeostasis

Tobacco

Tobacco

Trehalose

D-Ononitol

Tobacco
Rice

Trehalose

E. coli
S. cerevisiae

Tobacco

Ectoyne

Tomato

Tobacco
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Halomonas
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IMT1

ProDH

P5CS

TPS1

OtsA OtsB
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Atriplex hortensis Glycinebetaine
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dehydrogenase
L-2,4-diaminobutyric
acid acetyltransferase,
L-2,4-diaminobutyric
acid trans- aminase,
L-ectoine synthase
Trehalose-6-P
synthase Trehalose6-P phosphatase
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synthase
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Source
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Gene
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Table 2.8.2 Salt tolerance in transgenic plants expressing genes involved in osmolyte biosynthesis.

Nakayama et al.,
2000

Lilius, Holmberg and
Bulow, 1996;
Holmstrom et al.
(2000)
Jia et al., 2002

Reference

Seedlings

Seed
germination;
plant growth

Inflorescence
lodging in
response to
NaCl stress
Seed germination

Vernon et al., 1993;
Sheveleva et al.,
1997
Hayashi et al., 1997;
Alia et al., 1999;
Sakamoto et al.,
1998;
Huang et al., 2000;
Prasad et al., 2000
Espinosa-Ruiz et al.,
1999

Nanjo et al., 1999

Pilon-Smits et al.,
Increased bio1998;
mass, morphoGarg et al., 2002
genesis, growth
Improved drought Romero et al., 1997
tolerance
Increased proline; Kishor et al., 1995
plant growth

Salinity tolerance

Root growth

Dry weight

Parameter
studied
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Arabidopsis that accumulated, as a result of the transformation, 1 mmol/g fresh weight
glycinebetaine.
The same construct was used for transformation of B. juncea (Prasad et al., 2000) and
tolerance to salinity during germination and seedling establishment was improved
markedly in the transgenic lines. COX from A. panescens, which is homologous to the
A. globiformis COD, was used to transform Arabidopsis, B. napus and tobacco (Huang
et al., 2000). This set of experiments differs from those above in that the COX protein
was directed to the cytoplasm and not to the chloroplast. Improvements in tolerance to
salinity, drought and freezing were observed in some transgenics from all three species,
but the tolerance was variable. The levels of glycinebetaine in the transgenic plants were
not significantly higher than those of wild-type plants, but increased significantly with
the exogenous supply of choline to plants, suggesting that the supply of choline is a
significant constraint on the synthesis of glycinebetaine (Huang et al., 2000).
Two important issues emerge from the results of the above discussion. The first is that
the concentrations of glycinebetaine in the transgenic plants were much lower than the
concentrations noted in natural accumulators. Despite the fact that these levels are not
high enough to be osmotically significant, a moderate (but significant) increase in
tolerance to salinity and other stresses was conferred. This raises the possibility that
the protection offered by glycinebetaine is not only osmotic, which is a point raised by
several of the above groups and by Bohnert and Shen (1999). Compatible solutes,
including mannitol, may also function as scavengers of oxygen radicals; this may be
supported by the results of Alia et al. (1999), where the protection to photosystem II in
plants expressing CodA was observed. An alternative possibility, not necessarily
exclusive of the first, is that the increased level of peroxide generated by the COD/
COX oxidation of choline causes an upregulation of ascorbate peroxidase (APX) and
catalase (CAT) (Holmstrom et al., 2000), which may also improve tolerance to salinity
stress (Rontein et al., 2002).
The second issue is that the level of glycinebetaine production in the transgenics is
limited by choline. Betaine synthesis takes place in the chloroplast and the level of the
free choline pool may not reflect the availability of choline to the chloroplast, which may
be limited by the activity and/or abundance of choline transporters. However, a dramatic
increase in glycinebetaine levels (to 580 mmol/g dry weight in Arabidopsis) was shown in
the transgenic plants when they were supplemented with choline in the growth medium
(Huang et al., 2000). This limitation was not explored in the transgenic tobacco
expressing E. coli enzymes CDH and BADH in the cytoplasm (Holmstrom et al.,
2000). Although these transgenic plants demonstrated an improved tolerance to salinity,
glycinebetaine levels were on the order of those mentioned above. Sakamoto and Murata
(2000) also asserted that, despite the similarities in tolerance exhibited by transgenic
plants engineered to synthesize betaine in either the chloroplast or cytoplasm, the site of
synthesis of betaine may play a role in the degree of tolerance shown. Indeed, if the
betaine present in these plants is localized primarily in the chloroplast, it may be present
at significant concentrations (50 mM) (Hayashi et al., 1997). However, Sakamoto and
Murata (2000) downplayed the limitation of the metabolic pool of choline on the levels of
glycinebetaine obtained in the engineered plants by suggesting that the choline oxidizing
activity may be the limiting factor. This argument seems to be supported by Huang et al.
(2000) who found that the levels of glycinebetaine correlated with the levels of COX
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activity measured in each plant. The increase in glycinebetaine with exogenous choline
argues against this notion.
Stronger evidence for the limitations of choline metabolism has been presented by
McNeil et al. (2001). By overexpressing spinach phosphoethanolamine N-methyltransferase
(PEAMT), which catalyzes the three methylation reactions required for the conversion
of phosphoethanolamine to phosphocholine, up to a 50-fold increase in free choline
was obtained. This led to an increase in glycinebetaine levels (þ60 %) in plants that
were expressing spinach CMO and BADH in the chloroplast. Further, the addition of
ethanolamine to the plant growth medium caused an increase in choline and glycinebetaine levels, showing that the metabolic flux through this pathway is also limited by the
supply of ethanolamine. As PEAMT is itself inhibited by phosphocholine, further
engineering efforts need to include (a) the modification of PEAMT to remove this
inhibition (McNeil et al., 2001), (b) increasing the supply of ethanolamine by overexpression of serine decarboxylase and (c) resolving the compartmentation problem of
choline supply and choline oxidation, either by use of choline oxidation in the cytoplasm
or by finding the appropriate transporters to improve choline supply to the chloroplast
(Rontein et al., 2002).
Finally, as the compatible solutes are non-toxic, the interchangeability of these
compounds between species has held much interest (Table 2.8.1). The recent examples
include the engineering of (a) ectoine synthesis with enzymes from the halophylic
bacterium Halomonas elongata (Nakayama et al., 2000; Ono et al., 1999) and (b)
trehalose synthesis into potato (Yeo et al., 2000) and rice (Garg et al., 2002) (trehalose
occurs in bacteria and yeast; while trehalose metabolism may have an important role in
metabolic signaling in plants, trehalose itself only accumulates in extremely desiccationtolerant plants (Goddijn and van Dun, 1999)).
An intriguing report on the improved tolerance to salinity in tobacco expressing
yeast invertase in the apoplast highlights the potential of manipulating sucrose
metabolism (Fukushima et al., 2001). The authors reported improved salt tolerance of
transgenic tobacco plants expressing a yeast invertase in their apoplastic space, and
concluded that the changes in sucrose metabolism in the transgenic plants protected
the photosynthetic apparatus under salt stress. The overexpression of polyols, such as
mannitol (Tarczynski, Jensen and Bohnert, 1993) and D-ononitol (Sheveleva et al., 1997)
have been shown to contribute to enhanced drought and salt tolerance in transgenic
tobacco plants.
Antioxidant Protection
An important aspect of salinity stress in plants is the stress-induced production of ROS
including superoxide radicals ðO2  Þ, hydrogen peroxide (H2O2) and hydroxyl radicals
(OH). ROS are a product of altered chloroplastic and mitochondrial metabolism during
stress. These ROS cause oxidative damage to different cellular components including
membrane lipids, protein and nucleic acids (Halliwell and Gutteridge, 1986). The
alleviation of this oxidative damage could provide enhanced plant resistance to salt
stress. Plants use low-molecular-mass antioxidants such as ascorbic acid and reduced
glutathione and employ a diverse array of enzymes such as superoxide dismutases
(SOD), CAT, APX, glutathione-S-transferases (GST) and glutathione peroxidases (GPX)
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Table 2.8.3 Salt tolerance in transgenic plants expressing genes involved in redox reactions.
Gene

Gene
product

Source

Cellular
role(s)

Target
plant

MnSOD

Superoxide
dismutase

S. cerevisiae Reduction of
O2 content

GlyI

Glyoxylase

B. juncea

S-D-Lactoylglutathi-one

Tobacco

TPX2

Peroxidase

N.
tabaccum

Change
cell wall
properties

Tobacco

GST GPX

ROS
Glutathione
N.
S-transferase tabaccum
scavenging
Glutathione
N. tabaccum
peroxidase

Rice

Tobacco

Parameter
studied
Photosynthetic
electron
transport
Chlorophyll
content of
detached
leaves
Germination;
water
retention in
seed walls
Germination
and growth

Reference
Tanaka
et al., 1999
Veena,
Reddy and
Sopory,
1999
Amaya
et al., 1999

Roxas
et al., 2000

to scavenge ROS. Transgenic rice overexpressing yeast mitochondrial Mn-dependent
SOD displayed enhanced salt tolerance (Tanaka et al., 1999) (Table 2.8.3). The overexpression of a cell wall peroxidase in tobacco plants improved germination under
osmotic stress (Amaya et al., 1999). Transgenic tobacco plants overexpressing both GST
and GPX displayed improved seed germination and seedling growth under stress (Roxas
et al., 1997). Subsequent studies (Roxas et al., 2000) demonstrated that, in addition
to increased GST/GPX activities, the transgenic seedlings contained higher levels of
glutathione and ascorbate than wild-type seedlings and showed higher levels of monodehydroascorbate reductase activity, while the glutathione pools were more oxidized.
These results would indicate that the increased glutathione-dependent peroxidase
scavenging activity and the associated changes in glutathione and ascorbate metabolism
led to reduced oxidative damage in the transgenic plants and contributed to their
increased salt tolerance.
During salt stress, plants display an increase in the generation of H2O2 and other ROS
(Gueta-Dahan et al., 1997; Roxas et al., 2000). The major substrate for the reductive
detoxification of H2O2 is ascorbate, which must be continuously regenerated from its
oxidized form. A major function of glutathione in protection against oxidative stress is
the reduction of ascorbate via the ascorbate-glutathione cycle, where GSH acts a recycled
intermediate in the reduction of H2O2 (Foyer and Halliwell, 1976). Ruiz and Blumwald
(2002) investigated the enzymatic pathways leading to glutathione synthesis during
the response to salt stress of wild-type and salt-tolerant B. napus L. (Canola)
plants overexpressing a vacuolar Naþ/Hþ antiporter (Zhang et al., 2001). Wild-type
plants showed a marked increase in the activity of enzymes associated with cysteine
synthesis (the crucial step for assimilation of reduced sulfur into organic compounds such
as glutathione) resulting in a significant increase in GSH content. On the other hand,
these activities were unchanged in the transgenic salt-tolerant plants and their GSH
content did not change with salt stress. These results clearly showed that salt stress
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induced an increase in the assimilation of sulfur and the biosynthesis of cysteine and
GSH aimed to mitigate the salt-induced oxidative stress. The small changes seen in the
transgenic plants overexpressing the vacuolar Naþ/Hþ antiporter (Zhang and Blumwald,
2001) suggested that the accumulation of excess Naþ in the vacuoles (and the
maintenance of a high cytosolic Kþ/Naþ ratio) greatly diminished the salt-induced
oxidative stress, highlighting the important role of Naþ homeostasis during salt stress.

Assessment of Salt Tolerance in Transgenic Plants
The assessment of salt tolerance in transgenic experiments as described above has
mostly been carried out using a limited number of seedlings or mature plants in
laboratory experiments. In most of the cases, the experiments were carried out in
greenhouse conditions where the plants were not exposed to those conditions that
prevail in high-salinity soils (alkaline soil pH, high diurnal temperatures, presence of
other sodic salts, elevated concentrations of selenium and/or boron etc.). There is a
clear need for the evaluation of salt tolerance of plants in the field, and more importantly
salt tolerance should be evaluated as a function of yield. The evaluation of field
performance under salt stress is difficult because of the variability of salt levels in
field conditions (Daniells et al., 2001; Richards, 1983) and the potential for interactions
with other environmental factors, including soil fertility, temperature, light intensity
and water loss due to transpiration. Evaluating tolerance is made more complex by
variation in sensitivity to salt during the life cycle. For example, in rice grain yield is
much more affected by salinity than vegetative growth (Khatun and Flowers, 1995). In
tomato, the ability of the plants to germinate under high salinity is not correlated
with the plant’s ability to grow under salt stress because both are controlled by
different mechanisms (Foolad and Lin, 1997), although some genotypes may
display similar tolerance at germination and during vegetative growth (Foolad and
Chen, 1999).
It thus needs to be recognized that the assessment of stress tolerance in the
laboratory often has little correlation to tolerance in the field. Although there have
been many successes in developing stress-tolerant transgenics in model plants such as
tobacco, Arabidopsis or rice (Grover et al., 2003), there is an urgent need to test these
successes in crops. Rice has the advantage that it is both the model monocot and an
important crop. However, the same is not the case when transgenes are tested with
tobacco or Arabidopsis (reviewed in Flowers, 2004; Grover et al., 2003). This brings a
number of technical and financial challenges associated with transforming many of the
crop plants, particularly the monocots. First, transformation of some monocots is still not
routine and to develop a series of independent homozygous T2 lines is costly, both in
money and in time. Second, the stress tolerance screens will need to include a field
component since many of the stress tolerance assays used by basic researchers involve
using rich nutrient media, which include sucrose. This type of screen is unlikely to have
much relationship to field performance. Finally, since saline soils are often complex and
may include NaCl, CaCl2, CaSO4 and Na2SO4, high boron concentrations, alkaline
pH etc., plants that show particular promise will eventually have to be tested in all of
these environments.
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Conclusions and Perspectives
Conventional breeding programs for raising salt-tolerant genotypes have met with limited
success. This lack of success is in part because breeders prefer to evaluate their genetic
material in ideal conditions. This issue is getting more urgent to deal with because of the
growing interest of commercial seed companies in making salt-tolerant crops. From a
business perspective, in order for plant breeding companies to invest in the development
of new varieties with enhanced stress tolerance, there will always be the question raised
as to whether the investment in the development of these cultivars is worth the effort.
There is no benefit in developing salinity-tolerant plants unless there are the economic
drivers that will allow the plant to be competitively productive with non-saline-tolerant
plants growing on uncompromised soil. The viewpoints of basic researchers might differ;
for the researchers the actual though small increase in salt tolerance is worth the efforts.
In evaluating the possibility of improving stress tolerance in plants, there are a number
of considerations that we propose that the research community should consider.
While it has been recognized by many researchers that there are dramatic changes in
gene expression associated with all types of stresses, the promoters that are most
commonly used for transgene introductions are primarily constitutively expressed,
including the CaMV35S promoter, ubiquitin and actin promoters (Grover et al., 2003).
Recent studies have noted that the overexpression of specific stress-induced genes under
the control of stress-induced or tissue-specific promoters often results in a better
phenotype than overexpressing the same genes under a constitutive promoter (Kasuga
et al., 1999; Zhu et al., 1998).
Second, while there have been a number of successes in the production of abiotic
stress-tolerant plants using tobacco or Arabidopsis, there is a clear need to begin to
introduce these tolerance genes into crop plants. Moreover, even though researchers tend
to focus on a few basic plant systems, with Arabidopsis, tobacco and rice being the major
species of choice, there has been no attempt to choose specific genetic backgrounds.
Third, it is likely that the effectiveness of a specific transgene will be based on the
specific genetic background into which it is transformed. One component of this is the
well-known phenomenon of ‘position effect’. However, in addition, the ability of a
transgene to work may well be determined by the overall genetic background, independent of the chromosomal location of the transgene, referred to as ‘Transgene Combining
Ability’ (TCA).
Finally, we also need to establish better comparative systems. At the same time, we
need to look at rational concepts for combining genes, just as the disease resistance
researchers are now doing with gene stacking (Chapter 2.9). For example, the overexpression of AtSOS1 in meristems (non-vacuolated cells) and AtNHX1 (for vacuolar
Naþ accumulation), together with the overproduction of compatible solutes, would
provide not only the ability of using NaCl as an osmoticum during vegetative growth
but also the seedlings with the ability to reduce Naþ toxicity during early growth and
seedling establishment. Wherever applicable, genes for protection against oxidative
stress must be combined, particularly in actively photosynthesizing cells that are prone
to more chloroplast damage due to ROS.
While progress in improving stress tolerance has been slow, there are a number of
opportunities and reasons for optimism. Over the last 10 years there has been the
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development of a number of the functional tools that can allow us to dissect many of the
fundamental questions associated with stress tolerance. These include: (a) the development of molecular markers for gene mapping and the construction of associated maps,
(b) the development of EST libraries, (c) the complete sequencing of plant genomes
including Arabidopsis, rice and maize, (d) the production of T-DNA or transposon-tagged
mutagenic populations of Arabidopsis and (e) the development of a number of forward
genetics tools that can be used in gene function analysis such as Tilling (Colbert et al.,
2001). Thus, we need to focus on looking at the comparative effects and interactions of
specific transgenes within a defined genetic background and determine the efficacy of
these approaches in the field.
Over the last 50 years, many researchers have argued for the development of salttolerant crops from true halophytes. Although halophytes are present in a wide diversity
of plant forms, to date very few halophytic crops can compete effectively with
glycophytic crops (Glenn et al., 1999). Moreover, research on the physiology of tolerance
suggests that the overall trait is determined by a number of subtraits, any of which might,
in turn, be determined by any number of genes. We believe that by comparing different
genes and genetic combinations, researchers will be able to advance the field more
quickly and develop stress-tolerant germplasms.
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Introduction
With an established 6B$ worldwide market for fungicides, and losses due to fungal
infection of at least that number, it comes as no surprise that engineering fungal
resistance in plants through modern biotechnology has been among the earliest of
research programs in plant biotechnology. Since 1988, field trials have been conducted in
the US with genetically modified (GM) crops engineered to withstand fungal infection.
However, at this moment, no GM fungal resistant crop is on the market. No simple,
Bt-like, solution has been identified which makes plants resistant to fungal infection.
One of the major reasons for this is that plant pathogenic fungi are widely divergent in
the way that they infect plants, and usually more than one fungus is of importance for
each crop. No simple solution exists for multiple fungi. In addition, any engineered
resistance needs to provide resistance at a very high level, that is, almost no infection
should be visible on the produce. A number of fungal species are known for their ability
to acquire resistance to fungicides and to the monogenic resistance that is introduced by
breeders in new cultivars. With the current development timelines for engineered crops
(from 10 years onwards) and the significant costs for developing and deregulating events,
it is key that the engineered resistance is durable.
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One other aspect that will become apparent is that plants have a complex pathogen
defense system: there are tight balances between induction of specific defense pathways,
and a balance between induction and prevention of cell death has to be maintained as
well as induced specifically.
In this review I will discuss the approaches that were and are being followed, their
limitations and what is most likely to get to products in the market.

Crops
What crops are the most suitable targets for engineering fungal resistance? Fungal
diseases are widespread in almost any crop or ornamental plant species, and therefore
there are seemingly endless possibilities. However, the deregulation costs of GM crops are
significant, and therefore it will come as no surprise that the major field crops, like corn,
wheat, potato and soybean, are among the crops which have been most extensively studied
based on field trial applications of GM crops in the USA (see www.isb.vt.edu/cfdocs/
fieldtests1.cfm for an overview of all applications). Overall, more than 20 plant species,
including even unlikely candidates like Pelargonium, rhododendron, persimmon and
Dendrobium, have been in such field trials, many of them only on small trials, though.
What is also clearly seen from this field trial overview is that in many cases the targets for
engineering disease resistance are different from those normally treated with fungicides.
Corn, for example, is not a typical fungicide market, but is the most significantly studied
plant. Ear and stalk rot in corn cannot be treated easily with fungicides and genetic
engineering is used to address this need. Likewise in wheat, most trials done in the US
are directed toward preventing infection by Fusarium graminearum, the causal agent of
head blight, which cannot be adequately prevented by fungicides currently available to
the farmer.

Approaches to Engineering Resistance
It is often said that plants are able to withstand the infection of most fungi that land on
them, and are trying to infect. The enormous diversity in infection modes that fungi use
makes this a truly amazing feat.
Plant defense is adapted to stop infection, on the one hand, by necrotrophs (pathogens
that bring toxic enzymes and metabolites and kill the tissue directly upon invasion;
Walton, 1996) and, on the other hand, by hemibiotrophs or biotrophs (pathogens that feed
on the plants parasitically in the initial stages of their life cycle, where the plant cells are
kept alive, sometimes followed by a more necrotrophic infection style in later stages of
the fungal life cycle). Plants are able to stop most fungi from successfully completing
their life cycle, with usually only a handful of different fungi that really cause economic
damage.
Most knowledge we have on the plant–fungal interaction originates from work on plant
defense. It is known that plants bring an impressive arsenal of defense-related proteins. A
crude classification of Arabidopsis (Arabidopsis thaliana) genes into functional categories indicates that 5–10 % of the genes may have a role in defense. Some of these
defense-related genes are expressed constitutively and others can be induced upon
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pathogen infection. Interestingly, most plants can reach a high level of resistance even
against their most damaging pathogens. This systemic acquired resistance (SAR) can be
induced by treatment of the plants with high doses of an incompatible pathogen or
elicitors of the hypersensitive response, for example. This finding has prompted a lot of
work on the anti-fungal components of this acquired resistance, and the signaling
networks behind it.

Anti-Fungal Protein Overexpression
One of the earliest strategies to engineer pathogen resistance was based on the findings of
the SAR (Stintzi et al., 1993). Overexpression of a small number of the most abundant
anti-fungal proteins induced during SAR was thought to mimic the state of SAR in a
continuous manner.
Although this approach is still followed frequently, the technology has not been proven
extremely successful (e.g. Anand et al., 2003). What has been shown clearly is that the
effect of introduced anti-fungal proteins does depend strongly on the plant in which they
are introduced. Punja and Raharjo did show, in 1996, the difficulty of this approach by
transferring a chitinase gene to two different crops, which results in a resistance-elevating
effect in carrot, but not in cucumber, even when the exact same pathogen was used to
challenge the plants. This indicates that there is interplay between endogenous and
transgene defense compounds. Because the exact endogenous defense complement is
rarely known, and when known, poorly understood in function, the approach does not
lend itself well to optimization.
Further, the SAR is not an absolute resistance, but an increase in partial resistance or
increased tolerance to infection. Therefore, the approach to overexpress components of
this SAR is unlikely to provide complete control. As another hurdle, the observed
resistance is usually specific for a few pathogens, and generally does not provide a broadspectrum control (Alexander et al., 1993; Kim et al., 2003).
The last concern with anti-fungal proteins is the durability of the engineered resistance.
When challenged with isolated anti-fungal proteins in vitro, many fungi have been able to
adapt, or become resistant to the anti-fungal protein. It is unclear whether the same might
happen in transgenic crops. The transgenically produced anti-fungal protein may act in
concert with endogenous anti-fungal compounds, and the pathogen may have more
difficulties adapting to this mixture. It is currently impossible to understand the interplay
of endogenous and transgenic anti-fungal proteins. There is hardly any knowledge of the
complement of anti-fungal proteins present in crops. Very few crops have been sequenced
on a genomic level. However, with the rice and Arabidopsis sequences available, and the
genome of some other crops being elucidated in the next decade, it might not be
impossible to get a better grip on the exact defense complement, and to employ this
strategy more successfully.

Anti-Fungal Small Molecule Overexpression
It is not just proteins that are induced during a defense response and SAR. Also antifungal small chemicals are synthesized constitutively and induced during pathogen
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infection. These phytoalexins have been shown to play a key role in plant defense against
fungal attack (e.g. in the case of resveratrol in grapes). Attempts to engineer resistance by
overexpression of the biosynthetic enzymes in heterologous plants have led to sporadic
successes (Hain et al., 1993; He and Dixon, 2000; Hipskind and Paiva, 2000).
In general, since the specific anti-fungal activity of phytoalexins is relatively low, the
amounts needed for proper anti-fungal activity are extremely high. These high levels are
not always reachable in heterologous crop plants (Hain et al, 1993). At the concentrations
reached in the heterologous plant, most phytoalexins lack the broad-spectrum and
high-level anti-fungal activity. It is questionable whether this strategy will be widely
used.

Using General Defense Pathways or Compounds to Engineer Resistance
Instead of using isolated anti-fungal proteins or small molecules, which are induced
during SAR, it is also possible to exploit entire defense pathways. There are a number of
distinct signaling pathways that induce a co-ordinated expression of sets of anti-fungal
proteins and/or compounds (Delaney et al., 1994; Thomma et al., 2001; Pieterse and van
Loon, 1999). Interestingly, induction of each of these pathways appears to induce
resistance to some, but not to all pathogens (Thomma et al., 2001). These pathways
are commonly denominated by the small signal molecules that play a central role in the
induction of the defense proteins. The best known compound that induces such a pathway
is salicylic acid (SA). Treatment of plants with SA and analogs thereof does induce
expression of a subset of plant defense responses (Uknes et al., 1992). Also here,
increased resistance is found only to a limited set of pathogens (Gorlach et al., 1996;
Thomma et al., 1998). Other pathways appear to use the small plant signaling molecules,
jasmonic acid (JA), ethylene or certain reactive oxygen species (ROS), such as superoxide and hydrogen peroxide, for their activation (Feys and Parker, 2000; Grant et al.,
2000). Several other pathways inducing defense exist in addition (e.g., Nakashita et al.,
2002; Pieterse et al., 1998; Ton and Mauch-Mani, 2004).
Induction of each of these signaling pathways leads to the induction of various defense
components, including sets of anti-fungal proteins, phytoalexins and enzymes involved in
plant cell wall reinforcement. Some defense components are only induced when multiple
pathways are stimulated simultaneously (Penninckx et al., 1998), but it should be noted
that there is significant antagonism observed between most pathways as well (Doares
et al., 1995; Leslie and Romani, 1988).
The finding that induction needs to be pathogen specific, and that there is antagonism
between the pathways makes all engineering with these pathways hazardous, at least.
Our understanding of the specific induction of targeted pathways in different crops is
limited. Nor do we understand for most crops which pathway is causing resistance to
which fungus. Upon adjustment of the balances between the pathways, one is likely to
end up with plants that show increased resistance to some pathogens, but are clearly more
vulnerable to others (Hoffman et al., 1999).
Increased susceptibility to minor pathogens may not always be a drawback. It might
even be advantageous in modern agriculture to adjust the balance between susceptibility
to different pathogens. Farmers have many tools at hand to combat diseases. Some can be
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well treated with existing fungicides. At this moment, however, we understand too little
from the pathways and their interplay in agriculturally important crops. Most of our
knowledge comes only from Arabidopsis. Knowledge on these pathways in crop plants is
only just developing.
Another aspect that warrants attention is that constitutive overexpression of the
pathway through, for example synthesis of SA analogs (Yalpani et al., 2001) or key
signaling compounds in the pathway (Bowling et al., 1994; Cao et al., 1998) usually
causes lack of vigor or impaired development in the plants (Maleck et al., 2002). It
appears that plants operate on a tight energy balance and too frequent or too high
induction of defense pathways impacts plant growth or development readily. Because of
these limitations, engineering resistance through this approach will most likely be
infrequent.
Even application of a chemical inducer of the SA pathway (benzothiodiazole, also
known as BTH/Bion/Actiguard, Gorlach et al., 1996) that can be employed more flexibly,
dependent on environmental conditions and imminent threats of fungal infection, has not
proven to be a great success in the marketplace.

The Hypersensitive Response, Cell Death and Apoptosis
The hypersensitive response, which occurs in plants after recognition of a viral, bacterial,
insect- or nematode-derived or fungal elicitor, causes a cascade of defense responses.
Locally, at the site of infection by the pathogen, cell death occurs, which in itself is
sufficient to stop biotrophic pathogens from completing their life cycle. In addition, high
local accumulation of phenolics and cell wall reinforcements are observed in cells
surrounding the area of cell death, preventing further spread of the pathogen. More distal
to the site of infection, plants induce SAR, the state of induced expression of anti-fungal
proteins and compounds, which has been mentioned above (Costet et al., 1999; Dorey
et al., 1997; Melchers and Stuiver, 2000; Morel and Dangl, 1997). Most likely, this coordinated response is sufficient to stop all microbial pathogens. It certainly is extremely
well suited to stop biotrophic pathogens. For necrotrophic fungal pathogens there is
limited information available, suggesting that also these are effectively halted in their life
cycle by a hypersensitive response (Bonnet et al., 1996).
Recognition of the elicitor was determined genetically to occur through a resistance
(R) gene product made by the plants. It should be mentioned, however, that it is still
unclear how the R gene product recognizes the elicitor, and exactly what it is that R gene
products recognize (Dixon et al., 2000). Whatever the mechanism, the recognition is
highly specific and depends on the presence of the exact R gene and its cognate elicitor. R
genes are commonly found in modern agricultural crops, where they have been bred in
(through conventional breeding) from wild relatives of the crop. Invariably, crops with
such introgressed R genes go through boom-bust cycles. That is, the crop performs very
well for several years in warding off the pathogen (boom), but after a few years of
widespread cultivation, new varieties of the pathogen appear to overcome the resistance,
and the introgressed resistance becomes useless (bust). Only very few exceptions to that
boom-bust cycle are found. A very limited number of R genes have survived a long time
in agricultural use (Pink and Puddephat, 1999).

230

Plant Biotechnology

The reason for the breakdown of plant resistance is that pathogens can readily mutate or
shed the corresponding elicitor, avoiding recognition by the R gene product (Gassmann et al.,
2000; Joosten et al., 1994). When they have mutated or lost the gene, they can regain their
original pathogenicity. In most cases studied, no effect on pathogenicity of the fungus or
bacterium can be measured.
Breeders have usually responded to breakdown of resistance by breeding in novel R
genes. Interestingly, older R genes, which were once overcome by the pathogen, can
sometimes regain usefulness. This suggests that there is some negative effect on the
pathogen to mutate or lose these elicitors.
The finding that ‘old’ R genes might still be employed has triggered the idea of
stacking or pyramiding R genes (Datta et al., 2002; Rommens and Kishore, 2000). With
breeding, stacking is only possible to some extent. Some R genes are allelic, and thus in
diploid plants maximally two R genes can be represented from a sometimes huge allelic
pool of possible R genes. Especially in crops where R genes for key diseases are found in
allelic locations, therefore, very limited possibilities exist for non-GM breeding of
durable resistance.
Stacks or ‘Smarties’
Genetic engineering offers a unique possibility to stack/pyramid R genes, including
allelic variants, and one approach currently being followed is the transformation of
multiple effective R genes on one construct.
The high level of resistance, which is one of the key indicators of success, will
be guaranteed by using R genes. One of the big questions is certainly the durability of the
resistance. Are pathogens able to overcome the loss or mutation of several elicitors at the
same time, and at what rate is this possible? How many R genes need to be stacked to get
a truly durable resistance, and is there any qualitative difference in the sets of R genes
selected? Answers to these questions will hopefully come once such products are
released onto the market.
However, stacking is still a challenge due to the size of R genes and the limitations that
exist in transferring large DNA fragments. Other hurdles remain as well, such as proving
that all R genes introduced are truly working simultaneously. This will require the
availability of elicitors and development of R gene assay systems. Last, but not least,
protein production of R gene products, as a necessary step in deregulation of a GM product,
might be needed. Expression of R gene proteins in heterologous protein production systems
has been attempted by many, but has failed consistently, and is obviously far from
trivial.
Having said that, this approach is certainly one of the most promising for engineering
high-level and durable resistance to fungi (and/or other pathogens) in plants. It will be
used primarily in crops where only one single (hemi)-biotrophic pathogen is causing
significant economic loss, and is worth the substantial investment in development of the
product.
Another interesting solution to the problem of creating durable resistant plants with R
genes was identified by Jonathan Jones (Dangl and Jones, 2001). His ‘smarties’ model
also entails the transfer of multiple R genes to a crop, but instead of stacked R genes in
one plant, a multitude of single R gene transformants are made. Then the various
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different R gene-containing plants are to be interplanted on the field. Epidemics should
then be significantly delayed on such fields.
One of the major drawbacks of this approach is the necessary deregulation of multiple
lines simultaneously, which may make the approach unattractive to all but the most
economically important pathogens.

Non-host R Genes
Plants are called non-hosts when no accession of that plant species shows susceptibility to a given pathogen, based on the inability of that pathogen to complete its
life cycle. The cause of non-host resistance cannot be pinpointed to one particular
defense reaction, and ranges from complex aspects like leaf architecture to active
recognition of pathogen elicitors, leading to a hypersensitive response (Heath, 2000;
Holub and Cooper, 2004; Kamoun et al., 1998). Interestingly, many of the components
needed for non-host resistance are also needed for the normal (host–pathogen) hypersensitive response (Aarts et al., 1998; Parker et al., 1996; Vleeshouwers et al., 2000).
The finding that at least some forms of non-host resistance appear to be based on R
genes is intriguing. Obviously, in the case of non-host plant-mediated recognition, this
particular pathogen is unable to shed or mutate its elicitor genes, and to become
infectious on this plant species. Whether the R genes are unusually stable/durable due
to recognition of an essential pathogenicity factor, or whether a specifically durable
combination of R genes is found in such non-host plants, is not known at present
(Kamoun, 2001). It is clear that some elicitors causing part of the non-host resistance are also
recognized by R genes in host plants (Laugé et al., 2000). This information supports the
hypothesis that a specific, durable combination of R genes is present in the non-host plants.
One of the best studied non-host–pathogen interactions provides additional evidence
for this theory. The Phytophthora infestans INF1 elicitor gene is recognized by several
members of the tobacco family (Nicotiana ssp.), which are non-hosts. Interestingly,
targeted deletion of the INF1 gene does not lead to a reduced pathogenicity on the host
plant, potato. On most tobacco family members, still no infection can occur, suggesting
that other factors are recognized in addition (Kamoun et al., 1998).
Interestingly, one subspecies of this tobacco family, N. benthamiana, allows some
infection and completion of the fungal life cycle when infected with the INF1 mutant.
Because the INF1 deletion was also detected at a very low frequency in natural
populations of P. infestans, it is surprising to see N. benthamiana classified as a nonhost. Possibly it is a potential host, but since this plant species is not grown widely, and
the INF1 mutation is rare, no infection has been noticed to this date. Presumed non-host
plants could therefore be hosts in reality. To find proof that all accessions of the plant
species are resistant to all pathogen accessions is not possible. This point may prove to be
one of the potential pitfalls of this approach. It will require targeted experimentation, like
described above, to develop knowledge on the molecular components of non-host
resistance. With these components it may be possible to discriminate true non-host
from host plants.
Since non-host plants are characterized by the fact that no single accession of that
genus can be infected by the pathogen, genetic characterization of the resistance in
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these plants is not straightforward. Wide hybridization, sometimes using somatic
cell hybrids between non-host and host plants (Zimnoch-Guzowska et al., 2003) is
one way to identify and clone these interesting sets of genes. Recently, some useful tools
for high-throughput screening of cloned R genes (Brigneti et al., 2004; Kamoun et al.,
2003) have also been developed, and this will certainly speed up this research area
considerably.
With the development of these tools, the identification of non-host R genes will
advance rapidly in the coming years. No doubt this is one of the approaches that will be
used in the near future to engineer fungal resistance successfully. Since the recognition of
the pathogen by R genes is highly specific, it is very likely that only one pathogen can be
tackled at any one time. The approach is best suited to crops with one or a very limited
number of economically important pathogens.

Non-Pathogen-Specific HR: Avirulence Gene Strategy
and Hairtrigger Responses
It is extremely tempting to make use of the power of the hypersensitive response pathway
and try to trigger this sort of defense after infection by many different pathogens. Pierre
de Wit (1992) has proposed to use plants transformed with a construct containing a
pathogen-inducible promoter driving expression of an elicitor gene. In this case, when
plants sense pathogen infection, they respond by synthesizing the elicitor and then by the
accumulation of the elicitor through the triggering of the hypersensitive response. The
hypersensitive response, as mentioned before, is a powerful and multi-layered defense
response which is likely to stop most, if not all pathogens. Ricci and co-workers (Keller
et al., 1999) have successfully shown this ‘avirulence gene strategy’ to work in tobacco.
The key issue in this strategy is the tight regulation of the pathogen-inducible
promoter. The hypersensitive response includes local cell death and a large array of
defense responses. Any leakiness of the promoter will cause detrimental effects to plant
growth and yield. Keller et al. (1999) have created transgenic tobacco plants with no
indications of inadvertent triggering of the hypersensitive response, at least under
greenhouse conditions. Conditions during growth on the field might be more variable,
making the tight regulation of promoter activity even more difficult. However, with the
possibilities to do genome-wide transcriptional profiling, it should be possible to find
promoters satisfying these criteria.
Alternatively, a mix-and-match approach has been shown to improve the specificity
and response of pathogen-inducible promoters (Rushton et al., 2002); this should also
help solve the hurdle of specifically responding promoters.
Interestingly, the results of Keller et al. (1999) show that the approach works not only
against biotrophic fungi (which are known to be stopped efficiently by HR) but also
against the true necrotroph, Botrytis cinerea, the cause of gray mould on various
economically important crops. This is surprising, since Govrin and Levine (2000) had
shown that in Arabidopsis an induced hypersensitive response facilitates rather than
inhibits infection by this pathogen. Whether the findings of Keller et al. or those of
Govrin and Levine are the exception to the rule still remains to be determined. When,
indeed, a hypersensitive response would contribute to infection by necrotrophic
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pathogens, it will be crucial to identify pathogen-inducible promoters that do not respond
to this class of pathogens.
This approach should be one of the most likely candidates to get products to the
market, which have a broad-spectrum disease resistance.
Most modern barley cultivars contain a specific allele of the Mlo gene, making them
stably and durably resistant to powdery mildew, one of the major pathogens of barley.
This specific allele of Mlo was bred in conventionally. Interestingly, several alleles of Mlo
cause a race-unspecific type of resistance, protecting against all known isolates of
powdery mildew. The best functioning Mlo alleles were found to encode a mutant or
truncated form of a novel protein, which causes a ‘hair-trigger’ HR response upon
powdery mildew infection. Interestingly, the resistance is specific for powdery mildew.
Barley lines having the mutant Mlo gene are as susceptible to other pathogens as barley
lines having the fully functional Mlo gene. In fact, the mutation may make barley slightly
more susceptible to another pathogen, Magneporthe grisea (Jarosch et al., 1999), which
does not cause any significant economic damage in barley. This is a clear example where
shifting the balance in resistance between pathogens is acceptable.
The fact that such a hair-trigger HR may cause durable and high-level resistance to
all accessions of an important pathogen makes an exciting finding. Unfortunately,
very little is known about the molecular mechanisms, and especially whether it is
possible to transfer or recreate such a resistance in other plant species. Powdery mildew
is one of the major pathogens of many economically important crops, and therefore this
research has a very significant potential. Because of the poor knowledge on this effect,
however, it is unlikely to provide approaches to engineer fungal resistance in the short
term.

Inhibition of Cell Death
Necrotrophic pathogens cause cell death in their hosts immediately upon infection.
However, in many cases it is not completely understood how cell death is induced in the
hosts and a multitude of toxic molecules is used (Walton, 1996). It is increasingly becoming
clear that fungal toxins induce an apoptotic program in their hosts (Jones et al., 2001; Wang
et al., 1996). Dickman et al. (2001) and Lincoln et al. (2002) have overexpressed
anti-apoptotic proteins successfully to make plants resistant against these toxins. They
observed not only toxin resistance, but also increased resistance to the necrotrophic
pathogens.
Unfortunately, this approach suffers from serious side effects. It has become apparent
that an efficient apoptotic program is essential for the functioning of plant R genes.
Interference with apoptosis leads to an incomplete hypersensitive response, thereby allowing
biotrophic pathogens, also the ones to which a plant has the R genes, to infect (Matsumura
et al., 2003). Furthermore, plant development processes also rely on apoptosis. Structure
formation is highly dependent on well-functioning apoptotic machinery, and interference can
lead to serious defects in development (Lam, 2004).
For the success of this approach, necrotrophic pathogen-specific induction of expression is required. Whether that induction can ever be fast enough is a serious question. It
will not be easy to use this anti-apoptotic processes in engineering resistance.
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Interference with Pathogenesis
Most fungal (and bacterial) pathogens bring a diverse set of enzymes, proteins and
metabolites for the process of infecting plants. Because it is such a complex mixture, it has
been found that many single components are dispensable for infection (e.g. Schafer, 1993).
However, it is safe to assume these compounds contribute to pathogenicity in some way.
Interestingly, some compounds appear to be essential pathogenicity factors. Loss of
such compounds makes pathogens unable to infect their hosts or complete their life cycle
(Daub and Ehrenshaft, 2000; Johal and Briggs, 1992; Proctor et al., 1995; Tanaka et al.,
1999). When these factors are secreted from the fungus (to modulate host responses), a
good opportunity may exist to design strategies to neutralize or inactivate these
compounds. For example, the necrotrophic fungus, Sclerotinia sclerotiorum, synthesizes
oxalic acid upon plant infection. This compound is a clear pathogenicity factor for
Sclerotinia. Mutants that have lost the ability to synthesize oxalic acid are invariably nonpathogenic, and revertants that regain the ability to make this compound also recover
their virulence (Cessna et al., 2000). Oxalic acid may bind cell-wall-associated calcium
needed to degrade plant cell wall structures, enabling the fungus to colonize the plant, but
it was recently also found to inhibit the onset of plant defense (Cessna et al., 2000). The
dependence of the fungus on oxalic acid can be used to engineer efficient resistance
(Hartman et al., 1992; Hu et al., 2003).
Barley and wheat oxalic acid oxidase breaks down oxalic acid into carbon dioxide and
hydrogen peroxide, which disable the main fungal pathogenicity factor. The formed
hydrogen peroxide is a plant signal molecule, inducing a plant defense pathway. Thus,
oxalic acid oxidase serves a dual role: it disables fungal pathogenicity and, with the
breakdown product, it boosts plant defense (Hu et al., 2003).
Similarly, the pathogen F. graminearum, which causes ear or head scab in wheat, has
such a crucial pathogenicity factor. The fungal mycotoxin, deoxynivalenol (DON), plays a
key role in plant infection and also poses a very significant health concern to humans and
animals. Engineering wheat to contain an enzyme that converts DON to a non-active form
has helped create wheat plants with significant resistance to this fungus (Okubara et al.,
2002). Syngenta indicate on their website that launch of a Fusarium-resistant wheat
might be as early as 2007. A similar approach in maize against F. moniliforme, targeting the
important mycotoxin, fumonisin, has been worked on by Pioneer-DuPont (Duvick, 2001).
The identification of other such essential pathogenicity factors is prompting strategies
to counteract or interfere with their functions (Laugé et al., 1998). It must be added,
however, that the currently available knowledge of the molecules involved in pathogenicity represents only the tip of the iceberg, and for many fungi, even those of significant
economic importance, the molecular basis of pathogenicity is poorly understood. With
ongoing genomic sequencing of microbes and fungi, and possibilities to do functional
genomics in pathogens, this approach might well become the most preferred strategy to
deal with necrotrophic fungi.

Conclusions
Engineering resistance to diseases has taken much more time than engineering resistance
to insects. Whereas a significant proportion of crops grown today have been engineered
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to express insect resistance (through the use of Bt insect toxin genes), no commercial
transgenic product with enhanced disease resistance is available currently. Several
attempts to engineer resistance have succeeded and are being developed into products
(Duvick, 2001; Hu et al., 2003; Okubara et al., 2002), but rather poor knowledge of the
molecular components in plant–fungus interactions is still holding back efficient product
development.
Also, the studies of plant defense pathways and of the regulation of cell death and
apoptosis have clearly shown interesting aspects. Plants carefully balance different
defense pathways and keep a strict control over cell death and cell survival, in order
to maximize resistance to pathogens. Improving any aspect of this defense to some
pathogens impairs resistance to others.
The most promising strategies, therefore, in my opinion, are those that do not interfere
with these tight controls. For (hemi)-biotrophic fungi, the approaches to use stacks of
carefully chosen R genes, either from the host itself or from non-host plant species, is
likely to be a preferred approach. The presence of a few extra R genes, on the massive
amounts that plant cells already have (Monosi et al., 2004), will probably not interfere
with resistance to non-target pathogens. The identification of the R genes and
the preferred combination of them will still take time. Therefore, no product will be
delivered to the market shortly, within the next 5 years.
Alternatively, plants containing avirulence gene constructs might be developed. This is
clearly an approach with a higher risk, but with the potential of broad pathogen
resistance. The tight control of the expression of the trait needed in the field is still an
issue, though. Therefore, this approach may deliver products later.
For necrotrophic fungi, the most promising approach is based on inactivation of
essential pathogenicity factors. We know very few essential pathogenicity factors, but
where identified, approaches for inactivation or breakdown can be developed. As
indicated above, this approach is underlying some of the most developed products in
the pipeline.
With increased public concerns about mycotoxins in food crops, there is a clear need
for alternative or additional control strategies, which may include biotechnology. Many
of the approaches mentioned could provide a high level of protection, comparable to
what might be achieved today with fungicides, and provide durable resistance as well.
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Allergenicity—What is It?
Antibodies (also known as immunoglobulins; Ig) are produced by the body as part of the
humoral immune responses that defend the body against infections. In general, antibodies
are developed toward macromolecules, which must have a mass of Mr at least 4000–5000
in order to stimulate antibody production. The effectiveness with which a given molecule
can do this is known as its immunogenicity. One particular kind of antibody, known as
IgE, is generated as part of the normal immune reaction to parasitic infections, such as
malaria. However, under certain circumstances predisposed individuals can develop IgE
responses to macromolecules (usually proteins) present in environmental agents, such as
pollen, dusts and foods. In such cases the macromolecules recognized by the IgE are
known as allergens. IgE can bind to the surface of certain cells, such as basophils or mast
cells, which contain granules of preformed inflammatory mediators, including histamine.
When a multi-valent allergen encounters such cells, it can cross-link the cellular-bound
IgE, an event which causes the cells to release their mediators. These mediators then go
on to cause the physiological changes which manifest themselves as an allergic reaction.
Allergic symptoms are quite diverse in nature, and can include respiratory (wheezing,
shortness of breath), skin (rashes such as hives, eczema and atopic dermatitis) and
gastrointestinal (vomiting, diarrhea) reactions, alone or in various combinations. In some
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cases systemic reactions can be severe, even life-threatening, with the most severe being
anaphylaxis.
IgE-mediated reactions generally occur quite rapidly following exposure to an allergen
and have been classically defined as type I hypersensitivity reactions. They are quite
distinct from food intolerances, which may take much longer (even days) to manifest
themselves and do not necessarily have an immunological basis. Thus, lactose intolerance is a food intolerance, which actually results from the loss of a digestive enzyme
meaning that individuals cannot consume cows’ milk and some derived products. In
contrast, the gluten intolerance syndrome known as coeliac disease is thought to involve a
cellular-based immune reaction, but without the development of an IgE-mediated
response, to wheat gluten proteins. Although the gluten proteins which trigger coeliac
disease are not IgE-binding proteins, some workers refer to them as allergens, and they are
treated as such in the FAO-WHO Codex Alimentarius Commission Food Labeling (FAOWHO, 1999).
IgE-mediated food allergies fall into two distinct types. The first is foods which are
thought to sensitize individuals via the gastrointestinal tract and can often result in severe
symptoms, including anaphylaxis. Second, several types of allergy to fresh fruits and
vegetables develop as a consequence of individuals first developing inhalant allergies to
agents such as pollen and latex. These have been called cross-reactive allergy syndromes
because of the high levels of homology between the sensitizing allergens found in pollen
and latex and allergens in foods such as apples, peaches, pears and celery. This similarity
means that IgE developed to pollen can bind homologous allergens in plant foods.
Consequently, consumption of fresh fruits can often trigger allergic reactions in
individuals sensitized to pollen. Severe reactions can occur but generally the symptoms
triggered in cross-reactive allergy syndromes are much milder (often being confined to
the oral cavity) than in foods believed to sensitize via the oral route. This has led to
pollen-fruit/vegetable allergies being associated with oral allergy syndrome (OAS).
Of the foods classically described as causing the majority of food allergies, four
originate from plants: peanuts, tree nuts, wheat and soy (Bush and Hefle, 1996). The
present paper summarizes the relationships, structures and properties of the plant food
allergens involved in these two types of allergy and discusses the approaches being used
to identify potential allergens, an important part of identifying and managing allergenic
risks posed by novel foods. Finally, we also discuss the potential applications of GM
technology in removing allergenic proteins from plant food tissues.

Known Plant Food Allergens
Allergen Nomenclature
An official list of allergens is compiled by the World Health Organization and the
International Union of Immunological Societies, designated by the Allergen Nomenclature subcommittee (Hoffmann et al., 1994; Larson and Lowenstein, 1996). Allergens
included in this listing must induce IgE-mediated allergy in humans with a prevalence of
IgE reactivity above 5 %. However, many other IgE-binding proteins have also been
identified in the literature which do not comply with this rigorous definition but are
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commonly known as allergens. An allergen is termed ‘major’ if it is recognized by IgE
from at least 50 % of a group of allergic individuals but this is not related to allergenic
potency. Other allergens are termed ‘minor’. Allergens from the same species with
greater than 67 % sequence identity are defined as iso-allergens. The allergen designation
itself is based on the Latin name of the species from which it originates, being composed
of the first three letters of the genus, followed by the first letter of the species finishing
with an Arabic number. Thus, for example, Jug r 1 relates to an allergen from Juglans
regia (walnut).
Classification of Plant Food Allergens
Most of the major allergens in the main allergenic foods have now been identified and
sequenced, providing information which has allowed the structural and evolutionary
relationships of plant food allergens to be considered (Breinteneder and Ebner, 2000;
Breinteneder and Redauer, 2004; Mills et al., 2003, 2004a). It is now becoming evident
that the vast majority of plant food allergens that sensitize via the gastro-intestinal tract
belong to only two major plant protein superfamilies, the prolamin and cupin superfamilies, with others such as the cysteine protease family being less prevalent. In contrast,
inhalant allergens that can trigger food allergies are more diverse in nature and belong
to a larger number of protein families, although they are dominated by one family, which
is known as the Bet v 1 family based on the major inhalant allergen in birch pollen.
Many plant food allergens can also be defined as ‘pathogenesis–related’ (PR) proteins,
being expressed as part of a defense response following infection by microbes and fungi
or in response to abiotic stress (van Loon and van Strien, 1999). Currently 17 different
classes of PR proteins have been defined, with known food allergens belonging to seven
of these (Hoffmann-Sommergruber, 2002). The relationship between allergenic potential
and PR family membership is intriguing, and while no molecular basis for this has been
defined, many PR allergens are small proteins which are resistant to denaturation at low
pH and proteolysis in vitro (Hoffman-Sommergruber, 2002).
A summary of the three main allergen families: the prolamin and cupin superfamilies
that sensitize via the gastrointestinal tract and the Bet v 1 family, together with a broad
overview of the many other plant food allergens identified till date, is given below.
The Prolamin Superfamily
Members of the prolamin superfamily, originally defined by Kreis et al. (1985), share a
characteristic framework of cysteine residues, containing Cys Cys and Cys X Cys motifs,
where X represents any other residue. Subfamilies within this superfamily include the
alcohol-soluble (prolamin) storage proteins of cereals, the 2S storage albumins, nonspecific lipid transfer proteins (nsLTP) and cereal inhibitors of -amylase and/or trypsin,
all but the nsLTPs being restricted to seeds. The conservation of structure extends to the
protein fold, at least for the 2S albumins, nsLTP and -amylase/trypsin inhibitors, which
all share a related fold consisting of bundles of four -helices stabilized by disulphide
bonds. In the prolamin storage proteins this structural motif and the conserved cysteine
skeleton has been disrupted by the insertion of a repetitive domain comprising short
motifs rich in proline and glutamine.
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Seed storage prolamins. While generally associated with triggering the food intolerance
syndrome, coeliac disease, the seed storage prolamins of cereals have also been found to
trigger allergies to cereals, both by ingestion and through inhalation (Bakers’ asthma).
Wheat can cause atopic dermatitis (Varjonen et al., 1995, 2000) and a condition known as
exercise-induced anaphylaxis (EIA) (Varjonen et al., 1997). The latter is a severe allergic
reaction that certain patients experience only when taking exercise following consumption of a problem food. Several allergens have been described as triggering such
reactions, including a - and an -gliadin (Palosuo et al., 1999, 2001a) and an o5gliadin (Palosuo et al., 2001b). Other prolamin storage proteins have been identified as
major cereal allergens, including both the polymeric HMW and LMW subunits of
glutenin, as well as the monomeric - and -gliadins (Maruyama et al., 1998; Simonato
et al., 2001b; Tanabe et al., 1996; Watanabe et al., 1995). Cooking appears to affect the
type of symptoms observed, (Guenard-Bilbault, Kanny and Moneret-Vautrin, 1999) and
recent studies have indicated that baking may be essential for allergenicity of cereal
prolamins (Simonato et al., 2001a).
2S storage albumins. These proteins are abundant in the seeds of many plant species and
have been identified as major allergens in a number of plant foods including peanut (Ara
h 2, 6, 7; Burks et al., 1992b, Kleber et al., 1999), oriental and yellow mustards (Bra j 1,
Sin a 1; Menedez-Arias et al., 1988; Monsalve et al., 1993), oilseed rape (the napin, Bra
n 1), castor bean (Ric c 1, 3), walnut (Jug r 1), sesame (Ses i 1; Pastorello et al., 2001b
and Ses i 2; Beyer et al., 2002a), Brazil nut (Ber e 1; Pastorello et al., 1998b), almond
(Poltronieri et al., 2002) and sunflower (Kelly, Hlywka and Hefle, 2000). It has also been
reported that the 2S albumins of soy (Shibasaki et al., 1980) and chickpea (Vioque et al.,
1999) are allergens.
nsLTPs. The nsLTPs are distributed even more widely in plants than 2S albumins, with
over 100 sequences being available from a variety of plant organs including seeds, fruit
and vegetative tissues. Major allergens have been identified in many Rosacea fruits
including peach (Pru p 3, initially named Pru p 1; Pastorello et al., 1999a), apple (Mal d
3; Pastorello, 1999c; Sanchez-Monge et al., 1999), apricot (Pruarl; Pastorello et al.,
2000a) and cherry (Pru av 3; Scheurer et al., 2001) as well as a variety of other fruits, nuts
and seeds such as grape (Pastorello et al., 2003), hazelnut (Pastorello et al., 2002), maize
(Zea m 14; Pastorello et al., 2000b) and asparagus (Diaz-Perales et al., 2002). This
distribution has led to the family being termed as ‘pan-allergens’ (Sanchez-Monge et al.,
1999). Like the 2S albumins, nsLTPs can sensitize by both inhalation and/or the oral
route, since they are present in pollen and dusts as well as in foods. An individual has
been reported with an occupational allergy to spelt (a type of wheat) who experienced
symptoms on consuming a variety of fruits and where the major allergen was a nsLTP,
indicating some true IgE cross-reactivity (Pastorello et al., 2001a). nsLTPs have also
been identified as pollen allergens (Duro et al., 1996; Tejera et al., 1999) but as yet there
is no clear evidence of a link between sensitization to pollen nsLTP and subsequent
development of allergy to fruit.
Cereal -amylase inhibitors. These proteins can also sensitize individuals via the lungs
by inhalation of dusts and are responsible for occupational allergies such as Bakers’
asthma (wheat, barley and rye) as well as via the gastrointestinal tract (wheat, barley and
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rice). A single Mr 15 000 subunit of wheat has been identified as a food allergen (James
et al., 1997) while a second wheat inhibitor, termed CM3, has been identified as an
allergen triggering atopic dermatitis (Kusaba-Nakayama, et al., 2000). An Mr 16 000 beer
allergen has also been described, which originates from barley and appears to belong to
the -amylase inhibitor family (Curioni et al., 1999) together with an Mr 16 000 allergen
in maize (Pastorello et al., 2000b). Other well-characterized allergenic inhibitors occur
in rice with Mr s of about 14 000–16 000. In particular an Mr 16 000 subunit termed
RA 17, having been identified (Nakase et al., 1996).
The Cupin Superfamily
The name ‘cupin’ is derived from the Latin for a small barrel or cask (Dunwell, Purvis
and Khuri, 2004), and refers to the common basic -barrel structure of these proteins,
which has been duplicated in certain proteins (bicupins), such as the 7S and 11S globulin
seed storage proteins. Although the subunits of the two types of globulin have no obvious
sequence similarity, they do have remarkably similar three-dimensional structures
(Adachi et al., 2001). Major allergens include the 7S and 11S globulins of legumes
including soybean (Burks, Brooks and Sampson, 1988; Helm et al., 2000), peanut (Ara
h 1 and Ara h 3; Burks et al., 1991, 1992a), one of the subunits of the proteolytically
processed 7S globulin of lentil (Lopez-Torrejon et al., 2003; Sanchez-Monge et al., 2000)
and the 7S globulin of pea (Wensing et al., 2003). In addition, a number of allergenic
globulins have been identified in tree nuts, including the 7S globulins of walnut (Jug r 2)
(Teuber et al., 1999), sesame (Beyer et al., 2002a), cashew nut (Ana c 1) (Wang et al.,
2002) and hazelnut (Beyer et al., 2002b). 11S globulins have been reported to be
allergenic in almond (also known as almond major protein, AMP) (Roux et al., 2001) and
are probable allergens in coconut and walnut (Teuber and Petersen, 1999). There is also
an indication that at least one member of the germin subfamily of cupins, namely from
bell pepper, is an allergen (Leitner et al., 1998).
Other Allergens
A number of other plant food allergens, many considered minor allergens, are scattered
across a wide range of protein families. These include two members of the C1 protease
superfamily, the major allergen from kiwi fruit, actinidin (Act c 1) (Fahlbusch et al.,
1998; Möller et al., 1997; Pastorello et al., 1998a) and a major allergen involved in
soybean-induced atopic dermatitis (Ogawa et al., 1993) known variously as Gly m Bd
30K, Gly m 1 or P34. The latter protein does not exhibit protease activity as the active
site cysteine residue has been replaced with a glycine (Kalinski et al., 1990). Another
minor plant food allergen family is the Kunitz protease inhibitors, which have been
identified as allergens in soybean (Moroz and Yang, 1980; Herian et al., 1980; Burks
et al., 1994) and potato (Seppala et al., 2001). The peanut lectin, aglutinnin, has also been
identified as a minor allergen in peanut (Burks et al., 1994).
Cross-Reactive Food Allergens
Bet v 1 family. The major birch pollen allergen, Bet v 1, is related to a class of putative
plant defense proteins (PR10). Sensitization to Bet v 1 in birch pollen often results in
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cross-reactive allergies triggered by homologs in fruit (including Mal d 1 of apple and
Pru av 1 of cherry), vegetables (including Api g 1 of celery and Dau c 1 of carrot) and
seeds (such as Gly m 4, formerly known as SAM22, from soy). Although the biological
role of PR10 proteins has not been established, they are presumed to be defensive
(Hoffman-Sommergruber, 2002). The published 3-D structure of the birch pollen allergen
Bet v 1 (Gajhede et al., 1996) shows that it folds into a single domain formed by a single
twisted seven-stranded anti-parallel -sheet and three -helices. A tunnel is present in the
center of the molecule which can bind either two molecules of deoxycholine or plant
steroids, such as brasinolides, which may be part of the physiological function of Bet v 1
in plants (Markovic-Housley et al., 2003).
The IgE cross-reactivity observed across the Bet v 1 family members from various
plant species and plant tissues is a direct consequence of their high level of sequence
similarity (Hofmann-Sommergruber et al., 1999a; Kleine-Tebbe et al., 2002; Mittag
et al., 2004). Thus, apple Mal d 1b has 56 % of identical residues relative to Bet v 1,
while soybean Gly m 4 has 47 %, celery Api g 1.0201 has 38 % and carrot Dau c 1
has 36 %. While the majority of birch pollen allergic patients suffer allergic reactions
to apple, only 14 % react to celery (Jankiewicz et al., 1997). This is because Api g 1
binds to only a fraction of the spectrum of the anti-Bet v 1 IgE antibodies (Bohle et al.,
2003).
Other cross-reactive allergens. A second major group of pollen allergens involved in
cross-reactive allergies are the profilins, a group of soluble proteins which bind to the
actin cytoskeleton of cells (Redauer and Hoffman-Sommergruber, 2003). Sensitization to
this protein in birch pollen (known as Bet v 2) results in IgE responses, which show
cross-reactivity with homologs in a wide range of fresh fruits and vegetables, including
apples (Mal d 4, van Ree et al., 1995) and celery (Redauer and Hoffman-Sommergruber,
2003; Api g 4, Scheurer et al., 2000). However, profilins are often considered minor
allergens and while they can bind IgE, there is some debate as to their ability to actually
trigger allergic symptoms, as indicated by a recent study of pollen allergic subjects with
14 derived plant foods (Wensing et al., 2002).
Thaumatin-like protein allergens have been identified in fruits such as cherry (Pru av 2,
Inschlag et al., 1998), apple (Mal d 2, Krebitz et al., 2003), and kiwi fruit (GavrovicJankulovic et al., 2002). These are small, highly disulphide-bonded proteins (with eight
intermolecular disulphide bonds) involved in the protection of plants against pathogens.
Few pollen analogs have been identified and it is currently an open question as to whether
they may be involved in oral sensitization to fruits and vegetables, or involved in crossreactive allergy syndromes, possibly as a result of their being glycosylated (Breiteneder,
2004).
Inhalation of two other PR-type proteins from latex can also result in dietary allergies
to foods such as avocado, chestnut, banana, fig and kiwi (Sanchez-Monge et al., 2004).
One important group of latex allergens involved in these allergy syndromes is the class I
chitinases, the IgE cross-reactivity resulting from a common hevein-like domain (DiazPerales et al., 2002; Posch et al., 1999) which has a high level of homology across
plant species. Another allergen involved is the PR-2 family member Hev b 2, a protein
with 1,3-glucanase activity. However, the protein is glycosylated and it has been
suggested that the observed IgE reactivity may result from cross-reactive carbohydrate
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determinants, which are not usually able to trigger full allergic reactions (Yagami et al.,
2002).

Identifying Potential Allergens in Foods
An assessment relating to potential allergenicity has to be made as part of the safety
assessment of any novel food (including genetically modified organisms (GMOs)).
However, this is not a straightforward process because we do not have a complete
understanding of what makes some people become allergic and not others, and what
makes some foods, such as peanuts, more allergenic than foods such as peas. It is also
limited by the lack of adequate animal models for studying food allergenicity (Penniks
and Knippels, 2001). Initially decision-tree approaches were proposed to facilitate this
assessment, first by ILSI in conjunction with the Food Biotechnology Council in 1996
(Metcalf 1996; Figure 3.1.1a), which was followed by a revised version proposed by a
joint FAO/WHO Expert Consultation on Foods Derived from Biotechnology (WHOFAO, 2001; Figure 3.1.1b). However, in 2002, the third session of the FAO-WHO Codex
Alimentarius Commission Ad Hoc Intergovernmental task force on Foods Derived from
Biotechnology (ALINORM 03/34) decided not to elaborate the decision tree approach.
Instead they recommended that the risk assessment process should adopt an integrated
step-wise, case-by-case approach which, since no single criterion is sufficiently predictive of allergenicity, could then take account of information of several types. This
includes characterizing the relationships between novel proteins and known allergens,
and using bioinformatics tools and information regarding IgE cross-reactivity defined
using patient allergic sera to provide information on the potential of novel proteins to
elicit an allergic reaction in an individual who is already sensitized to another agent (e.g.
birch pollen). These are complimented by in vitro measures of protein digestibility which
relate to both elicitation and sensitization, together with information on in vivo
sensitization using animal models, which for all their limitations are the best tools
currently available.
Bioinformatic Approaches to Determining Similarity Between Novel Proteins
and Known Allergens
In silico methods are very useful for giving a quantitative indication as to the similarity of
a novel protein to a known allergen. The sequences of more than 100 different food
allergens have now been published, corresponding to 70–80 % of the identified food
allergens and, when isoallergens are included, the number of reported sequences rises to
over 200. Bioinformatic approaches require the assembly of such allergen sequences into
appropriate databases. Unfortunately the term ‘allergen’ is used loosely in databases such
as ExPASy (www.expast.org) and is largely dependent on the information supplied by
those submitting sequences. Thus, many proteins sequenced 20 years ago are now known
to be allergens but do not include the term allergen in their description. In contrast
allergen has been included in the description of other proteins simply because of their
homology to known allergens, despite a lack of data on clinical reactivity. It is therefore
difficult to extract a set of allergen sequences from the general sequence databases
(Gendel, 2002). As a consequence, curated lists and databases of allergen sequences have
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Figure 3.1.1 Decision tree approaches for allergenic risk assessment proposed by ILSI in
conjunction with the Food Biotechnology Council (a) and the joint FAO/WHO Expert
Consultation on Foods Derived from Biotechnology (b) Based on ILSI, 1996 and FAOWHO, 2001.

been compiled with a clear definition as to their allergenicity, and include that developed
by the Allergen Nomenclature Committee (http://www.allergen.org/), that maintained at
the US FDA (http://www.iit.edu/sgendel/foodallr.htm; Gendel, 1998), the Food Allergy
Research and Resource Program (FARRP) at the University of Nebraska (http://
www.allergenonline.com; Hileman et al., 2002) and the SDAP site which contains a
database of allergen sequences and information on IgE epitopes (http://fermi.utmb.edu/
SDAP; Ivanciuc et al., 2003).
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Such databases form a starting point for analyzing similarities between novel food
proteins and known allergens. The FAO/WHO Expert Consultation on Foods Derived
from Biotechnology (FAO-WHO, 2001) considered that a novel protein would exhibit
IgE cross-reactivity with a known allergen if it shared either 35 % sequence identity
within a window of 80 amino acids (determined using a suitable gap penalty) or an
identical stretch of six contiguous amino acids, such matches then being verified using
allergic sera. This is based on our current knowledge of the size of B-cell and T-cell
epitopes, features which are known to be important in developing humoral immune
responses (Becker and Reese, 2001; Metcalfe et al., 1996). However, using default values
in alignment programs designed to detect evolutionary relationships may not identify the
short identical sequences postulated to result in cross-reactivity, which may be addressed
by only scoring identities and ignoring the statistical significance of the alignment
(Gendel, 2002).
While pair-wise screening for sequence homology is very effective at identifying
proteins which belong to families with highly conserved sequences, such as the Bet v 1
family of pollen allergens, it is less effective when levels of sequence identity drop below
40 %. Large numbers of false positive allergens are identified using this approach, with
41 of 50 maize proteins being identified as potential allergens using a peptide length of
six residues. Furthermore, even when the peptide length was increased to eight amino
acids it falsely predicted seven of 50 maize proteins as allergens (Hileman et al., 2002).
More satisfactory results were obtained using the FASTA algorithm, which identified
nine maize proteins with >35 % identity over 80 amino acids and only six which were
similar over the length of the proteins.
Other computational methods are being developed to ‘predict’ allergenicity. Recently a
method based on a computerized learning system was developed. This extracts features
from sequence alignments produced using FASTA3 and the k-Nearest-Neighbor (kNN)
algorithm and can correctly classify about 81 % of allergens and 98 % of non-allergens
(Soeria-Atmadja et al., 2004; Zorzet, Gustafsson and Hammerling, 2002). Sequence
motifs representing allergens have also been identified using an interactive motif
discovery approach (Stadler and Stadler, 2003). While this process did not use a curated
database of authenticated allergen sequences, it identified 52 allergen motifs and proved
to be around 20 times more precise than the approach described in the FAO-WHO
recommendations when used to scan query sequences. Finally, the SDAP online database
and associated tools have been assembled in order to identify whether a query sequence
matches any known IgE epitopes. Using, among others, the thaumatin-like PR5 protein
allergens from cedar pollen (Jun a 3), Ivanciuc et al., 2003 searched for potential crossreactive IgE in proteins within their allergen sequence database and identified several
candidates including homologs from cherry (Pru av 2), bell-pepper (Cap a 1) and apple
(Mal d 2).
Stability of Potential Allergens to Digestion
One of the common properties identified for many allergenic proteins is their resistance
to digestion by proteases such as pepsin, when compared with non-allergenic proteins. As
peptides require a molecular weight of Mr greater than 3000 in order to stimulate an
immune response, large stable fragments, as well as intact proteins, have the potential to
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act as sensitizers. Consequently, resistance to pepsin digestion has become enshrined in
the approaches for assessing the allergenic potential of novel proteins.
In an early study of pepsin resistance, a number of allergenic proteins tested remained
either undigested or gave stable fragments, which persisted for 8–60 min (depending
upon the allergen), while the non-allergens were completely digested after less than 15 s
(Astwood, Leach and Fuchs, 1996). However, subsequent studies using a larger number
of plant proteins, including a number involved in metabolic processes with no history of
food allergenicity, have thrown doubt on the usefulness of pepsin resistance for
predicting allergenicity. IgE cross-reactive allergens present in protein extracts of
latex, avocado, kiwi fruit and banana together with the main allergens associated with
OAS in melon and peach have, in general, been shown to be broken down rapidly by
pepsin, with the potato allergens being more stable (Yagami et al., 2000). An extensive
study of 22 allergens and 16 non-allergens showed that 12/22 compared with 8/16 nonallergens were degraded almost instantly, while 5/22 allergens and 3/16 non-allergens
were broken down very rapidly (Fu, Abbott and Hatzos, 2002). Both groups of proteins
were more stable to simulated intestinal fluid containing pancreatin, a mixture of
pancreatic enzymes, with only 2/22 allergens compared with 3/16 non-allergens being
broken down instantly, and 5/22 allergens and 3/16 non-allergens being degraded rapidly.
However, the apparent stability of a protein can be very dependent on the experimental
conditions employed. The results are strongly dependent on the substrate:protease ratio,
and the same protein can be shown to be either stable or labile to pepsin (Fu et al., 2002).
The pepsin digestion protocols that have been employed typically involve pepsin:substrate ratios in the range 1:5–1:10, which are probably far in excess of those found
physiologically. Furthermore, they do not account for the pH titrations that occur in vivo
nor do they contain phospholipids and other enzymes, such as gastric lipase found in the
human stomach. Thus, the simulated intestinal fluid used by Fu et al. (2002) neither
contained bile salts nor involved prior digestion of the proteins by pepsin, as is the case in
vivo, where proteins first experience the low pH conditions of the stomach before
entering the small intestine. More mobile regions of a protein are known to be more
accessible to proteases such as pepsin, which has a preference for attacking peptide bonds
in more mobile, flexible segments (Dunn and Hung, 2000). It therefore seems that rather
than indicating the potential for a protein to be resistant to digestion in vivo in humans,
the simulated digestion systems reported to date probably act more as bioassays of
intrinsic protein stability.
Sensitization in pollen-fruit and latex-fruit cross-reactive allergy syndromes is thought
to occur via inhalation, with reactions to fruits tending to be confined to the oral cavity. In
such instances stability to digestion may not be a relevant property. This is also supported
by the fact that nsLTP allergens from a wide range of plant species, which are resistant to
pepsinolysis (Asero et al., 2000) and able to cause systemic symptoms, are thought to
sensitize via the GI tract.
IgE Reactivity and Sensitization Potential of Proteins
The methods for assessing cross-reactivity using human allergic sera are straightforward,
although there are ethical issues regarding the development of serum banks on which
such studies rely, together with the unequivocal diagnosis of food allergy in those
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individuals contributing sera. Cross-reactivity studies using suitable antibody preparations from experimental animal sources can also be used to substantiate the potential for
cross-reactivity. The WHO/FAO decision tree recommends that combinations of allergic
sera from both food and inhalant (e.g. pollen) are used, which in the case of GMOs for
food use encompass allergies to both monocotyledonous and dicotyledonous plant
species.
Measures of sensitizing potential rely on animal models, the choice of animal species
and strain being important. Dogs have been found to be more amenable to oral
sensitization than small mammals (Ermel et al., 1997), but require larger doses.
Furthermore, the extensive use of dogs in such toxicological assessments is not well
accepted in some societies. Small mammals such as mice (using the high-IgE responder
strain Balb/c), rats (especially the Brown Norway strain) and, to a more limited extent,
guinea pigs (Dearman et al., 2001; Penninks and Knippels, 2001) are generally more
favored. However, these require the use of adjuvants (such as cholera toxin or
polysaccharides such as carageenan) in conjunction with oral dosing or a combination
of both oral and intraperitoneal exposure in order to generate an IgE response (Penninks
and Knippels, 2001). Another approach has been simply to determine the inherent
sensitizing potential of a protein independently of the effects of the GI tract using
parenteral administration (Dearman et al., 2001). While there are indications that not all
proteins behave in a similar fashion in stimulating IgE and IgG responses in experimental
animals, the predictive value of such behavior in identifying potential allergens is
still debated.
Practical Application of Allergenic Risk Assessment
There have been several reported trials of the allergenic risk assessment process
including an ice structuring protein (ISP) from an arctic fish, ocean pout (Baderschneider
et al., 2002; Bindeslev-Jensen et al., 2003), and an analysis of the Micronesian Nangai
nut which, because it has no previous history of consumption in the EU, would be
considered as a novel food (Sten et al., 2002). Using the decision tree approach proposed
in the FAO-WHO 2001 consultation, an in silico analysis was first performed which
showed a complete absence of any sequence similarity between ISP type III isofom
HPLC12 and any known allergen, with 515 exact matches being found with unrelated
proteins when using hexamers for searching. Most of the exact matches found using
seven contiguous amino acids for searching were with other ISPs (Baderschneider et al.,
2003). The ISP was also broken down by pepsin with a half life of <28 min, the products
of digestion having Mr of 500–2000, with some evidence of minor components with Mr of
<4000 as determined by HPLC electrospray mass spectrometry. The main digestion
product was found to have an Mr about 1276. Further analysis of the ISP showed a lack of
IgE reactivity by immunoassay using allergic sera from individuals with codfish allergy,
proven by oral challenge, and an inability to trigger histamine release from basophils in
three of the cod allergic subjects (Bindeslev-Jensen, et al., 2003). As a result, it was
concluded that the ISP was safe for those who already had fish allergy and showed that
the FAO-WHO 2001 approach was practicable.
In the case of the Nangai nut, IgE binding studies aimed at identifying potential crossreactive allergies using sera from individuals with three commonly occurring allergies to
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pollen (mugwort, grass and birch) were undertaken (Sten et al., 2002). Most (9/11) of the
individuals showing positive IgE binding to Nangai nut were allergic to all three pollens,
and in some instances Nangai nut extracts also stimulated histamine release and positive
skin prick tests in some pollen allergic individuals. However, when oral challenges were
performed in 12 individuals showing IgE reactivity to the nut extracts in vitro, two
individuals showed a positive open challenge which could not be confirmed when a
double blind placebo-controlled food challenge, the ‘gold standard’ of allergy diagnosis,
was performed.
An extensive comparison of the allergenic properties of wild-type and glyphosatetolerant GM soya has also been described, which utilized a combination of in vitro
analysis of IgE binding, skin prick testing and histamine release together with food
challenge (Sten et al., 2004). Due to problems in identifying genuinely soy allergic
individuals the study made use of the fact that many people with peanut allergy have IgE
to soy, although they can usually tolerate consumption of soy. This comprehensive
analysis showed no differences in the allergenic potency of GM and wild-type soy.

Application of GM Technology to Plant Allergens
Although there is some concern that GM technology will result in the introduction of new
allergens into the food chain, the risk assessment procedures discussed above mean that
this is unlikely. However, it is worth noting in this respect that many biologically active
proteins which have potential applications in protection against pests and pathogens
(Shewry and Lucas, 1997) are also either allergens or belong to protein families which
contain allergenic proteins such as nsLTPs. Thus, the knowledge of protein families
outlined above will prove to be valuable in selecting appropriate proteins for expression
in transgenic plants.
The greatest impact of GM on allergenicity should be a positive one, by providing
tools to reduce or eliminate allergenic proteins or epitopes. However, in practice this may
be difficult to achieve, as many foods which cause severe reactions contain multiple
allergenic proteins that may belong to separate families. Good examples of this are
provided by peanut and soybean, which are related leguminous species. The major
storage proteins in these species are 7S and 11S globulins, and in both cases these include
major allergens (Ara h 1 in peanut is 7S, and Ara h 3 and 4 are 11S). In addition, peanut
contains allergenic 2S albumin storage proteins (Ara h 2, 6 and 7) and a profilin-related
protein (Ara h 5) while the soybean allergens include a cysteine proteinase (P34).
Furthermore, most of these proteins have also been demonstrated to possess multiple
IgE binding sites: at least 23 on Ara h 1, 16 on P34 and 11 on the soybean 11S globulin
(see Mills et al., 2004b for full details and references).
Some success has been achieved in downregulating the expression of genes encoding
allergenic proteins using ‘antisense’ technology in transgenic plants. The best documented of these concerns the rice -amylase inhibitors, which are major dietary allergens.
These comprise a number of subunits with Mr about 14 000–16 000, with at least seven
immunologically cross-reactive proteins and more than 10 related cDNAs being reported
(Alvarez et al., 1995; Matsuda et al., 1991; Nakase et al., 1996). Despite this complexity
the antisense expression of a single sequence resulted in reductions in some transcript
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and protein levels to about 20 % of those in the non-transformed controls (Tada et al.,
1996). Although the transgenic rice is ‘hypoallergenic’, it still contains substantive
amounts of allergenic proteins and clearly cannot be regarded as safe for those suffering
from dietary allergy to rice.
Transgene-induced gene silencing has also been used to completely suppress the
expression of Gly m Bd 30k (Herman, 2003a,b), a major allergen of soybean seeds,
which is related to the allergenic cysteine proteinases present in papaya, kiwi fruit,
pineapple and fig (see Shewry et al., 2004). The authors reported that the transgenic
plants showed no differences to control plants and suggested that the transgenic lines
could be combined with naturally occurring mutants which lack other major allergens
(Ogawa, Samoto and Takahashi, 2000; Samoto et al., 1997).
Effective suppression of allergen gene expression might be achieved in the future using
the new RNAi technology (Baulcombe, 2004), or by manipulating transcription factors to
co-ordinately downregulate multigene families. The latter depends on the fact that many
multigene families have highly conserved regulatory sequences, which interact with the
same transcription factors. This includes most families of seed storage protein genes,
which have highly conserved enhancers upstream of their coding sequences (see Nielsen,
Bassüner and Beaman, 1997; Shewry, Halford and Lafiandra, 2003). For example, the
opaque-2 gene of maize encodes a transcription factor of the bZIP class, which regulates
the expression of a set of genes encoding a family of storage protein genes, the Z22 zeins (Schmidt et al., 1990). Consequently, the amounts of these proteins are greatly
reduced in mutant opaque-2 grains (Coleman, Dannenhoffer and Larkins, 1997). Similar
downregulation of suites of genes encoding protein allergens, such as the rice -amylase
inhibitors, could possibly be achieved by identifying and manipulating the relevant
transcription factors. However, replacement of the genes encoding the allergens may
ultimately be required to eliminate any possibility of reversal of the suppression. The
technology for this is not currently available in plants.
Antisense technology has also been used to downregulate the production of the major
allergens in the pollen of ryegrass: Lol p 1, Lol p 2 (Petrovska et al., 2005) and Lol p 5
(Bhalla, Swoboda and Singh, 1999), leading to the possibility of releasing hypoallergenic
grass lines to alleviate hayfever.
Downregulation of families of allergens is clearly feasible technically, although
complete removal may not be achievable with current technology. However, this
approach may not be applicable where the allergenic proteins have functional or
biological properties which must be retained. For example, removal of a substantial
proportion of the gluten proteins of wheat would clearly have adverse effects on
the processing properties while making bread and other foods (see Chapter 2.4).
In such cases removal of IgE binding sites may be possible using an in vivo
mutagenesis technology called chimeraplasty (Zhu et al., 1999). However, chimeraplasty has not yet been applied routinely to crop plants and would only be feasible if
the mutagenesis of one or a small number of IgE binding sites is sufficient to eliminate
the allergenicity.
Nevertheless, the feasibility of this mutagenesis approach has been demonstrated by
protein engineering studies of the major allergens of apple (Mal a 1) and cherry (Pru a 1)
(both members of the Bet v 1 family) expressed in E. coli (Scheurer et al., 1999; Son et al.,
1999).
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To summarize, genetic engineering provides exciting prospects for reducing the
prevalence of allergy to plant proteins but the technology for the complete removal of
either allergenic proteins or IgE binding sites from allergenic proteins is still not
available for routine use in crop plants. Nevertheless, the partial removal of allergens
has already been achieved using antisense technology to provide hypoallergenic lines,
which may have applications where complete removal is not essential, for example to
reduce the severity of hayfever to pollen of meadow grasses or trees.

Conclusions
The identification of potential allergens, particularly those which have no structural or
biological relationships with known allergens, is an uncertain process at present. It is
clear that not all foods are equally allergenic, yet the precise molecular basis for these
differences remains unclear. There is little evidence that particular protein sequences or
structures promote the development of IgE responses, although food allergens appear to
be good antigens (i.e. able to stimulate an antibody response). There is some evidence
from animal studies that, based on a limited number of allergens tested so far, allergens
are intrinsically able to elicit an IgE-response preferentially in experimental animals
(Dearman and Kimber, 2001; Dearman et al., 2001). Protein stability and resistance to
digestion may also play a role in determining the allergenic potential of proteins when
sensitizing via the GI tract. However, only when we have a greater understanding of the
molecular pathology of food allergy which embraces both the aspects of food (allergen
structure, interactions with the food matrix and the potential adjuvant effects of other
food components) coupled with the genetic factors in man which predispose some
individuals to becoming atopic, can a completely reliable prediction of novel protein
allergenicity be made. Until this information is available, allergen identification will
continue to be an uncertain process, requiring a great deal of information on many
different aspects of protein structure and properties and relying on comparisons with
known food allergens.
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3.2
Environmental Impact and Gene Flow
P.J.W. Lutman and K. Berry
Rothamsted Research, Harpenden, Hertfordshire, AL5 2JQ, United Kingdom

Introduction
The impact that transgenic crops have on the environment has been one of the main
political issues surrounding their commercialization in Europe, along with potential
effects on human health. Those groups opposing the technology, such as Greenpeace and
Friends of the Earth, have strongly emphasized the potential environmental impacts of
GM crops (Hill, 1995; Treu and Emberlin, 2000). It has become a much greater political
issue in Europe than it has been in N. America for a number of reasons, some totally
unrelated to the technology itself. For example, following the outbreak of bovine
spongiform encephalopathy (BSE), consumers in the UK and continental Europe are
reluctant to believe scientific information, especially if transmitted via a politician. This
makes it extremely difficult to persuade consumers that novel technologies are safe. This
concern is exaggerated by the fact that the current commercialized GM crops only offer
direct benefit to the grower, and linked suppliers, and offer no direct value to the
consumer. The risks associated with mobile phone use are arguably higher than they are
for the current commercialized GM crops, yet because of the convenience that mobile
phones provide to the user, they are much more acceptable to consumers.
The main point that has to be made in this introduction about the environmental and
gene flow impacts of GM crops is that most effects are specific to the crop and transgene
under investigation. An environmental risk assessment could come up with totally different conclusions when, for example, assessing a maize (Zea mays L.) containing Bt genes,
making it toxic to some insects, compared to an enhanced oil cultivar of oilseed rape (Brassica

Plant Biotechnology. Edited by Nigel Halford.
# 2006 John Wiley & Sons, Ltd.

266

Plant Biotechnology

napus L.). There is a tendency in the popular press to talk about ‘hazards from GM crops’.
Such a generalization is inappropriate.
Although much of this chapter will discuss potential negative impacts on the
environment (e.g. gene flow to wild relatives, effects on non-target organisms), it must be
emphasized that the technology can provide positive impacts too (e.g. increase use of
minimum cultivation prior to planting herbicide-tolerant (HT) crops, reduction in
insecticide use in Bt cotton).

Environmental Impact of GM Crops
All agricultural activities have an impact on the natural environment; arable agriculture is
based on completely unecological activities. Nature does not usually create large areas of
plant monocultures and such areas only exist as a result of man’s intervention aimed at
providing adequate food for the human population. There is evidence in the UK that the
increasing intensity of agriculture over the last 50 years has had an increasingly negative
impact on the arable ecosystem as a whole by decreasing the number of species of plants
and animals that co-exist with arable farming (Chamberlain et al., 2000; Preston,
Pearman and Dines, 2002). With this background of concern about the impact of
agriculture on the natural environment it was not surprising that questions were asked
about the environmental impact of the HT and insecticidal (Bt) GM crops, which
happened to be in the first ‘cohort’ of GM crops to be commercialized.
Before considering the environmental effects of GM crops in more detail, it is helpful
to establish a framework for assessment of the potential impacts.
 First, the GM crop itself may pose a threat to the natural environment as a result of
acquiring greater ‘fitness’ and an ability to colonize natural habitats and replace
indigenous species. As mentioned in the first paragraph, crops generally require man’s
intervention to survive and do not become invasive weeds. However, it is theoretically
possible for crops normally unadapted to natural ecosystems to acquire genes by
genetic transformation such that they become invasive.
 Second, the transformation may impact on the behavior of non-target organisms that
exist in association with the GM crop in the arable ecosystem. This can be a direct or
an indirect effect. An obvious example would be the introduction of Bt maize to
control corn borer, which also could have a negative effect on other Lepidoptera
susceptible to the Bt toxin. Another theoretical example would be a change in quality
of the leaves of a crop associated with a desired change in crop marketability or
disease resistance that could impact on the palatability of the crop to invertebrates and
birds (either positively or negatively).
 Third, changes in management associated with the GM crop may have positive or
negative effects on other components of the arable ecosystem. The introduction of HT
canola in Canada has raised the overall level of weed control. This could be perceived
as a negative effect on the arable ecosystem but it has also resulted in a rapid increase
in ‘no-tillage’ establishment practices, which are known to have environmental
benefits, such as reduction in soil erosion.
 Finally, the introduction of GM crops can cause changes in cropping patterns, which in
turn result in positive or negative effects on the overall arable environment. This
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change is not an attribute of GM crops in particular, but is a reflection of the
environment’s response to changed cropping.
Effects of Genetic Modification on ‘Fitness’ of Transformed Plants
It is possible that a transgenic crop plant could possess increased ‘weedy’ characteristics
that would result in it becoming invasive. ‘Volunteer’ crops have been serious weeds in
arable fields for many years (Cussans, 1978) but are rare in natural ecosystems. Invasive
weeds cause serious problems in many countries around the world. These invasive plants
are generally not crop species but wild plants (weeds) of natural ecosystems. It also needs
to be noted that the potential for a crop to become weedy depends on the attributes of the
crop itself. In the UK, oilseed rape is a common arable weed because of the persistence of
its seeds (Lutman, Freeman and Pekrun, 2003). Conversely, maize does not establish
volunteer populations in the UK because the seeds and plants are susceptible to cold
winter weather. However, volunteer maize can pose weed problems in warmer climates in
the first year after a maize harvest.
While it is possible that a transformed crop species could become invasive, this would
depend on the attribute that was being introduced and is not a generic attribute of all GM
crops. Current commercialized GM crops such as those that tolerate herbicides have been
studied to assess whether the transgene affects the plant’s fitness. Evidence from work by
Fredshavn and Poulsen (1996) and from Crawley et al. (1993; 2001) indicates that GM
HT oilseed rape is no fitter than conventional varieties. Similarly, Crawley et al. (2001)
could find no evidence of increased fitness with four crops that were transformed for
either herbicide or insect resistance. However, it cannot be assumed that the same is true
for all crops that have been transformed, especially those delivering, for example, pest
resistance or drought tolerance. Each transformation needs to be assessed on its own
‘merits’.
A good example of such an effect has been identified with Bt sunflower. Volunteers
from this crop appear to be less susceptible to grazing by insects and consequently
produce more seeds (Snow et al., 2003). Whether this will have a major impact on the
ecology of volunteer and wild sunflowers remains to be established.
Direct and Indirect Effects of Genetic Modification of Crops on
Non-Target Organisms
The potential of a GM crop to have direct effects on non-target organisms is one that has
been addressed by a considerable number of researchers, especially those concerned with
insect-resistant (e.g. Bt) crops. However, the potential indirect effects are more difficult
to establish and involve considerable debate as to the relevant comparator. These issues
are of particular relevance to ‘input’ traits, such as herbicide or insecticide resistance, but
are much less relevant to transformations that alter crop quality traits. GM crops
containing a Bt gene aimed at controlling Lepidopteran pests could have adverse effects
on non-target arthropods. These effects can be direct, such as the death of non-target
Lepidoptera, or indirect, through tritrophic interactions. The latter is an important issue
as biological control of insect pests by their predators and parasitoids plays an
appreciable role in the containment of pest populations.
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The potential direct effects of Bt genes on non-target organisms received considerable
public discussion and media attention when an American paper was published in Nature
in 1999 (Losey et al., 1999). This reported some laboratory studies indicating that the
talismanic Monarch butterfly (Danaus plexippus) might be adversely affected by Bt corn.
Several million dollars were spent subsequently to clarify whether this laboratory effect
was replicated in the field. The work showed that the potential impact of Bt corn on this
species in the field was negligible compared with other mortality factors (Stanley-Horn
et al., 2001).
A considerable amount of work has also explored the tritrophic effects of the Bt gene,
particularly Bt corn resistant to the European corn borer (Ostrinia nubilalis) on insect
predators and parasitoids. Although laboratory studies have shown potential effects of Bt
corn on corn borer predators, such work has not been confirmed in the field. Nevertheless,
there is some evidence from the field that parasitoids can be adversely affected (work
reviewed by Obrycki et al., 2001). These types of study do highlight that caution is
needed when new transgenic crops are approved for commercialization. It has also been
suggested that GM crops resistant to insect attack will produce pollen that will damage
honey bees (Apis mellifera). However, field evidence to date suggests that the current
insect-resistant crops do not affect bees (Connor et al., 2003). It must also be realized that
non-Bt crops often receive appreciably more quantities of toxic broad-spectrum insecticides than do Bt crops, so non-GM crops may have an overall more detrimental
environmental profile. It has been estimated that the planting of GM soybeans, oilseed
rape, cotton and maize reduced insecticide and herbicide use worldwide in 2000 by 22.3
million kg of product (Phipps and Park, 2002). All these inter-related issues need to be
considered when assessing environmental impacts.
Similar concerns have been expressed about indirect effects associated with herbicide
use on HT crops. There is no evidence that the transgenic HT crop itself has direct
adverse effects on the environment, therefore research has focussed on the impact that the
changes in herbicide practice associated with the GMHT crop could have on the
environment. Between 1999 and 2003, 197 sites were used to investigate the indirect
effects of HT GM oilseed rape, maize and sugar/fodder beet in the UK. This work
concentrated on identifying whether the herbicides used in glyphosate- and glufosinatetolerant GM crops had a greater or lesser effect on plants and invertebrates in arable fields
than the ‘conventional’ products normally used by farmers. This work said nothing about
the transgene itself and examined purely the impact of changed herbicide practice. The
results showed that HT beet and spring rape had fewer surviving plants and invertebrates
than ‘conventional’ crops, whereas there were more of these species in HT maize
(Figure 3.2.1) (Heard et al., 2003). On this basis the UK government was prepared to
consider the commercialization of GM maize but not rape and beet. This concern about
the indirect effects of farming on diversity in rural ecosystems, highlighted by these
‘Farm Scale Evaluations’ clearly has much wider implications than simply whether an
HT crop can be grown or not. All farming operations have indirect effects on the
ecosystem, but the issue of the impact of GMHT crops has set a precedent in the UK that
any new farming practice that increases the decline in species abundance in arable
ecosystems should not be approved. The discussion on this paradigm continues!
The Farm Scale Evaluations only examined one aspect of the potential changes in crop
agronomy associated with HT crops that could impact on diversity, the direct effects of
changed herbicide practice. It is clear from countries where the use of HT crops is
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widespread that the indirect effects can be far more complex. In Canada, the uptake of
GMHT oilseed rape (canola) has been considerable and in 2003 nearly 90 % of all crops
were HT. Weed control in the HT crops tends to be more effective, cheaper and simpler
than the conventional systems that they replace. From the conclusions in the previous
paragraph, such increased weed control should cause a decline in arable diversity. This
indeed may be the case, but this decline from a Canadian viewpoint is actually better for
the indigenous flora, as over 80 % of species in the Canadian arable weed flora are
imported alien species from Europe. Even though weed control may be higher, the
overall environmental profile of HT crops can be better than its conventional alternatives
as the products used on the HT crop have a much lower impact on all components of the
ecosystem (Altieri, 2000; Glick, 2001).
A further complication when trying to assess the biodiversity consequences of GMHT
crops relates to other changes in crop production practices resulting from the planting of
these crops. As weed control is simpler and more effective with GMHT crops, an
appreciable number of Canadian farmers are exploiting this benefit by planting their HT
rape using minimum tillage techniques (Devine and Buth, 2001). Minimum tillage has
much less of an adverse effect on soil-living invertebrates than ploughing, the technique
that was used previously. Thus, the overall environmental impacts of GM crops can be
difficult to estimate, especially if the technology also induces other changes in
agricultural practice. As with the direct effects of GM crops, indirect effects must be
considered on a case-by-case basis.
The overintensive planting of GMHT crops can nullify any environmental benefits. For
example, the widespread planting of glyphosate-tolerant GM soybeans in the USA and
the consequent mono-usage of this herbicide has resulted in the development of a weed
flora that avoids the product by emerging after treatment or which has developed
resistance. Such ‘weed shifts’ and resistance problems are not surprising because,
since the development of pesticides, mono-usage of single active ingredients has
frequently resulted in the evolution of resistant populations of weeds, pests and
diseases. As a result of these changes in the weed flora, mixtures of products are now
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being used to control weeds, reducing some of the environmental benefits associated with
glyphosate.
A further impact of GM crops that is hard to quantify lies in the response of farmers to
the technology. A GM crop that is widely adopted could cause a change in crop rotations,
which could have positive or negative effects on the arable ecosystem. If the GM crop
replaces a crop that has a severely negative impact on diversity, then the use of GM crops
will be advantageous. Conversely, if the GM crop replaces less environmentally
damaging crops then the overall impact of the GM crop will be negative. When the
GM crop affects input traits, it is possible that the GM crop will have the potential to
change inputs in subsequent years. For example, it has been postulated that the
availability of GMHT crops could reduce herbicide use in the previous and subsequent
crops. In the former case there is no particular need for the target crop to be preceded by a
clean, weed-free crop. Similarly, as weed control in the GMHT crop is likely to be high,
the seed return for the next crop will be low and so weed control will not be so vital.
Again this issue has nothing directly to do with the GM crop itself but relates to how the
technology fits in the overall context of farming practice. As such, the same questions can
be asked of any new farming technology. For example, is the widespread cultivation of
coppice willow for renewable energy likely to have an adverse effect on biodiversity?
The questions being asked by government about the environmental impact of GM crops
are often equally relevant to other agricultural technologies.
Appreciable amounts of research have been done over the last 10 years to address the
potential impact of GM crops on the wider environment. Each transgene needs to be
considered individually. Conner, Glare and Nap (2003), in their review of the environmental impact of GM crops, conclude that putative threats to biodiversity would seem to
be largely hypothetical and marginal, especially when put in the context of the impact of
native land conversion and habitat fragmentation. They state that ‘given the multidimensional complexity of the biodiversity concept, assessing the impact of a technological development such as GM crops is far from straightforward’, a sentiment that we
would support.

Gene Flow and Co-existence of GM and Conventional Crops
One of the main issues currently being discussed in Europe in relation to the approval of
the planting of GM crops is the issue of co-existence. If one farmer wishes to grow a GM
crop and his neighbor does not, what precautions are needed to ensure that the GM crop
does not affect the neighboring non-GM crop? The answers to this question lie in a sound
understanding of the mechanisms of gene flow, which covers more issues than whether
two farmers can successfully grow GM and non-GM crops. The following section will
consider both crop to crop and crop to wild relative gene flow and the respective roles of
pollen and seeds.
What is gene flow via pollen? It is a combination of the potential of pollen to carry
genes from one plant to another, plus the ability of that pollen to fertilize the ovule in the
receptor plant to produce a viable seed, such that the gene becomes established in a new
population. Many discussions in the press assume that pollen flow and gene flow are the
same. They are not. The latter includes many aspects not included in the former. Once the
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pollen has arrived on the receptive flower it has to compete with pollen from the local
plants and fertilize the seed. Any seed resulting from cross-fertilisation must then
produce a healthy seedling which in turn must produce viable pollen and seeds.
Gene Flow to Wild Relatives
Most crops have closely related species somewhere in the world where the possibility of
cross-fertilization could occur. Traditional plant breeding depends on the ability of the
breeder to find related species with desirable genes and then cross-fertilize the crop with
these desirable related species. Ellstrand, Prentice and Hancock (1999) reviewed the risks
for 13 of the world’s major crops (Table 3.2.1), and there is evidence that wild relatives
exist for 44 crop species. How much of a risk there is will depend on where in the world
the GM crop is being grown. It should be noted that many of the wild species that could
cross-fertilize with the crop are actually the wild progenitors of the crop.
Chevre et al. (1999) listed the following aspects that need to be studied to determine
the probability of inter-specific hybridization and introgression:
(i)
(ii)
(iii)
(iv)
(v)

the existence of close relatives growing in sympatry, with overlapping flowering times
a mating system allowing pollen flow and allogamy
the production and survival of fertile F1 inter-specific hybrids
fertile plants produced in successive generations
the possibility of chromosome recombination and spread of the gene in populations
of the wild species (this is affected by factors including chromosomal location,
adaptation encoded for and wild population size)

This list shows that crop to wild relative gene flow is not always simple and in many
cases is extremely unlikely, for a range of reasons. One further issue that needs to be
considered is the impact of the transgene on the fitness of the new hybrid. If new hybrid
plants have no selective advantage they are likely to be eliminated from the population,

272

Plant Biotechnology

unless hybridization results in the production of huge numbers of seeds. With herbicide
tolerance transgenes, the fitness of the hybrid is not likely to be enhanced except in the
presence of the herbicide. As hybrids will probably arise in semi-natural habitats and not
in fields, they will not be exposed to the herbicide and so will have no advantage. The
subsequent paragraphs will consider the risks of crop to wild relative gene flow for the
main European GM crops that are in development: oilseed rape (B. napus), sugar beet
(Beta vulgaris L.) and maize (Z. mays).
Maize. This crop is simply resolved as although there are wild Teosinte species in
N. America, none are present in Europe. Consequently, there is no risk of gene flow.
Sugar beet. Sugar beet has a limited number of related species, the most important being
wild beet (annual B. vulgaris ssp. vulgaris) and sea beet (B. vulgaris ssp. maritima). The
latter tends to be restricted to coastal areas, whereas the former is widely distributed as a
result of contamination of sugar beet seed in earlier decades. Both can inter-breed freely
with the crop plants if the latter are permitted to flower. The commercial sugar beet crop
is a biennial producing a root in the first year and flowering in the second. Thus, provided
the seedlings are not vernalized, the crop should not flower. The main areas at risk from
gene flow would be the sugar beet seed-producing regions of northern Italy and southern
France. There is evidence that gene flow between the beet seed crops and wild beets has
occurred in the past and the risks of it occurring with GM beets are appreciable (Bartsch
et al., 1999).
Oilseed rape. Oilseed rape has been created from hybrids between B. rapa L. (B.
campestris), B. oleracea L. and B. nigra (L.) Koch, and the tetraploids derived from
them, B. juncea (L.) Czern. and Coss, B. carinata Braun and B. napus L. Consequently, it
shares aspects of its genome with these other species and so cross-fertilization is possible.
In Europe, several of these wild species have been investigated for potential hybridization
to oilseed rape. The most studied species at present are B. rapa, B. juncea and Raphanus
raphanistrum L. Table 3.2.2 lists the main wild relatives studied and their hybridization
and back-crossing potential with oilseed rape.
The overall conclusion from the studies of potential hybridization between oilseed
rape and all of these related members of the Brassicaceae is that, for most combinations,
although hybrids can be formed they are difficult to create, rare to occur and even rarer to
establish. In some cases, such as with Sinapis arvensis L., although it is theoretically
possible to create hybrids in the laboratory, it is very difficult or impossible for them to be
created in the field and even more difficult for them to establish successfully. As shown
by Gueritaine et al. (2003a,b) with hybrids between rape and R. raphanistrum, the fitness
of the hybrids can often be lower than that of their parents. A related aspect of the
creation of these hybrids was that the frequency of the herbicide tolerance gene (BAR)
declined in the population in the absence of selective pressure from glufosinate.
It is clear from some of the more recent work that the potential to hybridize varies
within rape cultivars and within populations of the wild species (Gueritaine and
Darmency, 2001). The weed that is most likely to hybridize with oilseed rape in the
UK is B. rapa. Work in Denmark (Hauser et al., 1998a,b; Jorgensen et al., 1996) and
more recently in the UK (Wilkinson et al., 2003) has shown that hybrids are created
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Table 3.2.2 Hybridization and backcrossing potential between oilseed rape (B. napus) and
the listed wild relatives (based on Scheffler and Dale, 1994 and Berry et al., 2004).
Wild relative
Hybridization
———————————
———————————
Common
Latin name
name
Crop  Crop 
Brassica spp.
Brassica
rapa
B. carinata
B. oleracea
B. carinata
B. nigra

Selected references

wild turnip,
turnip rape

ü

ü

ü

brown
mustard
wild
cabbage
Ethiopian
mustard
black
mustard

ü

ü

ü

?ü

?ü

?ü*

?ü

?ü

?ü

?ü

?ü

?ü

Scheffler and Dale (1994),
Estham and Sweet (2002)

ü

ü

ü

?ü

?ü

?ü

Chevre et al. (2000),
Gueritaine et al. (2002)
Lefol, Danielou and Darmency
(1996a), Moyes et al. (2002)

ü

ü

ü*

?ü

?ü

?ü

Other genera
Raphanus
wild radish,
raphanistrum
runch
Sinapis
charlock,
arvensis
wild
mustard
Hirschfeldia
hoary
incana
mustard
Erucastrum
gallicum

Backcross
to weed
(BC1)

dog mustard

Mikkelsen et al. (1996),
Hauser et al. (1998a,b),
Snow, Anderson and Jorgensen
(1999)
Frello et al. (1995),
Jorgensen et al. (1996)
Scheffler and Dale (1994),
Eastham and Sweet (2002)
Scheffler and Dale (1994)

Lefol, Fleury and Darmency
(1996b), Darmency and Fleury
(2000)
Lefol, Seguin-Swartz and
Downey (1997)

ü When a hybrid is produced by open pollination in field or glasshouse (even with low fertility).
?ü When a hybrid is produced using controlled methods (including emasculation and hand pollination)
* BC hybrids became non-viable.

relatively easily and have intermediate fitness between the two parents. Wilkinson’s work
explored the sympatry between the two species and their distributions, calculating that
49 000 hybrid seeds could be produced in a year. The fate of these seeds is unknown but
clearly would be an issue in the context of gene flow from GM rape to wild B. rapa.
The previous paragraphs have discussed the potential for pollen to transfer genes from
crop to related species but, with the exception of the work of Wilkinson et al. (2003),
have not addressed all the other related issues associated with the creation of hybrids. For
example, are the two species flowering simultaneously (sympatric)? How big an area and
how far away is the donor crop? How big is the receptor population and thus its pollen
cloud? All these issues will influence the potential frequency of hybrid production.
Crop to Crop Gene Flow
The potential for cross-fertilization is much higher for crop to crop gene flow than it is for
crop to wild relatives. There are many genetic barriers to the latter, as discussed above,
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but provided the crops are sympatric there are none for crop to crop gene flow. The level
of cross-fertilization that occurs will be affected by the factors mentioned in the previous
paragraph (size (area) of donor and receptor populations, distance apart, etc.). Clearly,
gene flow between adjacent crops has always been of concern and plant breeders take this
into account when planting seed crops that need to have a defined level of seed purity.
The issue of crop to crop gene flow will vary according to the crop concerned, depending
on the degree of out-crossing of the crop, the nature of the pollen and the level of
production. Plant breeders routinely use isolation distances of 50–200 m, depending on
the crop and the required purity of the seed.
In the UK, the crop of most concern in the context of gene flow and GM crops is
oilseed rape as, although it is able to self-fertilize, pollination and seed-set can be
enhanced by external pollen. Indeed, with varietal associations and hybrids, crossfertilization is an important contributor to creating a well-fertilized crop. Clearly there
is potentially a need for some spatial separation, if it is required that attributes of one
cultivar are not to be transferred to adjacent crops. An obvious example of this would
be the debate about the degree of separation required between GM and organic crops.
The separation required will depend on the threshold of cross-fertilization that is
acceptable in the ‘receptor’ crop. In the case of GM crops in Europe, the European
Commission has proposed that produce that contains less than 0.9 % GM material does
not have to be labeled as containing GM. Lower levels of 0.3 % and 0.5 % have been
proposed for crop seed production systems so that the commercial crops can meet this
0.9 % limit. These levels are being contested by organic growers who are advocating a
0 % tolerance level for organic crops. Consequently, there has been much research and
modeling on the separation distance required to meet these limits.
It is clear that the level of cross-fertilization declines rapidly with increasing
separation distance between the source and receptor crops. With oilseed rape, outcrossing rates are variable but are estimated at <1 % at 100 m from the common field
border. The rate continues to decrease beyond 100 m but is still present at 800 m or
more (Beckie et al., 2003; Downey, 1999; Eastham and Sweet, 2002; Rieger et al.,
2002). The factors influencing the low levels of cross-fertilization that can occur at
considerable distances from source oilseed rape crops are subject to current debate and
research. The distributions of cross-fertilized plants at distance from the source crop
show no clear pattern (e.g. Rieger et al., 2002), with no evidence of greater frequency in
the side of the field closest to the source of the pollen, suggesting that wind movement
of pollen is not the main cause. This and other work suggests that this low-level gene
movement may be due to insect-mediated pollinations. A study using male-sterile bait
plants has found evidence of gene flow several kilometres from the source (Ramsay
et al., 2003).
Such studies show potential gene flow but do not reflect ‘real’ cropping situations, as in
a normal crop this incoming pollen would have to compete with indigenous pollen to
fertilize the seeds. Modeling by Perry (2002) suggested that if insect-mediated pollen was
important in long-distance gene flow, exponential decline curves for calculating the
relationship between distance from the source and pollen density or cross-fertilization
events were not appropriate. The general consensus is that there is a very rapid decline in
cross-fertilization in the first 50 m from the pollen source and further decline thereafter,
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but the tail of the curve is longer and more variable than would be expected from a
normal exponential decline. Although rare cross-pollination events can occur more than
1 km from the source crop, the standard plant breeding separation distance of 100–200 m
would ensure that cross-pollination did not result in a non-GM crop breeching the EU
GM admixture limit (0.9 %). Greater isolation might be needed where the acceptable
threshold of admixture was lower (e.g. seed crops) and where the ‘receptor’ crop was a
varietal association, with its greater sensitivity to incoming pollen.
The previous paragraph on cross-fertilization was written in the context of gene
flow from a GM crop causing a non-GM crop to exceed the EU threshold. A second
aspect of this subject is the role of gene flow in creating gene stacking. For example,
pollen from a glyphosate-tolerant rape cultivar could transfer genes to a glufosinatetolerant one, creating plants with both tolerance traits. Such gene stacking has
occurred quite frequently in Canada where canola varieties tolerant of glyphosate,
glufosinate and imidazolinone herbicides are widely grown. Indeed, in one welldocumented example plants that tolerated all three groups of herbicides were created
in two seasons (Hall et al., 2000). This creation of multiple HT plants may or may not
pose a management problem, depending on the cropping practices involved, but does
highlight that good management is needed to ensure that unwanted gene flow is
minimized.
Role of Seed Persistence in Gene Flow
The preceding section has been devoted to pollen movement and consequent spatial gene
flow. Although the movement of genes from field to field is of concern and has been
much publicized in the debates about GM technology in the popular press, of probably
greater practical significance to farmers is gene flow in time through the GM crop seeds
left in the field after harvest. No harvesting operation removes all seeds (or tubers etc.)
from the field and approximately 5 % of seeds of grain/seed crops are left after harvest.
For some species these seeds do not survive (e.g. maize seeds in the UK), but for others
(e.g. oilseed rape) a persistent seed bank can be created. Plants from this seed bank
emerge over a number of years, providing a source of the genes from the original crop.
This becomes an issue if the farmer decides not to grow a GMHT crop, having grown a
GM type of the same crop earlier in the rotation.
As with pollen flow, the most problematic UK GM crop would be oilseed rape. This
crop forms persistent seed banks (Lutman, 2003; Lutman et al., 2003) and, because the
crop produces huge numbers of small seeds, seed banks of several thousand seeds/m2 can
easily be created. Additionally, feral populations of oilseed rape can be established in
field margins and road-side verges as a result of seeds ‘escaping’ from transport vehicles,
providing another source of GM genes for adjacent crops. The appearance of GM
volunteer rape plants in subsequent non-GM rape crops could cause the latter to exceed
the EU GM threshold of 0.9 %. The problem with oilseed rape can be minimized with
careful harvesting and appropriate post-harvest management, such as avoidance of
ploughing immediately after the rape harvest (Pekrun, Hewitt and Lutman, 1998).
Similar problems can arise with seeds of sugar beet and with grain crops such as
wheat, though seed persistence is shorter for the grain crops (Lutman, 2003).
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Conclusions
The first generic point to be reiterated here is that the environmental impact of GM crops
must be considered on a case-by-case basis. Any environmental effects are not linked to
the technology of genetic modification itself, but are associated with the transgenes
incorporated into the crop’s genome. Additionally, any environmental impact depends on
the interaction of the new GM crop with the existing farm management practices in
which it will be grown. In the case of HT crops, changes in production systems through a
complete rotation resulting from the introduction of the technology have potentially both
positive and negative effects on biodiversity. Additionally, indirect effects may be of
greater significance than direct effects. Thus, the effects of Bt maize on predators and
parasitoids are probably more significant than direct toxicity on non-target species.
Similarly, the indirect impact of a GM HT crop on levels of invertebrates is possibly more
environmentally significant than the direct effects of the herbicide treatments on the
weeds. The environmental effects of GM crops with input traits, such as herbicide
tolerance, are likely to be higher than those associated with altered quality traits (e.g.
oilseed rape oil quality). But each new transgenic crop must be assessed for its potential
impact.
As the EU member states are being required to develop national co-existence guidelines, the question of co-existence of GM and conventional crops in a farmed landscape is
currently being seriously debated. Such guidelines focus strongly on the issues of gene
flow resulting from both pollen movement and seed persistence. For the development of
appropriate codes of practice, agreement has to be reached on the acceptable thresholds
of admixture of GM with conventional and organic crops. The EU proposed limit of
0.9 % in food is rejected by some organic growers’ organizations who have proposed a
zero threshold. Such a threshold is a surrogate for banning the technology, as no
biological system can guarantee that cross-fertilization will not occur. Now that the
0.9 % food limit and associated lower limits of 0.3 % and 0.5 % for seed crops are finally
approved, it is possible to consider the spatial and temporal isolation, combined with
production hygiene systems required to avoid problems arising after the crop has been
harvested, that are needed to ensure the approved thresholds are not exceeded. Denmark
published a report in 2003 that explores the problems and sets out appropriate control
measures for a range of actual and potential GM crops (Tolstrup et al., 2003).
It is clear that pollen movement between crops requires appropriate spatial isolation, as
described in the previous sections of this chapter. It would be possible to isolate fields to
restrict the level of cross-fertilization so that less than 0.3–0.9 % of the harvested seed
contained the GM transgene. However, lower thresholds for some crops, especially
oilseed rape, would be hard to meet. New work on gene flow at the landscape scale, as
has been started in the GENESYS model (Colbach et al., 2001), will endeavor to indicate
how appropriate isolation can be achieved in a mixed arable landscape. Similarly,
appropriate temporal isolation may also be needed to avoid contamination problems
arising from persisting crop seeds from crops earlier in the rotation. Both the issues of
pollen flow and seed persistence are particularly significant for oilseed rape. The
associated isolation requirements for this crop are likely to be more rigorous than for
crops where pollen production is less of an issue (e.g. GM sugar beet) and seed
persistence is much lower (e.g. cereals).
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There may also be technological solutions to the problems of spatial and temporal
isolation. If the transgenic crop seed is not viable, through the introduction of genes that
prevent germination, problems arising from seed persistence are no longer an issue.
When Monsanto acquired a patent for such a technology (using a so-called terminator
gene) in the 1990s it was vilified by Greenpeace and other NGOs as jeopardizing the
livelihood of small-scale farmers who traditionally saved their own seeds. However, it is
still a viable solution for farming systems in the developed world. Similarly, the problems
arising from pollen flow could be minimized if the introduced transgenes were not
expressed in pollen. Thus, there could be technological solutions to gene flow as well as
agronomic/managerial solutions
The approval of GM crops for widespread cultivation in Europe still seems to be as far
in the future as it was in the late 1990s, when the areas of the first HT and Bt crops were
expanding rapidly in N. America. In Europe, it seems very likely that the socio-economic
and political issues associated with GM crops, rather than scientific assessment, will
drive decisions as to the commercial acceptability of these crops.
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3.3
Risk Assessment, Regulation
and Labeling
Nigel G. Halford
Crop Performance and Improvement, Rothamsted Research, Harpenden,
Hertfordshire, AL5 2JQ, United Kingdom

Introduction
Governments can deal with perceived risk by either banning a technology or regulating
it. Different governments around the world have responded to the advent of plant
biotechnology in different ways but all have felt the need to adopt regulations to control
its use. At the heart of these regulatory processes is risk assessment. Put simply, how
‘risky’ something is can be defined as the chance of it occurring combined with its
potential consequences. In the case of GM crops it may be their effect on human health,
their impact on the environment or both that are important. Each new GM variety will
pose a different risk and has to be assessed independently. Of course, exactly the same
could be said of new varieties produced by other methods in plant breeding; there is no
scientific basis for regarding genetic modification as inherently more risky than
mutagenesis or crossing. Nevertheless, a raft of regulations has been applied specifically
to GM crops and has to be dealt with by the industry.
The development of a new GM variety begins in the laboratory, progresses to growth in
a containment glasshouse, field trials with a degree of containment and then release for
commercial cultivation. Clearly, the chance of the new variety escaping into the environment or entering the food chain increases through this progression while uncertainty
regarding unforeseen effects of the modification that has been made diminishes with
study and analysis. It is not possible to describe how GM crops are regulated through this
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progression in every country. However, GM crops are regulated most tightly in Europe,
so I will describe the regulations faced by scientists and the biotechnology industry
within the United Kingdom, and how the United Kingdom and European Union
regulations interact. This is relevant everywhere: first because all countries have adopted
some of these regulations, and second because GM produce from outside the EU is
subjected to the same degree of scrutiny before it is approved for import.

Regulations Covering the Growth of GM Plants in the United Kingdom
GM Plants Grown in Containment
The production and use of genetically modified organisms (GMOs) in containment is
covered by an act of government: the Genetically Modified Organisms (Contained Use)
Regulations 2000 (GMO(CU)) and its amendment, the Genetically Modified Organisms
(Contained Use) (Amendment) Regulations 2002. The legislation is enforced by a
government regulatory body called the Health and Safety Executive (HSE), without
whose permission it is illegal for any organization or individual within the United
Kingdom to produce or hold GMOs of any kind, plant, animal or microbe.
In summary, the regulations require that activities involving GMOs in containment are
assessed for risk to human health and the environment, and assigned on the basis of this
assessment to a category of containment (the single exception to this is humans; people
who have been genetically modified through receiving gene therapy are not covered by
the legislation). An organism is said to be in containment if physical, chemical or
biological barriers are used to limit contact between it and other organisms (particularly
humans) or the environment. Biological containment is often achieved with bacteria by
using strains that are genetically disabled and therefore unable to survive outside the
laboratory. It can be applied to plants by using species that do not survive in the local
environment and do not cross with native wild plant species (wheat, for example, does
not survive outside agriculture and has no wild relatives in the UK), or by adopting
measures such as the removal of flowers before pollen is shed.
An example of a chemical barrier to the spread of a GM plant is the use of a herbicide,
although it would be more likely to be applied in the post-harvest treatment of a field test
site than under strict containment conditions. Physical containment involves the use of
specially designed laboratories, plant growth rooms and glasshouses.
There are four categories of containment for GM microorganisms and two for GM
plants and animals (Table 3.3.1). In the case of GM plants, the legislation only covers
their use in the laboratory and glasshouse; field releases are covered separately. The
legislation also requires that the HSE is notified in advance that a premises is to be used
for genetic modification activities; HSE inspectors then assess the site to ensure that it is
suitable. The inspectors must satisfy themselves that any organization that proposes
working on GMOs has the facilities required and has staff who are trained and
experienced in the handling and disposal of the organisms and contaminated waste.
Even facilities that handle GMOs that are considered to be of no or negligible risk to
human health or the environment must meet basic standards of containment and
cleanliness. For example, access to the laboratory must be restricted to trained staff,
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Table 3.3.1 Risk categories of GM micro-organisms, plants and animals kept in containment
in the UK.
GM microorganisms

GM plants and animals

Class 1

Class 2

Class 3

Class 4

A

B

Risk to human
health or
environment

No or
negligible

Low

Medium

High

Less risky
than non-GM
parent

More risky
than nonGM parent

Notification
requirement

HSE must
be notified
that GM work
is to be
undertaken

Containment
and safety
measures

HSE must be notified of each
activity in these
categories

Increasing requirement for measures to contain
organism and protect handler

HSE must
HSE must be
be notified
notified of
that GM work
each activity
is to be
undertaken
Increasing requirement
for containment measures

the laboratory must be easy to clean and the work surfaces and floor must be sealed. The
work surfaces must be cleaned after use, and spillages must be dealt with immediately
with disinfectant that must be ready to hand if required. Hand-washing facilities must be
provided by the exit and basic protective clothing, such as a lab-coat and disposable
gloves, must be worn and removed before leaving the laboratory. A safety cabinet must
be available for all procedures that might produce contaminated airborne droplets and if
the laboratory is mechanically ventilated the air flow must be inwards. All contaminated
glassware must be sterilized and all contaminated waste must be stored safely in a
designated bin and autoclaved (sterilized by heat and pressure) before disposal. Once
they have left the laboratory, GM plants must be grown in designated glasshouses or
controlled environment rooms with filtered, negative air pressure ventilation, sealed
drains and a chlorination treatment system for drainage water to ensure that no viable
plant material escapes into the environment.
Risk assessments of specific projects are carried out by the project-leading scientists
and then considered by an internal Genetic Modification Safety Committee. Any risk
associated with GM plants will depend on the host plant species and the nature of the
gene or genes being inserted. The project leader has to consider any possible induction of
or increase in toxicity and/or allergenicity compared with the parent plant and the risk of
accumulation of toxicity through food chains. Any possible risk to the environment must
also be considered, particularly the potential of the GM plants to be more ‘weedy’ than
the parent plant. This assessment will include factors such as colonization ability, seed
dispersal mechanisms, resistance to control measures such as herbicides and increased
toxicity to insects and other grazers. The potential for and consequences of sexual
transfer of nucleic acids between the GM and other plants of the same or compatible
species must be considered; this is particularly important if the plants have the ability
to transfer novel genetic material to wild UK plant species. The likelihood and
consequences of horizontal gene transfer to unrelated species, for example by a virus,
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bacterium or other vector, also has to be taken into account. Finally, an assessment has to
be made of the potential of the GM plants to cause harm to animals or beneficial
microorganisms. The proper risk assessment of experiments involving GMOs and their
safe handling and containment are legal requirements.
The Field Release of GM Plants
Regulations covering the field release of GM plants were included in the Environmental
Protection Act of 1990, and a statutory advisory committee called the Advisory
Committee for Releases into the Environment (ACRE) was set up to provide advice to
government on the matter. The regulations were updated through the GMO Deliberate
Release Regulations 2002, which implemented the European Union’s directive on the
deliberate release of GMOs, Directive 2001/18/EC. The UK government minister
responsible for overseeing GM crop releases is the Secretary of State for Environment,
Food and Rural Affairs. ACRE also advises ministers within the devolved administrations of Scotland and Wales and the Department of the Environment in Northern
Ireland.
ACRE is made up predominantly of academics, with expertise in subjects such as
agronomy, biodiversity, conservation, ecology, entomology, genetics, microbiology,
molecular biology, plant breeding, plant physiology, rural affairs, virology and weed
ecology. It also includes two farmers. Members are appointed for a three-year term.
A field trial (also known as a Part B release) of a GM plant in the UK can only go
ahead after permission is granted by the Department for Environment, Food and Rural
Affairs (DEFRA) and permission is only granted after a detailed risk assessment has been
considered by ACRE. A typical risk assessment will include:
 Information on the host plant species:
 The full name of the plant species and the breeding line used.
 Details of the sexual reproduction of the plant, generation time and the sexual
compatibility of the plant with other cultivated or wild plant species.
 Information concerning the survivability and dissemination of the plant and the
geographical distribution of the species.
 A description of the methods used for the genetic modification and the nature and
source of the vector used to modify the plant.
 Information on the nature of the genetic modification:
 Details of the novel genes introduced into the plant, including size, intended
function and the organisms from which they originated.
 Information on when and where in the plant the novel gene or genes is/are active
and the methods used for finding out.
 Information on the location of the inserted novel DNA in the plant cells and the
number of copies of the novel gene or genes that are present.
 The size and function of any region of the host plant genome that was deleted as a
result of the genetic modification.
 An analysis of the genetic stability of the novel gene or genes.
 An assessment of the GM plants:
 A description of the trait or traits and characteristics of the GM plant, which have
been introduced or modified.
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 An assessment of any differences between the GM plant and its parent in respect of
methods and rates of reproduction, dissemination and survivability.
 A description of detection and identification techniques for the GM plants.
An assessment of potential risks posed to health and/or the environment:
 An assessment of any potential toxic effects on humans, animals and other
organisms.
 An assessment of the likelihood of the GM plant becoming more persistent than the
recipient or parental plants in agricultural habitats or more invasive in natural
habitats.
 A description of the mechanism of interaction between the GM plant and target
organisms (e.g. if the plant has been engineered to be resistant to insects) and any
potentially significant interactions with non-target organisms.
 An assessment of the potential environmental impact of the interaction between the
GM plant and target or non-target organisms.
 An assessment of the potential for transfer of genetic material from the GM plants
to other organisms.
 Any selective advantage or disadvantage conferred to other species, which may
result from genetic transfer from the GM plant.
 Information about previous releases of the GM plant.
Information on the release site:
 The location and size of the release site or sites.
 A description of the release site ecosystem, including climate, flora and fauna.
 Details of any sexually compatible wild relatives or cultivated plant species present
at the release sites.
 The proximity of the release sites to officially recognized protected areas that may
be affected.
A description of the management of the field trial:
 The purpose of the trial.
 The foreseen dates and duration of the trial.
 The method by which the GM plants will be released.
 The method for preparing and managing the release site, including cultivation
practices and harvesting methods.
 The approximate number of GM plants (or plants per m2) to be released.
A description of containment measures to be adopted during and after the field
trial.
 A description of any precautions to maintain the GM plant at a distance from sexually
compatible plant species and to minimize or prevent pollen or seed dispersal.
 A description of the methods for post-release treatment of the site. These are
likely to include ploughing of the site, irrigation to encourage germination of any
seed in the soil, the removal of any plants that sprout by spraying with an
appropriate total herbicide, and a period of 1–2 years when the site is kept fallow
and monitored.
 A description of how the GM plant material will be disposed of.
 Details of how the site is to be monitored after the trial is over.
 A description of emergency plans in the event that an undesirable effect occurs
during the trial or that the plants spread.
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 An assessment of the likelihood and consequences of theft of GM material from the
trial, vandalism of the trial, or accidental movement of GM material off the trial site
by any means (e.g. on field machinery).
Clearly, providing all of this information is not a trivial or inexpensive matter and
applicants also have to pay a fee of several thousand pounds. Typically, new technologies
are subjected to tight regulation and control, but these restrictions are gradually relaxed
as evidence builds that the technology is safe; this is exactly what has happened with GM
plant field experiments in the USA, where several tens of thousands of GM plant field
experiments have now been undertaken. The opposite has applied to GM field trials in the
UK, with increasingly tight restrictions being applied despite GM field experiments
having an excellent safety record over nearly two decades. This has undoubtedly
hampered researchers and the plant biotechnology industry.

Assessing the Safety of GM Crops for Commercial Use
There are two aspects to the assessment of GM crops for commercial use: potential risks
to the environment and potential risks to human and animal health. Within the UK, the
potential environmental risks posed by the commercial cultivation of a new GM crop
variety are assessed by ACRE, and the questions that have to be answered are essentially
the same as those applied to field trials except that there is now no way in which the crop
can be contained. The committee must also consider the fact that possibly a large area of
land will be planted with the new crop; any negative impact will be multiplied many
times over compared with that of a field trial. However, the committee will have more
data to go on because the crop will have been studied under trial conditions; the point of a
progression from laboratory to glasshouse to field trial before commercial release is that
uncertainties should be dealt with along the way.
The safety of foods derived from GM crops is assessed by another committee, the
Advisory Committee on Novel Foods and Processes (ACNFP). ACNFP was established
in 1988 to advise the responsible authorities in the United Kingdom on any matters
relating to novel foods and novel food processes. Currently it comprises 14 academic
members with expertise in allergenicity, genetics, immunology, microbiology, nutrition
and food toxins as well as a consumer representative and an ethicist. It comes under the
jurisdiction of the Food Standards Agency (FSA). The opinion of a similar committee,
the Advisory Committee for Animal Feedingstuffs (ACAF), is consulted if the GM crop
is to be used for animal feed.
The assessments made by the ACNFP and ACAF essentially follow guidelines
endorsed by the World Health Organization (WHO), at the heart of which is the concept
of substantial equivalence, in which a GM plant or food is compared with its non-GM
counterpart. This concept arose from the recognition that traditional toxicological testing
and risk assessment procedures cannot be applied to whole foods, GM or otherwise, in
the way that they are to single compounds (such as food additives). It is therefore
impossible to establish absolute safety of a whole food; the fact is that very few foods
consumed today have been subject to any toxicological studies. The aim of the
substantial equivalence approach is to consider whether the GM food is as safe as its
traditional counterpart, where such a counterpart exists.
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Establishing substantial equivalence involves a comprehensive biochemical and
molecular comparison of a GM food and its conventional equivalent and a detailed
analysis of any differences. These differences then become the focus of the safety
assessment and, if necessary, further investigation. Nevertheless, the risk assessment of
the GM food will also consider other factors, including the following:
 The identity and source of novel genes (in particular whether the source is a wellcharacterized food or is entirely new to the food chain).
 The methods used to make the GM plant.
 The stability and potential for transfer of the novel gene or genes.
 The nature of the proteins encoded by the novel gene or genes, including potential
toxicity and allergenicity.
 Potential changes in function of novel genes and proteins (in other words could they
adopt a different function in the host plant from that in their species of origin).
 Possible secondary effects arising from the genetic modification event. These may
include effects of disrupting a gene in the host plant, knock-on effects on metabolic
pathways, or changes in the production of nutrients, antinutrients, toxins, allergens and
physiologically active substances.
 The effects of processing or cooking.
 How much of the GM food a person is likely to consume.
Technologies for the analysis of plant and food material are advancing at a rapid rate
through the development of genomics (the analysis of the entire gene complement of an
organism), transcriptomics (determining the levels of activity of tens of thousands of
genes in a single experiment), proteomics (the single-experiment analysis of the entire
protein complement of a plant or food) and metabolomics (the single-experiment analysis
of all the compounds present in a plant or food). However, they are expensive and the
insistence that safety testing be undertaken for novel plants and foods produced by
genetic modification but not those produced by other methods discriminates against
biotechnology; there is no scientific basis for making this distinction.
One method that is not regarded as particularly suitable for the safety assessment of
GM plants and foods is animal feeding experiments. The WHO considered this matter in
the light of experience gained in the testing of irradiated food in the early 1990s. While
animal studies are useful in the safety assessment of individual compounds such as
pesticides, pharmaceuticals, industrial chemicals and food additives, they tell little about
the safety of the complex mixtures of compounds that make up whole plants and foods.
Toxicology testing requires that animals be exposed to the test substance at far higher
levels than humans would be exposed to, so that any detrimental effects on health can be
identified. This may be appropriate if the plant has been modified to produce a protein or
metabolite that has never been in the food chain before and can be undertaken before the
GM plant is made by engineering the gene into a microorganism to produce lots of
protein for study. However, it is impossible with whole foods because animals cannot be
persuaded to eat orders of magnitude more than humans can. Furthermore, feeding only
one type of food to an animal almost inevitably reduces the nutritional value of the diet,
causing adverse effects that are not related directly to the material itself. For these
reasons, relating any effects on the welfare of an animal to a particular genetic
modification can be extremely difficult.
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Despite these reservations about the usefulness of animal feeding trials, they are now
routinely performed with new GM crops before they are released for commercial
cultivation in Europe. Many people question the ethics of animal testing at all; it is
certainly questionable to undertake studies on animals if the results are unlikely to be
meaningful (animal feeding experiments end with the slaughter and dissection of the
animal).
Regulations Governing the Approval of GM Crops for Commercial Use
A centralized system for assessing and authorizing new GM crop varieties for commercial use in the European Union was introduced in April 2004 with the adoption of the GM
Food and Feed Regulation (EC) no. 1829/2003. Each new crop is assessed by the
European Food Safety Authority with responsibility for the final decision resting with
the European Commission. The new regulations allow for a single application to cover
the use of GMOs, including GM crops, for food, animal feed and cultivation (environmental release). Authorization is given in what is called a Part C consent and applies
across the whole European Union; a member state can obtain an exemption only if it
can demonstrate that the crop would present a specific threat to the local environment in
that country. GM crops that have been issued with a Part C consent are listed in
Table 3.3.2.
Although the European Commission has the final say on the matter, applications are
voted on first by the Union’s member states at the Council of the European Union using a
qualified majority voting system (QMV). The way that the UK votes depends on the
opinion of ACRE on the potential environmental risks of the crop and of the FSA (taking
advice from ACNFP and ACAF) on any potential risks of the crop in food and animal
feed.
In the QMV system, each member state has a fixed number of votes, between two and
ten, depending on its population. Up to November 2004, any decision taken had to gain
88 votes of 124 to be carried (so only 37 were needed to block it). The number of votes
assigned to each country changed in November 2004 to take into account the fact that ten
new member states joined the EU on the 1st May 2004 and will be simplified if the
‘Treaty Establishing a Constitution for Europe’ comes into force. Under the simplified
rules, a decision will require a ‘double majority’ of 55 % of member states representing
65 % of the population.
The QMV system is important because it enabled six member states, France, Italy,
Denmark, Greece, Austria and Luxembourg, to block every application for approval of a
new GM crop from 1998 onwards. In cases where a QMV is not obtained, the decision
should be referred to the Council of Ministers, which can overturn the Commission’s
recommendation but only by a unanimous vote; otherwise, the Commission will grant the
Part C consent. However, this did not happen between 1998 and 2004, during which time
there was a de facto moratorium on the authorization of new GM crop varieties for import
or for cultivation in Europe, a state of affairs that undoubtedly damaged trade relations
and stymied the development of the plant biotechnology industry. The impasse was
finally broken in May 2004 when the Commission authorized Syngenta Bt-11 sweetcorn,
an insect-resistant and gluphosinate-tolerant variety, for import and food use. Later in
2004 it extended the consent for Mon810, an insect-resistant variety that had been
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Table 3.3.2 (a) GM crops currently holding Part C product approval for importation and
processing for food and animal feed use (not for cultivation).
Company

Crop

GM trait

Consent issued

Monsanto
AgrEvo/Aventis
(now Bayer)
Northrup King
(Now Syngenta)

Soybeans
Oilseed rape

Herbicide tolerance
Herbicide tolerance

May 1996
June 1998

Maize

June 1998

Syngenta

Maize
(sweet corn)
Maize

Insect resistance (Bt)
and herbicide
tolerance
Insect resistance and
herbicide tolerance
Herbicide tolerant

Monsanto

May 2004
July 2004 (For animal feed
only)

(b) GM crops holding Part C consents for cultivation and food use in the EU.
Company

Crop

GM trait

SNETA
PGS/Aventis (now
Bayer)

Tobacco
Oilseed rape

Herbicide tolerance
Herbicide tolerance

Bejo Zaden

Chicory

Herbicide tolerance

Ciba-Geigy/Novartis
(Now Syngenta)
Florigene
AgrEvo/Aventis
(now Bayer)
Monsanto

Maize
Carnation
Maize

Insect resistance and
herbicide tolerance
Flower color
Herbicide tolerance

Maize

Insect resistance

Florigene

Carnation

Increased vase-life

Date consent issued
June 1994
February 1996 (seed
production) June 1997
(cultivation)
August 96 (seed
production only)
February 1997
December 1997
August 1998
August 1998 for
cultivation in Spain and
France and
consumption across
EU. September 2004 for
cultivation across EU.
October 98

authorized for food use throughout the EU and for cultivation in France and Spain since
1998. The extension allowed for cultivation of this variety, which has been quite
successful in Spain, throughout the EU.

Labeling and Traceability Regulations
The first GM plant product to come onto the market in the United Kingdom was paste
made from slow-ripening tomatoes. This product was approved for food use in the UK by
ACNFP in 1995, but the product has not been available since 1999. The paste was sold
through two major food retailers, Sainsbury and Safeway, clearly marked with a large
label stating that it was made from GM tomatoes. The UK food retail industry intended to
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pursue this policy for all foods derived from GM plants, at least until consumers were
familiar with the new technology. However, these plans were thrown into confusion in
late 1996 when shipments of that year’s harvest of soybean and maize imported from the
USA arrived. Both contained at that time approximately 2 % GM material with the GM
and non-GM all mixed together. With no legislation covering the labeling of GM foods,
no agreement with the Americans to supply segregated GM and non-GM produce, and
insufficient time to identify alternative suppliers (the industry appeared to have been
taken by surprise), retailers had a choice: either label everything containing US soybean
and maize as potentially containing GM material or abandon the labeling policy. It chose
the latter, a decision that, with hindsight, was undoubtedly a mistake because consumers
felt that GM food was being introduced behind their backs.
Labeling controls covering GM foods were finally introduced in Europe in 1997, with
further updates in 1998 and 2000. Essentially the regulations required that any foodcontaining material from GM crops had to be labeled with the following exemptions:
refined vegetable oils, sugar and other products that did not contain DNA or protein;
foods that contained small amounts (below 1 %) of GM material as a result of accidental
mixing; food sold in restaurants and other catering outlets (the UK opted out of this
exemption and required caterers to provide written or verbal information covering GM
foods to their customers); and animal feed.
The regulations have been updated with two new directives, one on the regulation of
GM food and feed (1829/2003), and the other on the traceability and labeling of GMOs
(1830/2003). The new EU regulations came into force in April 2004, although UK
domestic legislation providing penalties for their infringement were still being drafted in
late 2004. The food and feed regulations require the labeling of all food and animal feed
containing GMOs or GMO-derived ingredients. The threshold for labeling has been
reduced to 0.9 % for the accidental presence of GM material; 0.5 % if the GM material
has not been approved for use in Europe. The traceability and labeling regulations require
a system for tracking GM products through the supply chain from seed company to farm,
processors, distributors and retailers. The exemptions for animal feed and refined
products no longer apply. A full list of products that have to be labeled is given in
Table 3.3.3.
It is not clear how the regulations covering refined products will be enforced because
the products are identical, whether they come from a GM or non-GM source, and without
the presence of DNA or protein there is no way of confirming a GM origin. Given the
current market advantage in claiming that products come from a non-GM source, this
may lead to widespread fraud.
Although the stringent labeling laws undoubtedly make GM crops less attractive for
European farmers and the food supply chain, they may have the effect of forcing the food
industry to face the reality that major commodity-exporting countries have adopted GM
crops widely. In 2003, the UK imported approximately 21.3 million tonnes of soybeans
and soybean meal from the USA, Canada, Brazil and Argentina, and approximately three
quarters of a million tonnes of maize gluten feed from the USA, plus smaller quantities of
rapeseed and cotton meal from other parts of the world. The latest figures for planting in
2004 indicate that over 85 % of US soybean and 30 % of US maize plantings were GM
(US Department of Agriculture (USDA)), while plantings of soybeans in Argentina are
almost 100 % GM. The UK food and feed industry has claimed for several years to
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Table 3.3.3 GMOs and GM foods that do or do not have to be labeled under EU regulations
1829/2003 and 1830/2003 that came into force in April 2004 (Source: Food Standards
Agency)
GMO or GM food

Labeling required?

GM plant or seed
Whole foods derived from a GM plant source
Refined products such as oil and sugar from a GM
plant source
Foods containing GM microorganisms
Animal feed containing GM crop products,
including derivatives such as oil and gluten
Fermentation products produced for food or feed use
Food from animals fed GM animal feed
Food made with an enzyme produced in a GM
microorganism (e.g. some cheeses)
Products containing GM enzymes where the enzyme is
acting as an additive or performing a technical function
Flavorings and other food and feed additives
produced from GMOs
Food containing GM ingredients that are sold in
catering establishments

Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Open to interpretation!
FSA opinion is yes.

be obtaining GM-free soybeans from Brazil (which begs the question of what has the
21.3 million tonnes of largely GM soybean from the USA, Argentina and elsewhere been
used for). However, in 2003 the Brazilian government finally admitted what many had
known for some years, that GM soybean was used widely in the main soybean-growing
areas, and issued a decree to legalize the practice. The proportion of Brazilian soybean
that is GM is estimated to be between 20 % and 30 % with no segregation of GM and
non-GM product.
Imported soybean, maize and oilseed rape are all important raw materials for the food
and, along with cotton meal, the animal feed industries and it is doubtful that they could
be replaced. Clearly the food industry will have to start labeling its products as containing
GM materials. Perhaps the appearance of GM labels on a wide range of familiar foods
will reduce the consumer fears that anti-GM pressure groups have played on so
effectively.

Safety Assessment and Labeling Requirements in the USA
New GM crop varieties have to undergo field trials in the USA in the same way that they
do in Europe. However, much less detail is required in the risk assessment of the variety
before the trial can go ahead and the procedure has been relaxed as more field trials have
been undertaken and no problems have ensued. The total number of field trials of GM
crops that have been run in the USA now runs into the tens of thousands, covering a
variety of crop species and traits.
Test and commercial releases of GM crops in the USA are controlled by the Animal
and Plant Health Inspection Service (APHIS) within the USDA, with the exception of
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crops that produce their own insecticide, such as Bt, which are controlled by the
Environmental Protection Agency (EPA). The safety of foods derived from GM crops
is assessed by the Food and Drug Administration (FDA). This is not a legal requirement
but all companies seek the approval of the FDA before marketing a novel food. The
FDA issues an Advisory Opinion on a specific characteristic of a product or its suitability
as a food but liability for problems that arise after marketing rests with the company
involved.
This system was first tested with the development of Calgene’s Flavr Savr tomato (a
GM variety with improved shelf-life). Calgene undertook four years of pre-market testing
and submitted the data to the FDA and the USDA, at the same time publishing the data
for public comment. The company requested two separate Advisory Opinions from the
FDA, one on the use of the kanamycin resistance marker gene, the other on the status of
the Flavr Savr tomato as a food. The FDA issued a preliminary report that all relevant
safety questions about the Flavr Savr tomato had been resolved (a standard FDA position)
and this was ratified by its Food Advisory Committee in a public meeting in April 1994.
It announced its findings that the Flavr Savr tomato was as safe as non-GM tomatoes in
May 1994 and the product was marketed shortly after.
The labeling laws covering GM foods in the USA are quite different from those in
Europe in that products derived from GM plants do not have to be labeled unless they are
significantly different from their conventional counterpart. In other words, products are
labeled according to their properties, not how they were made.

The UK’s Farm Scale Evaluations (FSE) Program
By the year 2000 a gluphosinate-tolerant maize variety, Chardon LL from Bayer, had
been granted Part C consent for cultivation throughout Europe and gluphosinate-tolerant
oilseed rape and glyphosate-tolerant sugar beet were expected to be granted consent
shortly after. In the United Kingdom, GM crops that are approved for commercial release
still have to undergo standard new variety trials carried out by the National Institute of
Agricultural Botany (NIAB). Nevertheless, the UK government was faced with the
prospect of the first GM crops becoming available for commercial cultivation while the
public remained fearful and hostile. It therefore placed yet another barrier in the way of
commercial use of GM crops in the UK by persuading the biotechnology industry to
agree not to commercialize GM crops before 2003–2004. In the meantime, farm scale
trials of the GM varieties in question would be carried out in order to determine what
effect they, together with their appropriate herbicide regime, would have on the
environment. This agreement was called SCIMAC (Supply Chain Initiative for Modified
Agricultural Crops).
The results of these studies were published in a special edition of the Philosophical
Transactions: Biological Sciences of the Royal Society (volume 358, number 1439,
November 29th 2003). In summary, it was found that for the sugar beet and oilseed rape
varieties the numbers of weeds and consequently insects in the GM crop were lower than
those in the non-GM equivalent. This was widely reported as showing that GM crops
were ‘bad for the environment’. In reality it meant that the herbicide regime used with the
GM varieties did what it was supposed to do.

292

Plant Biotechnology

Unfortunately, the management regimes that were examined in the studies were
extremely narrow; no attempt was made to assess no-till systems, for example, even
though these have been used extensively with herbicide-tolerant GM varieties in the USA
and have reportedly brought substantial environmental benefits. The possible advantages
to the farmer of growing herbicide-tolerant GM crops (e.g. May (2003) estimated that
sugar beet farmers could save £150 per hectare per year) were not considered and
different ways of using the crops and the herbicide were not included in the study. As a
result, the government put off approval of these varieties until the companies involved,
Monsanto and Bayer, could show that they could be used in an ‘environment-friendly’
manner. However, there is no indication that Monsanto and Bayer are interested in
persevering with the issue.
In contrast to the oilseed rape and sugar beet varieties the GM maize variety with
the associated gluphosinate treatment gave relatively poor weed control and was therefore deemed ‘better’ for the environment than the non-GM variety. In fact, this poor
weed control was a concern to some farmers participating in the study. However, the
herbicide used on the non-GM maize in the study and used by most maize farmers in the
UK was atrazine, which was banned for use within the EU in 2004, because of its
toxicity. The GM maize/gluphosinate combination therefore represented a possible
alternative.
In March 2004, the UK Government announced that it agreed in principle to the
commercial cultivation of Chardon LL maize but that a number of constraints would be
placed on its use. In April 2004, Bayer announced that, in view of the fact that details of
these constraints had still not been made available, resulting in another period of delay, it
was not worth proceeding with commercialization.
Ironically, both GM and non-GM maize were found to harbor fewer weeds and insects
than the other crops studied (maize is taller and weed growth is restricted by shading).
However, there is no indication that maize cultivation will be banned because of its
adverse effect on the environment.
Quite where all this leaves the legal situation with GM crops in the UK is not clear,
since approval for GM crop cultivation is granted at the EU, not national government
level. Presumably the UK government could use the results of the farm scale
evaluations, despite their narrow remit, to claim that it has demonstrated that the
oilseed rape and sugar beet varieties that were studied could pose a threat to the
environment in the UK, thereby excluding the UK from a Part C consent, if it were
granted. This may be a mute point if the companies are no longer interested in
marketing these varieties.
In the meantime, varieties derived from Mon810, a Monsanto insect-resistant (Bt)
maize line, have been granted Part C consent for cultivation in Europe. Up to now these
varieties have only been grown in Spain, but they can now be grown commercially
throughout the EU, including the UK. Maize is not affected by Bt-controlled pests in the
UK, so there would be no obvious commercial advantage to growing these varieties.
Nevertheless, in theory, there would be nothing to stop a farmer doing so if the seed were
available.
No industry would operate in the sort of confused legal situation that the plant
biotechnology industry finds itself in the UK and not surprisingly the industry has turned
its back on the UK market.
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