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Preface

Biotechnology has become one of the most promising branches of science
in recent years. Plant biotechnology is a rapidly developing field of plant
research, and genetic engineering is an important tool in biotechnology. Bio-
technology can provide, among other benefits, more nutritious and safer
foods, better agronomical traits, and more effective pharmaceuticals or
chemicals. Medicinal plants as well as other useful crops have great value
for both the nonfood and the food industries. Plants can be used as such, or
important metabolites can be isolated from them. Besides primary metabo-
lites, plants produce drugs, pesticides, dyes, flavors, and fragrances. Plant
breeding using either conventional or modern breeding methods has im-
proved the quality or the agricultural properties of many crop plants.

Metabolic engineering of plants has shown its potential both in basic
research and as a tool of modern plant breeding. Designer crops can already
produce valuable enzymes, proteins, and antibodies. In many research lab-
oratories and companies in Europe, the United States, and Japan, much work
has been done in studying secondary metabolic pathways by isolating spe-
cific genes that regulate the function of some key enzymes. The output of
this type of research has been tremendous due to the rapid development of
plant molecular biology techniques. Furthermore, the large-scale production
of useful plant material or metabolites in bioreactors shows new possibilities
in plant biotechnology.

We intend in this book to provide the most up-to-date information on
plant biotechnology and transgenic plant production. We review available
methodologies for plant cell culture, transformation techniques for crop im-
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provement, and strategies to yield high-value products. In addition, a wide
spectrum of various applications of genetically engineered plants is pre-
sented. These activities are demonstrated in almost 30 chapters written by
the most outstanding scientists in their respective field. We have kept in
mind a broad range of readers in both academia and industry. We hope that
this book also will be of interest to students of plant biology and biotech-
nology as well as to more experienced scientists who produce transgenic
plants.

Kirsi-Marja Oksman-Caldentey
Wolfgang H. Barz
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1
Plant Biotechnology—An Emerging Field

Wolfgang H. Barz

Institute of Plant Biochemistry and Biotechnology,
Westphalian Wilhelm’s University Munich, Munich, Germany

Kirsi-Marja Oksman-Caldentey

VTT Biotechnology, VTT Technical Research Center of Finland,
Espoo, Finland ‘

l. INTRODUCTION

Biotechnology is a scientific discipline with focus on the exploitation of
metabolic properties of living organisms for the production of valuable prod-
ucts of a very different structural and organizational level for the benefit of
men. The products can be the organisms themselves (i.e., biomass or parts
of the organismic body), products of cellular or organismic metabolism (i.c.,
enzymes, metabolites), or products formed from endogenous or exogenous
substrates with the help of single enzymes or complex metabolic routes. The
organisms under question vary from microbes (bacteria, fungi) to animals
and plants. In addition to intact organisms, isolated cells or enzyme prepa-
rations are employed in biotechnology. The possibility to submit the pro-
ducing organisms or the cellular systems to technical and even industrial
procedures has led to highly productive processes. The products of biotech-
nology are of importance for medicine, pharmaceutical sciences, agriculture,
food production, chemistry, and numerous other disciplines.

Biotechnology receives the necessary scientific and technical infor-
mation from a considerable number of disciplines. Cell biology, morphology
of the employed organisms, biochemistry, physiology, genetics, and various
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technical fields are major sources. In the last two decades, molecular biology
and gene technology have substantially contributed to the spectrum of sci-
entific disciplines forming biotechnology. As is always true for progress in
natural sciences, it is especially true for biotechnology that more rapid de-
velopment and gain of higher standards depend on the improvement of
methods.

In the historical development of biotechnology, microbes have been
used preferentially. They still offer an extremely rich potential for bio-
technological application. Animal systems and their cells are also valuable
systems, especially in view of the very costly products (i.e., antibodies,
vaccines). Although much later in the chronological process, plant biotech-
nology has made an impressive development in gaining basic and applicable
knowledge as well as in establishing production processes. It is therefore
justified to speak of an emerging field. Major steps will be discussed in this
chapter.

Il. A LONG HISTORY TO REACH A HIGH STANDARD

In each ecosystem plants and other photosynthetically active organisms are
responsible for primary production, which provides the energetic and nutri-
tional basis for all subsequent trophic levels. The extremely high ability of
plants to adapt to all kinds of environmental conditions and ecosystems has
led to an extremely wide and differentiated spectrum of plants. Since ancient
times higher plants have formed the main source of food for men, and
therefore, concomitant with early phases of settlements and agriculture, men
started to establish and improve crop plants. Archeological evidence has
clearly shown how long well-known crop species (i.e., maize, cereals, leg-
umes) have been grown, modified by selection, and thus improved in quality
and yield. Plant breeding is indeed an old art that has been continuously
developed in efficiency and scope. Quite typical for quality breeding of, for
instance, cereals is the long procedure required (sometimes decades) to reach
particular genotypes and to cross in specific genes or traits.

An interesting achievement in breeding of wheat is characterized by
the term green revolution, in which (around 1950-1960) wheat genotypes
from many different countries were used successfully on a very large scale
to breed high-yielding and durable lines. For many countries such new va-
rieties were a very great improvement for their agriculture.

Another important goal in breeding improved crop plants is the often
achieved adaptation to unfavorable environmental conditions (i.e., heat,
drought, salt, and other cues). Although good results have been obtained,
such efforts will undoubtedly remain in the focus of future efforts. Better
insight into the physiology, biochemistry, and chemical reactions as well as
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the gene regulation of the endogenous adaptation and defense mechanisms
that plants can express will contribute to these objectives. Gene technology
will be an essential component in these efforts.

Another characteristic feature of the long-term breeding of cereals,
potatoes, or vegetables is the fact that during the long periods the shape and
the outer appearance of the plants have changed so much that the original
wild types were either lost or no longer easily identified as starting material.
A typical example is corn. Modern agricultural crop plants are also bred for
very uniform physical appearance, time of flowering, and maturity so that
harvest by machines in an industrial manner is possible (examples are cotton,
maize, and cereals). It is a feature of our high-yielding agriculture that all
possible mechanical techniques are being employed.

Very precious treasures for future agriculture and for plant biotech-
nology are the gene banks and the International Breeding Centers, where
great numbers of genotypes of crop plants are multiplied and carefully pre-
served for long periods of time. Such “pools of genes” represent the basis
for sustainable development and allow future programs for improved ad-
aptation of plants to human needs. Fortunately, the understanding has gained
ground in recent years that in addition to crop plants all types of wild plants,
in every ecosystem, must be preserved because of the genetic resources to
be possibly exploited in the future.

An interesting development in itself, with a long history and remark-
able contributions to culture and art, is the numerous and sometimes highly
sophisticated ornamental plants produced in many countries. Beauty of color
and flower shape were the guidelines in their breeding and selection. Rather
early in this development the value of mutagenetic reagents was learned,
and these ornamentals also served to shape the term of a mutant. Recent
biochemical studies with, for example, snapdragon, tulip, chrysanthemum,
or petunia and their flavonoid constituents clearly presented evidence that
the various flower colors can contribute to identifing biosynthetic pathways.

In connection with flower pigments, which are secondary metabolites,
it should be remembered that numerous other secondary constitutents of very
different chemical structures are valuable pharmaceuticals. In many coun-
tries knowledge of plants as sources of drugs has been cherished for long
times. Modern pharmacological and chemical studies have helped in the
identification of the relevant compounds. Such investigations are still con-
sidered important objectives of plant biotechnology. In some cases extensive
breeding programs have already achieved the selection and mass cultivation
of high-yielding lines. In modern pharmacy, about 25% of drugs still contain
active compounds from natural sources, which are primarily isolated from
plants.
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For a good number of years in the period from 1950 to 1980, plant
biochemistry and plant biophysics concentrated on elucidation of the pho-
tosynthetic processes. The pathways of CO, assimilation as well as structure,
energy transfer reactions, and membrane organization of chloroplasts and
their thylakoids were objectives of primary interest. Chloroplast organization
and molecular function of this organelle can be regarded as well-understood
fields in plant biochemistry and physiology.

The last three decades of the 20th century were characterized by very
comprehensive molecular analyses of chemical reactions, metabolic path-
ways, cellular organization, and adaptative responses to unfavorable envi-
ronmental conditions in numerous plant systems. A very broad set of data
has been accumulated so that plant biochemistry and closely related fields
can now offer a good understanding of plants as multicellular organisms and
highly adaptative systems. From a molecular point of view, the construction
and the functioning of the different tissues and organs have become clear.
Numerous experimental techniques have contributed to this development and
some are typical plant-specific methods (i.e., cell culture techniques) with a
very broad scope of application.

A fascinating field of modern plant biochemistry concerns the eluci-
dation of the function and the molecular mechanisms of the various photo-
receptor systems of higher plants. Red/far red receptors, blue light—absorb-
ing cryptochromes, and ultraviolet (UV) light photoreceptors are essential
components of plant development (1). These systems translate a light signal
into physiological responses via gene activation. Quite remarkable, phos-
phorylated/unphosphorylated proteins are the essential components of the
signal transduction system (1,2). Biotechnology will gain from this knowl-
edge, and highly sensitive sensor systems could possibly be constructed.

In the history of plant sciences and biotechnology, the recent devel-
opment of molecular biology and the introduction of gene technology de-
serve emphasis. Isolation, characterization, and functional determination of
genes have become possible. Many plant genes were rather rapidly identi-
fied, and the number is increasing at enormous speed. Promoter analyses
and identification of promoter binding proteins have decisively contributed
to an understanding of the organization and function of plants as organisms
consisting of multiple tissues and different organs. The phenomena of mul-
tigenes and multiple enzymes in one protein family were further revealed.
Many different techniques in molecular biology and gene technology turned
out to be extremely valuable. Recognition of the biology of Agrobacterium
tumefaciens and application of its transferred DNA (T-DNA) system repre-
sented giant leaps forward. In general, because of these modern gene tech-
nological methods, plant biotechnology has grown into a new dimension
with putative future possibilities that can hardly be overestimated.
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In the following sections of this chapter several recent and future as-
pects of biotechnological relevance will be discussed.

. PLANT TISSUE AND CELL CULTURES—A VERY
VERSATILE SYSTEM

The present status of plant biotechnology cannot be evaluated without ap-
preciation of the many possibilities and the potential of organ, tissue and
cell suspension cultures. Plants of wide taxonomic origin have been sub-
jected to culture under strictly aseptic conditions. Completely chemically
defined media supplemented with growth regulators and phytohormones are
the basis for the exploitation of this technique. Depending on the explant
and the culture conditions cells either preserve their state of biochemical
and morphological differentiation or return to a status of embryogenic, un-
differentiated cells. The former situation can be used for organ cultures (e.g.,
pollen, anthers, flower buds, roots), whereas the latter leads to many callus
and suspension types of cultures (3). For example, the cell culture technique
has opened a facile route to haploid cells and plants, and such systems are
of great importance for genetic and breeding studies.

Whenever a heterogeneous group of cells can be turned into a state of
practically uniform cells, this much less complicated cellular system can
then be exploited to study many problems. This has been performed with
plant cell cultures for some 30 years now. Growth of cells in medium-size
and large volumes has opened interesting applications for plant biotechnol-
ogy. Numerous physiological, biochemical, genetic, and morphological re-
sults and data on cellular regulation stem from such investigations. Various
primary and secondary metabolic routes have been elucidated with the help
of cell culture systems. The typical sequence in pathway identification was
first product and intermediate characterization, then enzyme studies, and
finally isolation of genes. Furthermore, application of gene technology in
the field of transgenic plants depends to some extent on the tissue and cell
culture techniques (4).

Plants are characterized by totipotency, which means that each cell
possesses and can express the total genetic potential to form a fully fertile
and complete plant body. This fact, highly remarkable from a cell biological
point of view, is the genetic basis for important and widely used applications
of the cell culture technique. Differentiation of single cells or small aggre-
gates of cells into embryos, tissues, and even plants allows the selection of
interesting genotypes for several different fields of plant application (5).

The well-established procedures for mass regeneration of valuable
specimens of ornamental and crop plants constitute an important business
section in agriculture and gardening. Endangered plant species can be saved
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from extinction so that valuable gene pools will not disappear. Remark-
able progress has been achieved in mass regeneration of trees from single
plants or tissue pieces. This will undoubtedly be of further great benefit for
forestry because several problems in tree multiplication can thus be circum-
vented (6).

Furthermore, it should be mentioned that plant cell suspension cultures
possess a great potential for biotransformation reactions in which exoge-
nously applied substrates are converted in sometimes high yields. Position
and stereospecific hydroxylations, oxidations, reductions, and especially in-
teresting glucosylation of very different substrates have been found (7). The
plant cell culture technique has allowed the facile isolation of mutants from
many plant species. The overwhelming importance of mutants for biochem-
ical and genetic studies has been known for decades. Over the years, mu-
tations from all areas of cellular metabolism have been selected and char-
acterized. A good deal of our basic knowledge of the functioning and
regulation of organisms and cells and their organelles stems from work with
mutants. The various techniques of plated, suspended, or feeder cell—sup-
ported cell systems and even protoplasts have found wide applications (5).
The normal rate of mutation and also increased levels of mutated cells in-
duced by physical (UV light, high-energy irradiation) or chemical mutagens
(many such compounds are known) have been used. The specific advantage
of cell cultures for mutant selection is the possible isolation of single cells
from a mass of unmutated ones. Heterotrophic, photomixotrophic, and pho-
toautotrophic cells are available, and thus different areas of cell metabolism
can be screened for mutations.

In the cell culture field, regulatory mutants (i.e., excessive accumula-
tion of products of primary and secondary metabolism including visible
pigments), uptake mutants (i.e., the normal cellular transport systems of
nutrients into cells are invalidated), and resistance mutants (i.e., pronounced
cellular tolerance against toxic compounds such as mycotoxins, pesticides,
amino acid analogues, or salt) have especially been characterized. Various
auxotrophic mutants in the field of growth regulators have also been of
considerable value (3).

As an example, a series of studies using photoautotrophic cell suspen-
sion cultures and the highly toxic herbicide metribuzin blocking electron
transport in photosystem Il will be cited (8,9). A series of single, double, or
even triple mutants of the D1 protein coded by the chloroplast psbA gene
were selected and thoroughly characterized. The various lines allowed in-
teresting insights into the mechanism of herbicide interference with the D1
protein.

In a discussion of plant mutants resistant to herbicides, the impressive
results on herbicide-resistant crop plants require mention. Many of the mech-
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anistic and metabolic aspects of herbicide resistance were first elucidated
with cell cultures (10). Modern plant biotechnology has a wide choice of
biochemical solutions for herbicide resistance by inactivation and detoxifi-
cation reactions. Several major crop plant species (i.e., soybean, cotton,
maize, rape) are presently cultivated to a large extent in the form of appro-
priately manipulated genotypes. This development is on the one hand re-
garded as a major advantage for agriculture but on the other hand as a
subject of extensive and often very critical public debate.

IV. FROM GENES TO PATHWAYS TO
BIOTECHNOLOGICAL APPLICATION

A landmark in our understanding of the structure, the organization, and the
functioning of multicellular organisms is described by the extensive eukar-
yotic genome sequencing projects in the last decade. The genomes of the
yeast Saccharomyces cerevisiae, the nematode Caenorhabditis elegans, and
the fruit fly Drosophila melanogaster clearly revealed the genetic basis of
the similarities and the differences of diverse multicellular organisms (11).
This modest number should perhaps be compared with the 56 completed
prokaryotic genome sequences (10 strains of archaea and 46 of bacteria) and
the more than 200 in progress. In general, the number of genome sequencing
projects is increasing rapidly.

The three eukaryotic genomes have a similar set of 10,000—15,000
different proteins, suggesting that this is the minimal complexity required
by extremely diverse eukaryotes to execute development, essential metabolic
pathways, and adequate responses to their environment. These available eu-
karyotic genome sequences thus also document basic lines of organismic
evolution.

The recent completion and publication of the first complete genome
sequence of a flowering plant, the brassica Arabidopsis thaliana, represents
a further giant step forward (12). The genome of this model plant, dispersed
over five chromosomes, documents for plant scientists a complete set of
genes controlling developmental and growth patterns, primary and secondary
metabolism, adaptative responses to environmental cues, and disease resis-
tance. This full genomic sequence provides a means for analyzing gene
function that is also important for other plant species, including commer-
cial and agricultural crops. Plant biotechnology greatly benefits from the
Arabidopsis genome project. The large set of identified genes and also the
hitherto functionally unknown, predicted genes form the basis for more so-
phisticated plant genetic analysis and plant improvement by construction of
plants better adapted to human needs.

Copyright © 2002 Marcel Dekker, Inc.



The complete Arabidopsis genome appears to harbor 25,498 genes, of
which 17,833 can presently be classified as predicted from careful sequence
comparisons with genes from other organisms. Again, functional classifica-
tion comprises altogether nine areas of metabolism (12) as known from the
aforementioned other eukaryotic genome sequence projects (11). Thus 7665
genes (roughly 30%) remain to be functionally identified. In order to outline
the amount of research still to be fulfilled with the Arabidopsis genome, it
should be mentioned that altogether only some 10% of the genes have been
characterized experimentally.

Although a detailed description of the A. thaliana genome cannot be
given in this chapter, a few plant-specific aspects will be presented because
they appear to be of importance for future plant biotechnological application,
1.e., selection of specific lines, genetic modification, or transformation at sites
of characteristic plant-specific properties.

A considerable number of the nuclear gene products (approximately
14%) are predicted to be targeted to the chloroplasts as indicated by appro-
priate signal peptide sequences. Such a value indicates the massive influx
of nuclear-coded proteins into plastids. Protein kinases and the proteins con-
taining a disease resistance protein marker as well as domains characteristic
of pathogen recognition molecules are quite abundant in the Arabidopsis
genome. The essential elements are domains (intracellular proteins with an
amino terminal leucine zipper domain, a nucleotide binding site typical of
small G proteins and leucine-rich repeats) that were already known from the
Arabidopsis RPS2 and RPM1 genes as well as from other plant R genes (R,
plant disease resistance genes) (13). These findings in the Arabidopsis ge-
nome as well as all other molecular data on plant mechanisms for recogniz-
ing and responding to pathogens (12,13) indicate that pathways transducing
signals in response to pathogens and various other environmental factors are
more essential elements in plants than in other eukaryotes.

Uptake, distribution, and compartmentalization of organic and inor-
ganic nutrients; energy and signal transduction; and channeling of metabo-
lites and end products are very essential elements in a plant’s life. Membrane
transport systems are especially decisive for a sessile organism composed
of many different organs and tissues such as higher plants. Therefore, the
comparatively large number of predicted membrane transport systems in the
Arabidopsis genome appears understandable. Furthermore, it is not surpris-
ing that these transport systems are the well-known plant proton-coupled
membrane potentials (in contrast to the animal and the fungal sodium-cou-
pled systems). Proteins with sequence homologies to channel proteins and
peptide transporters are further prominent components in the Arabidopsis
genome. The importance of peptide transporters is further emphasized by
the great number of Arabidopsis genes encoding Ser/Thr protein kinases;
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thus, plant signaling pathways are presumably performed by the peptide—
peptide phosphate mechanism (14). Future biotechnological applications of
these documented plant transporters are, for example, construction of more
facile cellular sequestration processes for biologically active or toxic xeno-
biotics (i.e., pesticides, parasitic toxins) into vacuoles.

Arabidopsis has over three times more transcription factors than iden-
tified in the genomes of the other eukaryotes. This great number should best
be seen in connection with the expanded number of genes (also found in
Arabidopsis) encoding proteins functioning in inducible metabolic pathways
controlling defense and environmental interaction. Such routes are charac-
teristic features of higher plants (15,16). Increased numbers of transcription
factors are logically required to integrate gene function in response to the
vast range of environmental factors that plants can perceive (17,18). Need-
less to say, these genes and their products represent very important tools for
future biotechnology.

Finally, one aspect of the complex Arabidopsis genome analyses re-
ferring to signal transduction will be mentioned. The very high number of
mitogen-activated protein (MAP) kinases in combination with the high num-
ber of PP2C protein phosphatases and biochemical evidence from inducible
signal transduction studies support the assumption that plants operate sig-
naling pathways with MAP kinase cascade moduls (19,20).

As mentioned before, the presence of genes encoding enzymes for
pathways that are unique to vascular plants is of great importance for bio-
technology. Thus, several hundred genes with probable roles in the synthesis
and modification of cell wall polymers clearly emphasize the decisive role
of cell walls in the life of plants. Cellulose synthetases and related enzymes
involved in polysaccharide formation, polygalacturonases, pectate lyases,
pectin esterases, 3-1,3-glucanases, and numerous groups of polysaccharide
hydrolases were among the most prominent enzymes indicated by the gene
sequences of Arabidopsis. Again, this knowledge offers a wide range of
experimental tools for either structural modification of cell walls in the living
plant or in vitro studies with suitable substrates and isolated enzymes.

Furthermore, the considerable number of genes encoding peroxidases
and diphenol oxidases (laccases) points at the importance of oxidative pro-
cesses most likely in connection with lignin, suberin, and other polymers.
Decisive reactions are thought to be cell wall stiffening and modification
processes including cross-linking reactions of cell wall proteins (19). In con-
nection with cell wall-located proteins, the large group of glycine-rich pro-
teins (GRPs) may be used to show that plant molecular biology and bio-
technology are quite often confronted with very complex metabolic systems.
The plant GRPs possess a remarkable sequence homology with numerous
animal proteins that are well known for their pronounced adhesive properties
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(GRPs from shells), extreme mechanical flexibility (spider silk), or ability
to resist high mechanical pressure (human skin collagen). These properties
result from the specific amino acid sequence and certain repetitive motifs.
In the case of plant GRPs, where again interesting and valuable properties
for biotechnological application can be predicted from the sequences and
functions, the characteristic elements are many glycine-rich motifs (i.e.,
GGGx or GGxxxGGx with x standing for tyrosine, histidine, or serine).

The gene sequences allow differentiation between two large groups of
GRPs (21). Proteins with an N-terminal signal peptide are designed for apo-
plastic transport and cell wall localization. Protection of cells during anti-
microbial defense and increased cell wall resistance toward enzymic diges-
tion by microbial enzymes are logical functions. GRPs without N-terminal
signal peptides are, in contrast, characterized by RNA-binding motifs, zinc
finger domains or regions with oleosin character, i.e., proteins that stabilize
oil droplets (*“‘oleosomes”) in the cytoplasm. In the last point, the ability of
GRPs to form conformations with hydrophobic surfaces can be seen.

The real complexity in the GRP field results from the very different
cues leading to their induction. Phytohormones, water stress, cold, wound-
ing, light, nodulation, and pathogen attack have been demonstrated (22).
Cytosolic compartments or matrix structures such as xylem, protoxylem, cell
walls, epidermal cells, anthers, or root tips are the alternative expression
sites. The putative function always appears to be to impregnate sensitive
compartments with hydrophobic seals. A complete understanding of this
complexity requires, in addition to the genes, identification of the various
transcription factors and regulatory genes in order to open the GRP field for
biotechnological application.

As a further illustration of surprising data obtained from the Arabi-
dopsis genome project, the great number of genes encoding cytochrome
P450 oxygenases will be mentioned. The P450 oxygenases represent a su-
perfamily of heme-containing proteins that catalyze various types of hy-
droxylation reactions using NADPH and O,. In plants these membrane-
bound (endoplasmic reticulum) enzymes are known to be involved in
pathways leading to various secondary metabolites as well as routes to plant
growth regulators (23). Although of great importance in plant metabolism,
the various plant P450s are poorly understood with only a very limited
number characterized to any extent. In this context the very high number
(~286) of Arabidopsis P450 genes must be seen in contrast to the 94 genes
in Drosophila, the 73 genes in C. elegans, and just 3 genes in S. cerevisiae.
Intensive analyses of plant P450 oxygenases will represent a major task in
future years. Biotechnology will greatly benefit from such studies because
hydroxylation-oxygenation pathways are already known as routes to valua-
ble compounds. Further aspects of P450 will be discussed in connection
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with flavonoid and phytoalexin formation as well as xenobiochemical metab-
olism.

The great number of sequenced genes, especially in cases of isoen-
zymes encoded by multigene families, leads to an important question: Under
which conditions of growth, tissue, and organ development or changing en-
vironmental conditions are such genes (selectively) transcribed? Knowledge
of selective gene activation and changes therein under normal or adverse
conditions is of great importance for our understanding of the complexity
of multicellular organisms and for plant biotechnology.

A fascinating new technique (DNA microarray technology) allows the
determination of RNA expression profiles on the genome level with many
hundred genes at the same time. Samples of sequenced genes or character-
istic gene fragments are immobilized as microspots on membranes or glass
slides. These arrays are treated with mRNA preparations from the plant
material under investigation. The process of specific DNA-mRNA hybridi-
zation can be followed or automatically recorded by various techniques of
light emission or color formation (24). It is easy to predict that in the future
plant sciences will benefit from DNA microarray technology to the same
extent as already shown for medical and pharmaceutical applications (25).

Among other features, plants are characterized by their overwhelming
number of structurally highly diverse secondary metabolites. These com-
pounds (examples are alkaloids, terpenoids, flavonoids, and many other
classes) are not essential for growth, energy conversion, and other primary
metabolic pathways. They are, however, essential for interaction of the plant
with its environment and other organisms; they are said to determine the
“fitness” of a plant. Elucidation of many of their biosynthetic pathways,
characterization of the enzymes involved, and cloning of the genes have
been performed over many years. Detailed knowledge of the organ- or tis-
sue-specific localization and integration of these compounds in develop-
mental processes has been accumulated. Furthermore, many secondary me-
tabolites of numerous different structural classes are well known for their
biological (i.e., roles as attractants, repellents, defense compounds of plants
to interact with other organisms) and physiological (organoleptic and other
sensory properties and UV protection) characteristics as well as their me-
dicinal and pharmaceutical value. Pharmaceuticals from plants still form a
large portion of drugs in human therapy. Secondary metabolites will un-
doubtedly continue to be of great importance. Detecting, isolating, and pro-
ducing biologically or pharmaceutically active secondary plant metabolites
are high-priority objectives in many laboratories around the world (26). Such
studies greatly benefit from the tremendous progress in analytical processes
for valuable product recognition. The search for valuable plant secondary

Copyright © 2002 Marcel Dekker, Inc.



metabolites can make use of the large number of plants that have so far not
been analyzed to any extent.

Another interesting aspect of the search for new secondary products is
the fact that most likely all plants have a much greater genetic potential for
the formation and accumulation of such products than actually expressed
during normal growth conditions. Under stress (i.e., heat, drought, cold, high
salt concentrations) and other difficult environmental conditions (i.e., UV
irradiation, high light intensity) plants tend to form a much wider spectrum
of secondary metabolites (27). Thus, numerous compounds (e.g., alkaloids,
quinones, phenolics, lignans) are found as stress-related metabolites. Espe-
cially in response to pathogen (i.e., bacterial, fungal, viral) infection, a wide
range of antimicrobial compounds called phytoalexins are inducibly formed
de novo around infection sites. The large number of such phytoalexins in-
dicates the reservoir of genetic information for secondary product formation
that will be activated under particular circumstances (28).

The importance of phytoalexins as efficient antimicrobial defense com-
pounds is elegantly demonstrated by the transfer of genes encoding key
biosynthetic enzymes into plants that do normally not produce these com-
pounds (29). The ability to synthesize the groundnut stilbene phytoalexin
resveratrol has been expressed in tobacco, which resulted in much improved
resistance of the transgenic plant toward established tobacco fungal para-
sites. This strategy to alter the spectrum of secondary metabolites in a plant
by directing the flow of constitutive precursors into new products represents
a valuable approach for modern plant biotechnology. Other examples, es-
pecially in the field of flavonoids and isoflavonoids, are feasible and are
under investigation (30). With regard to pharmaceutical products, the value
of transgenic plants has repeatedly been demonstrated (26).

A challenging field for plant biotechnology is the anthocyanin pig-
ments in flowers. The introduction of additional hydroxyl functions in ring
B by transfer of genes coding specific cytochrome P450 monooxygenases
opens the possibility to create flowers with deeper (red-blue) color shades
(31). Prerequisites are correct vacuolar pH conditions and copigmentation.

Plants kept under adverse conditions accumulate not only phytoalexins
but also normal secondary metabolites, various of their biosynthetic inter-
mediates, and many new compounds in sometimes high concentrations
(32,33). In this context, a valuable technique for biotechnological application
is connected with cell suspension cultures of the experimental plants in
which secondary product accumulation and phytoalexin formation are stim-
ulated or induced by treatment of cultures with microbial elicitors (34).
These signal compounds of very different chemical structure (oligo- or poly-
saccharides of microbial cell wall structures, peptides or proteins of patho-
gens, as well as regulator compounds as glutathione, jasmonic acid, salicylic
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acid, or heavy metal ions as abiotic stress compounds) all tend to interfere
with cell metabolism via signal transduction cascades to induce stress and
defense responses (35). A large spectrum of secondary metabolites has been
shown to accumulate (36). Because heterotrophic, photomixotrophic and
photoautotrophic cell cultures can be used, the experimental possibilities are
quite variable and wide (34). Elicitation of cell cultures has also been de-
termined as a simple but efficient technique to detect new cytochrome P450
monooxygenases that are not expressed under normal conditions (37). The
findings on new secondary products formed de novo under particular con-
ditions support the interesting data from the Arabidopsis genome project
showing that this plant as judged by sets of unexpected genes possesses (at
least the genetic) potential to form secondary metabolites not yet isolated
from A. thaliana (12).

In conclusion, the search for secondary products can use both new
plants, not yet analyzed, and plants with known sets of these products be-
cause the genetic potential has not yet been fully exploited.

V. THE PLANT CELL ORGANELLES CONTAINING
GENETIC INFORMATION

Plants possess three cellular compartments containing genetic information,
namely the nucleus, the plastids, and the mitochondria. The genomes of
these three compartments differ greatly in size and thus in number of heri-
table traits. The nucleus (size of the haploid genome ~1.2 X 10° to 2.4 X
10° bp; ~20,000-40,000 genes) possesses a linear genome distributed over
several chromosomes that normally occur as diploid sets of genes with the
DNA material highly complexed with proteins (38). Identification and clon-
ing of nuclear genes, their elimination or silencing, and introduction of for-
eign genes have almost become a routine procedure in numerous plant spe-
cies. The highly sophisticated and efficient techniques of modern molecular
biology that allow substantial modifications of nuclear genomes will be of
utmost importance for plant biotechnology.

The mitochondria of plants carry circular genomes 200-2000 kb in
length, differ in the number of genes (~50-70), and even vary considerably
between species and sometimes within one plant (39). Transformation of
mitochondrial genomes is in its infancy.

The plastids harbor a circular double-stranded DNA molecule of 120-
160 kb with about 130 genes. This genome has been found in all cellular
types of plastids (i.e., proplastids, photosynthetically active chloroplasts,
chromoplasts, and amyloplasts), and quite remarkably each chloroplast may
contain up to 100 identical copies of the plastid genome. Given the fact that
each leaf cell may possess as many as 100 chloroplasts, an exceptionally
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high degree of ploidy (up to approximately 10,000 plastid genomes) is the
result for each cell. Successful attempts to engineer the chloroplast genome
have so far been restricted to very few systems (i.e., Chlamydomonas rein-
hardtii, Nicotiana tabacum, Arabidopsis thaliana), but routine procedures
with other crop plants suitable for biotechnological application are slowly
emerging. Recent data on the stable genetic transformation of tomato (Ly-
copersicum esculentum) plastids and expression of a foreign protein in fruit
represent a major step forward in technology (4). A key step in the chloro-
plast transformation experiments was the use of a specified region in the
chloroplast genome as a component of transformation vectors in order to
target transgenes by homologous recombination. The transplastomic tomato
plants finally obtained were shown to transfer the foreign gene to the next
generation via uniparentally maternal transmission.

This work also represents a significant breakthrough with regard to
biotechnology because of the great advantages of transplastomic plants over
conventional transgenic plants generated by transformation of the nuclear
genome. Some advantages can be summarized as follows. Due to the poly-
ploidy of the plastid genome, high levels of transgene expression and foreign
protein accumulation (up to 40% of total cellular protein) can be expected.
Because the chloroplast DNA lacks a compact chromatin structure, position
effects of gene integration are most likely not involved. As mentioned earlier,
transgene integration by homologous recombination provides an efficient
integration system. Finally, as shown for the transplastomic tomato plants,
most higher plants follow a strict uniparentally maternal inheritance pattern
of chloroplasts, i.e., absence of pollen transmission of transgenes (4). Thus,
the often criticized spread of transgenes from plants generated by nuclear
transformation experiments can be avoided. This aspect will undoutedly be
of major ecological importance. It is easy to predict that the availability of
transplastomic plants offers a wide range of biotechnological applications.
The new technology can be offered for the introduction of new biosynthetic
pathways, resistance management of crop plants, and the use of plants as
factories for biopharmaceuticals, proteins, enzymes, or peptides.

VI. METABOLISM OF XENOBIOCHEMICALS

Higher plants are often confronted with a wide range of exogenous organic
compounds, of either natural or anthropogenic origin. Products in the latter
category (especially prominent are herbicides, insecticides, and various other
groups of pesticides) are intentionally applied to agricultural plants and thus
are also introduced into the general biosphere. As expected from the very
reason for their application, these environmental chemicals differ greatly in
their biological activity or toxicity toward different plant species; this vari-
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ability ranges from highly toxic to nontoxic because the plants’ responses
vary from very sensitive to highly resistant. This difference in itself allows
important conclusions for biotechnology when the decisive mechanistic rea-
son has been deciphered.

Great progress has been made in our understanding of the metabolism
of these environmental chemicals in crop plants. In contrast to previous
belief, plants have developed a pronounced potential for the metabolism of
foreign compounds. Metabolism proceeds such that after uptake of foreign
products, structural modifications (phase I: generation of functional groups
such as —OH, —NH, or —SH) are introduced that finally allow transfer
of hydrophilic metabolites (phase II: conjugation metabolism, formation of
polar, water-soluble products by addition of glucosyl or amino acyl residues)
into vacuolar long-term storage or peroxidative polymerization (phase III)
of xenobiotic derivatives into polymeric structures such as lignin or cell
wall-localized polyphenolic matrices.

Because plants cannot excrete organic waste or end products outside
the plant body (as animals normally do), metabolic excretion aims at vac-
uoles or long-term durable polymers. A great variety of very different chem-
ical structures can thus be changed to harmless metabolites (40). Complete
degradation of the carbon skeleton of foreign products to CO, and water is
very rare in plants. For plant biotechnology aiming at the generation of
(crop) plants with a higher level of resistance toward xenobiochemicals, two
enzyme systems are of special interest. Decisive hydroxylation reactions of
phase I are catalyzed by cytochrome P450 monooxygenases. Numerous de-
alkylation, epoxidation, and hydroxylation reactions (at aromatic, heterocy-
clic, alicyclic, or aliphatic substrates) are the key introductory steps that
convert toxic compounds into much less toxic or nontoxic metabolites. In
addition to xenobiotic metabolism, P450 enzymes are involved in numerous
reactions of primary (phytohormones) and secondary (e.g., flavonoid pig-
ments, many phenylpropanoid compounds, terpenoids, alkaloids, phytoalex-
ins) metabolism (23,28). The importance of cytochrome P450 oxygenases
in plant metabolism can hardly be overestimated (41). The great number of
P450 genes detected in the Arabidopsis genome (see earlier) adequately
supports this statement. Furthermore, the well-characterized mammalian
P450 enzymes and their documented decisive role in detoxification of drugs
and other exogenous compounds have stimulated research in this field (23).
Therefore, based on the knowledge that numerous xenobiochemicals are
converted by P450 enzymes, clear identification of the relevant enzymes,
determination of their substrate specificities, analysis of gene regulation
(constitutive expression versus inducible formation), and cloning of the
genes are now preferential objectives. Because cloning of P450 genes is
often easier than isolation of the membrane-bound proteins and their bio-
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chemical characterization, numerous known gene sequences await functional
identification (23,37).

It has clearly been shown that in Helianthus tuberosum a P450 enzyme
was highly induced by exogenous chemicals (a phenomenon well known
from animal systems). Upon heterologous expression in yeast, the enzyme
converted a wide range of xenobiotics and herbicides to nonphytotoxic com-
pounds (42). For plant biotechnology such genes are potential tools for the
control of herbicide tolerance as well as soil and groundwater bioremedia-
tion. In accordance with this statement, a cytochrome P450 monooxygenase
cDNA selected from a soybean P450 cDNA library was also shown to cat-
alyze the oxidative metabolism of a range of herbicides and to enhance
tolerance to such compounds in transgenic tobacco (43).

The preceding data would never have been obtained without the ap-
plication of molecular biological techniques. Such procedures are of great
importance for biotechnology in the search for other specific genes and their
functional characterization. With the great number of genes obtained from
the genome sequencing projects (e.g., Arabidopsis) or from the facile cloning
of P450 genes, techniques for gene selection and functional determination
become more and more of interest. In this context, new and elegant appli-
cations of the well-known technique to identify and characterize genes by
constructing knockout mutants should be mentioned. Using T-DNA of A.
tumefaciens as an insertional mutagen and PCR techniques with primers
directed at the wanted gene(s), large collections of transformed Arabidopsis
lines (or other plants if they can readily be transformed) have been made
available for screening studies. In essence, any gene can thus be identified
and the mutant plant analyzed for the resulting phenotype (44,45).

Highly lipophilic xenobiotics, especially those carrying conjugated
double bonds, halogen substituents (Cl, Br) at aromatic or aliphatic struc-
tures, or nitro and nitroso groups are metabolized in plants by glutathione
S-transferases (GSTs) (46). This highly complex set of isozymes is involved
in the metabolism of endogenous substrates (protection against oxidative
stress in respiratory and photosynthesis pathways, carrier systems for vac-
volar transport of anthocyanin pigments and xenobiochemicals) as well as
exogenous compounds (detoxification of herbicides and other foreign prod-
ucts, especially by nucleophilic attack of the S atom and displacement of
the halogen or nitro substituent). The resulting peptide derivative may be
processed further but will eventually be stored in vacuoles. The GSTs are
homo- or heterodimers with the various subunits either expressed constitu-
tively or formed inducibly upon treatment of plants with suitable substrates.
Each distinct subunit is encoded by a different gene. Multiple homo- and
heterodimers exist, and the isoenzymes show distinct but only partly over-
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lapping substrate specificities. Intensive studies with maize, wheat, and soy-
bean have shown that the constitutive expression or the manipulated over-
expression of certain GST subunits represents a tool for promoting tolerance
of crop plants toward specific agrochemicals (46,47).

The data collected so far on plant metabolism of xenobiochemicals
and other foreign compounds clearly indicate that powerful techniques exist
that provide interesting applications for plant improvement.

VIl. CROP PLANTS AND RENEWABLE RESOURCES

With the Arabidopsis genome in hand, plant scientists are now eagerly look-
ing for sequence data for crop plants such as rice and maize (48). In these
cases the scientific challenge of genome sequencing is much bigger because
these plants have genomes 4 to 25 times larger than the Arabidopsis genome.
This results from the tendency of many plants to carry duplicate or multiple
copies of large sections of DNA. In view of the economic importance of
rice and maize as staple food for more than half of the world’s population,
the results of such projects will undoubtedly form the basis for better knowl-
edge of the genetics of these plants. These efforts will eventually also lead
to continued progress in improving the productivity and the quality of these
crop plants. Thus, a challenging and fascinating chapter of plant biotech-
nology will be opened in a few years (48).

In general, the productivity of modern agricultural crop plants has been
increased manyfold over the last decades. Adaptation of the various geno-
types either to the often complex factors of the environment (i.e., soil, cli-
mate, temperature, water supply), to the specific prevailing agricultural con-
ditions, or to pests and pathogens has been achieved very successfully at
sometimes impressive speed. Furthermore, the different demands of markets
and consumers with regard to product quality and fields of product appli-
cation have been leading guides in the breeding programs. These programs
were conducted by conventional techniques of crossing and selection, but
more recently molecular biological procedures [e.g., restriction fragment
length polymorphism (RFLP)] have also been introduced. In general, in ad-
dition to yield and quality, modern agricultural crop plants have been opti-
mized for high consumption of fertilizers and water. This last aspect will
have to be at least partly reversed because future agricultural practice in
many countries will be confronted by a reduced water supply. Plants with
appropriate mechanisms for low water management are a challenging sci-
entific task in the future.

A few lines of foreseeable development in plant breeding and construc-
tion are certain. Plant breeding will more and more apply molecular biolog-
ical and gene technological methods. The data from genome sequencing
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programs will be essential prerequisites. The diversification of lines within
a given species will increase because of the diverse demands for product
quality and product application. The overall productivity of our crop plants
has to be greatly increased in order to feed the rapidly growing population.

A very interesting and scientifically important step into this modern
field has been taken by the recent release of ““Golden Rice.” This transgenic
rice supplies provitamin A and iron and is expected to reduce major micro-
nutrient deficiencies in substantial populations where rice is the major diet
(49). Iron deficiency (a health problem in many women) is compensated by
several transgenes leading to better iron uptake and hydrolysis of phytate.
Vitamin A (required to prevent eye problems and blindness) is provided by
substantial levels of B-carotene accumulating in the rice grains due to four
transgenes to allow carotinoid formation.

The wide field of renewable resources represents a further challenge
for plant biotechnology and modern agriculture. Petrol oil and many mineral
oil—derived chemicals as well as coal are to be replaced by plant biomass
or plant-derived raw materials, various chemicals, biopolymers, and all sorts
of high-molecular or low-molecular products formed by and isolated from
plants. Such plant production requires little if any exhaustable energy re-
sources.

Potato lines with structurally modified starch (changes in amylose/
amylopectin ratios), rape transgenic genotypes accumulating seed oil with
other than the normal C16 and C18 fatty acids, or crop plants mainly storing
fructans instead of sucrose in their roots are well-established suitable ex-
amples (50). From rape-derived “‘bio-diesel” as petrol for cars to highly
sophisticated organic chemicals from suitably constructed plant lines, the
design of new “‘industrial plants” opens wide possibilities for plant biotech-
nology on a practically unlimited scale.

Vill. CONCLUSIONS

Plant biotechnology has developed into a scientific discipline with substan-
tial value in itself. In addition to the microbial and the animal systems, plants
and their cells can be used with great benefit for biotechnological questions.
This application will undoubtedly continue and most likely will increase in
importance. This is especially mandatory because plants are the major and
most important source of our nutrition. It is easy to predict that the use of
transgenic plants will more and more become routine and a matter of course.
The development that started a number of years ago is of so much value
that there will be no way and no need to go back. All the biotechnological
efforts have to be seen in the context of the pressure that the rapidly growing
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population exerts on the production of food and all materials that can be
produced with plants.

REFERENCES

1.

2.

10.
11.

12.

13.

14.

15.

16.

17.

18.

C Fankhauser, J Chory. Light control of plant development. Annu Rev Cell
Dev Biol 13:203-229, 1997.

KC Yeh, JC Lagarias. Eukaryotic phytochromes: light-regulated serine/threo-
nine protein kinases with histidine kinase ancestry. Proc Natl Acad Sci USA
95:13976-13981, 1998.

RIM Pierik. In-Vitro Culture of Higher Plants. 4th ed. Boston: Kluwer Aca-
demic Publishers, 1998.

S Ruf, M Hermann, IJ Berger, H Carrer, R Bock. Stable genetic transformation
of tomato plastids and expression of a foreign protein in fruits. Nat Biotechnol
19:870-875, 2001.

R Endref3. Plant Cell Biotechnology. New York: Springer Verlag, 1994.

J Kleinschmit, A Meier-Dinkel. Biotechnology in forest tree improvement. In:
R Rodriguez, R Sanchez Tames, DJ Durzan, eds. Plant Aging, Basic and Ap-
plied Approaches. New York: Plenum, 1990, pp 319-325.

T Suga, T Hirata. Biotransformation of exogenous substrates by plant cell
cultures. Phytochemistry 29:2393-2406, 1990.

C Schwenger-Erger, J Thiemann, W Barz, U Johannaningmeier, D Naber. Me-
tribuzin resistance in photoautotrophic Chenopodium rubrum cell cultures:
characterization of double and triple mutations in the psbA gene. FEBS Lett
329:43-46, 1993.

C Schwenger-Erger, N Bohnisch, W Barz. A new psbA mutation yielding an
amino-acid exchange at the lumen-exposed site of the D,-protein. Z Natur-
forsch 54c¢:909-914, 1999.

P Brandt. Transgene Pflanzen. Boston: Birkhiduser Verlag, 1995.

GM Rubin. Comparative genomics of the eukaryotes. Science 287:2204-2215,
2000.

The Arabidopsis genome initiative. Analysis of the genome sequence of the
flowering plant Arabidopsis thaliana. Nature 408:796-815, 2000.

R Michelmore. Molecular approaches to manipulation of disease resistance
genes. Annu Rev Phytopathol 15:393-427, 1995.

CA Ryan, G Pearce. Systemin: a polypeptide signal for plant defence genes.
Annu Rev Cell Dev Biol 14:1-17, 1998.

AA Agrawal. Induced responses to herbivory and increased plant performance.
Science 279:1201-1202, 1998.

SW Hutcheson. Current concepts of active defense in plants. Annu Rev Phy-
topathol 36:59-90, 1998.

P Reymond, EE Farmer. Jasmonate and salicylate as global signals for gene
expression. Curr Opin Plant Biol 1:404-411, 1998.

A Stepanova, JR Ecker. Ethylene signalling: from mutants to molecules. Curr
Opin Plant Biol 3:353-360, 2000.

Copyright © 2002 Marcel Dekker, Inc.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

O Otte, W Barz. The elicitor-induced oxidative burst in cultured chickpea cells
drives the rapid insolubilization of two cell wall structural proteins. Planta 200:
238-246, 1996.

H Hirt. Multiple roles of MAP kinases in plant signal transduction. Trends
Plant Sci 2:11-15, 1997.

G Sachetto-Martins, LO France, DE de Oliveira. Plant glycine-rich proteins: a
family or just proteins with a common motif? Biochim Biophys Acta 1492:1-
14, 2000.

H Cornels, Y Ichinose, W Barz. Characterization of ¢cDNAs encoding two
glycine-rich proteins in chickpea (Cicer arietinum 1.): accumulation in re-
sponse to fungal infection and other stress factors. Plant Sci 154:83-88, 2000.
PR Ortiz de Montellano. Cytochrome P450. Structure, Mechanism and Bio-
chemistry. 2nd ed. New York: Plenum, 1995.

MB Eisen, PT Spellman, PO Brown, D. Botstein. Cluster analysis and display
of genome-wide expression patterns. Proc Natl Acad Sci USA 95:14863-
14868, 1998.

DS Latchman. How can we use our growing understanding of gene transcrip-
tion to discover effective new medicines? Curr Opin Biotechnol 6:712-717,
1997.

KM Oksman-Caldentey, R Hiltunen. Transgenic crops for improved pharma-
ceutical products. Field Crops Res 45:57-69, 1996.

J Kuc. Phytoalexins, stress metabolites and disease resistance in plants. Annu
Rev Phytopathol 33:275-297, 1995.

W Barz. Phytoalexins. In: H Hartleb, R Heitefuss, HH Hoppe, eds. Resistance
of Crop Plants Against Fungi. Jena: G Fischer Verlag, 1997, pp 183-201.

R Hain, B Bieseler, H Kindl, G Schroder, R Stocker. Expression of a stilbene
synthase gene in Nicotiana tabacum results in synthesis of the phytoalexin
resveratrol. Plant Mol Biol 15:325-335, 1990.

RA Dixon, ChL Steele. Flavonoids and isoflavonoids—a gold mine for met-
abolic engineering. Trends Plant Sci 4:394-400, 1999.

N de Vetten, J ter Hors, HP van Schaik, A De Boer, J] Mol, R Koes. A cyto-
chrome b (5) is required for full activity of flavonoid 3’,5'-hydroxylase, a
cytochrome P450 involved in the formation of blue flower colors. Proc Natl
Acad Sci USA 96:778-783, 1999.

U Jaques, H Keflmann, W. Barz. Accumulation of phenolic compounds and
phytoalexins in sliced and elicitor-treated cotyledons of Cicer arietinum L. Z
Naturforsch 42¢:1171-1178, 1987.

T Vogt, M Ibdah, J Schmidt, V Wray, M Nimtz, D Strack. Light-induced
betacyanin and flavonoid accumulatation in bladder cells of Mesembryanthe-
mum cristallinum. Phytochemistry 52:583-592, 1999.

A Beimen, L Witte, W Barz. Growth characteristics and elicitor-induced re-
actions of photosynthetically active and heterotrophic cell suspension cultures
of Lycopersicon peruvianum (Mill). Bot Acta 105:152-160, 1992.

O Otte, A Pachten, F Hein, W Barz. Early elicitor-induced events in chickpea
cells. Functional links between oxidative burst, sequential occurrence of extra-

Copyright © 2002 Marcel Dekker, Inc.



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.
48.

49.
50.

cellular alkalinization and acidification, K*/H" exchange and defence related
gene activation. Z Naturforsch 56¢:65-76, 2001.

U Miihlenbeck, A Kortenbusch, W Barz. Formation of hydroxycinnamoylam-
ides and alpha-hydroxyacetovanillone in cell cultures of Solanum khasianum.
Phytochemistry 42:1573-1579, 1996.

S Overkamp, F Hein, W Barz. Cloning and characterization of eight cyto-
chrome P450 cDNAs from chickpea (Cicer arietinum L.) cell suspension cul-
tures. Plant Sci 155:101-108, 2000.

AD Bates, A Maxwell. DNA Topology. New York: Oxford University Press,
1993.

W Schuster, A Brennicke. The plant mitochondrial genome: physical structure,
information content, RNA editing and gene migration to the nucleus. Annu
Rev Plant Physiol Plant Mol Biol 45:61-78, 1994,

H Sandermann Jr. Higher plant metabolism of xenobiotics: the “‘green liver”
concept. Pharmacogenetics 4:225-241, 1994.

C1 Chapple. Molecular-genetic analysis of plant cytochrome P450—dependent
monooxygenases. Annu Rev Plant Physiol Plant Mol Biol 49:311-343, 1998.
T Robineau, Y Batard, S Nedelkina, F Cabello-Hurtado, M LeRet, O Sorokine,
L Didierjeau, D Werk-Reichart. The chemically inducible plant cytochrome
P450 CYP 76B1 actively metabolizes phenylureas and other xenobiotics. Plant
Physiol 118:1049-1056, 1998.

B Simiszky, FT Corbin, ER Ward, TJ Fleischmann, RE Dewey. Expression of
a soybean cytochrome P450 monooxygenase cDNA in yeast and tobacco en-
hances the metabolism of phenylurea herbicides. Proc Natl Acad Sci USA 96:
1750-1755, 1999.

PJ Krysan, JK Young, MR Sussman. T-DNA as an insertional mutagen in
Arabidopsis. Plant Cell 2:2283-2290, 1999.

PJ Krysan, JC Young, F Tax, MR Sussman. Identification of transferred DNA
insertions within Arabidopsis genes involved in signal transduction and ion
transport. Proc Natl Acad Sci USA 93:8145-8150, 1996.

DP Dixon, I Cummins, DJ Cole, R Edwards. Glutathione-mediated detoxifi-
cation systems in plants. Curr Opin Plant Biol 1:258-266, 1998.

KA Marrs. The functions and regulation of glutathione S-transferases in plants.
Annu Rev Plant Physiol Plant Mol Biol 47:127-158, 1996.

D Adam. Now for the hard ones. Nature 408:792-793, 2000.

I Potrykus. Golden rice and beyond. Plant Physiol 125:1157-1161, 2001.

S Warwel, F Bruse, C Deimes, M Kunz, M Klaas-Rusch. Polymers and sur-
factants on the basis of renewable resources. Chemosphere 43:39-48, 2001.

Copyright © 2002 Marcel Dekker, Inc.



2

Plant-Derived Drugs and Extracts

Yvonne Holm and Raimo Hiltunen
Department of Pharmacy, University of Helsinki, Helsinki, Finland

. INTRODUCTION

The first medicines known to man were certainly made from locally grown
wild plants. The knowledge about the actions of the plants was compiled by
trial and error and passed down from generation to generation orally. This
kind of traditional medicine, folk medicine, is still very much applied in
many developing countries simply because they cannot afford expensive
Western medicines. The study of traditional medicines, used in different
parts of the world, by modern pharmacological methods is now a respected
research area called ethnopharmacology. The indications for many plants
used in traditional medicine have been verified by ethnopharmacological
studies. For instance, hops have been used for centuries as a mild sedative
in Europe, and in 1983 the active compound was identified as 2-methyl-3-
buten-2-ol (1).

The next stage of development was to produce plant material for me-
dicinal purposes by cultivation and it is still the most important way, al-
though production by cell and tissue culture is gaining importance. Highly
productive cultivars of the cultivated plants may be developed by breeding
methods, e.g., crossing, and the plants are better developed owing to im-
proved conditions of soil, pruning, and control of pests, fungi, etc. Gene
modification has been used, for example, to increase the resistance of a plant
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to insects or plant diseases, but the use of genetically modified plants, e.g.,
soy, tomato, and corn, for production is very much debated. In field culti-
vation the harvesting can be performed by machines, and drying facilities
are available for the correct treatment of the plant material. However, field
cultivation is dependent on seasons and usually one to three harvests may
be obtained in a year, whereas production of drugs by cell and tissue culture
may be performed regardless of season.

Modern Western medicine (since late 19th century) is focused on sin-
gle, isolated compounds or now (since the 1950s) preferably synthetic sub-
stances because they can easily be produced in large amounts. However,
compounds are still isolated from plants if they cannot be easily synthesized;
i.e., the synthesis comprises too many steps or the synthesis is economically
unprofitable (the yield is low). For example, the total synthesis of taxol has
been known since 1993, but it is still mainly isolated from its natural source,
the yew, because the synthesis involves too many steps to be profitable.
Semisynthesis, starting with a plant-derived compound, which is then mod-
ified either biologically or chemically, is also a much used means of pro-
ducing desired drugs. If a plant contains several groups of biologically active
compounds, it is not always possible to know which compound is respon-
sible for the activity and then it is wiser to produce an extract. This is the
case with purple coneflower (Echinacea purpurea), which contains both li-
pophilic and hydrophilic immunologically active compounds and is therefore
used as a water-ethanol extract. Also, different groups of compounds in an
extract may have synergistic effects. Plant extracts may also be standardized
to contain a certain amount of one component or group of components
known to possess biological activity. Plant extracts are used in phytotherapy,
whereas extracted, purified compounds are used in official medicine. In this
chapter some of the most important plant-based isolated drugs, extracts, or
plant products and standardized extracts are presented.

II. DRUGS ISOLATED FROM PLANTS
A. Artemisinin

In the 1970s the antimalarial properties of extracts of annual or sweet worm-
wood (Artemisia annua L.), a traditional Chinese drug for fevers and ma-
laria, were discovered and this led to the isolation of the active principle,
artemisinin, which is also called ginghaosu. It is an endoperoxide found in
the dried aerial parts of the plant in concentrations ranging from 0.01 to
0.86%, depending on the origin of the plant (2). Artemisinin is an antima-
larial agent that is selectively toxic to various species of Plasmodium
(falciparum, vivax, ovale) in vitro and in vivo, including chloroquine-resis-
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tant strains. Synthetic efforts have yielded active derivatives, including o-
and B-artemethers, artether, and artesunate. Artemisinin and its derivatives
are sparingly soluble in water and lipidic phases and are therefore admin-
istered in aqueous or oily suspension, tablets, or suppositories. The use is
reserved to geographical areas with multiresistant falciparum, by prescrip-
tion (2).

artemisinin

B. Cardiac Glycosides

Two of the Digitalis genus, D. purpurea L. (purple foxglove) and D. lanata
Ehrh. (Grecian foxglove), are used for the extraction of digitoxin and di-
goxin. The purple foxglove contains 0.2—0.4% cardenolide glycosides and
is cultivated in the Netherlands for extraction of glycosides or, more rarely,
collected from natural habitats. The Grecian foxglove is cultivated in the
Netherlands and France. The leaves are collected and must be rapidly dried
at a temperature as low as possible. The Grecian foxglove is used industrially
for the extraction of digoxin and digitoxin as well as derivatives of its sec-
ondary glycosides, e.g., desacetyl-lanatoside C. Purple foxglove contains
about 30 glycosides, divided into three series: the A series, with digitoxi-
genin as aglycone (primary glycoside is purpurea glycoside A); the B series,
with gitoxigenin as aglycone; and the E series, with gitaloxigenin as agly-
cone. Varieties in which series A predominates (>50%) are preferred. The
constituents of the Grecian foxglove are called lanatosides and are divided
into five series; the A, B, and E series; the C series, with the primary gly-
coside lanatoside C; and the D series (2). The cardenolide glycosides are
still important drugs in the treatment of heart insufficiency, although syn-
thetic drugs, e.g., B-blockers, are also used.

C. Opium

The all-time classic of plant-derived drugs is certainly opium. According to
the European Pharmacopoeia, raw opium is the air-dried latex obtained by
incision from the unripe capsules of opium poppy, Papaver somniferum L.
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It contains not less than 10.0% morphine and not less than 2.0% codeine.
Raw opium is intended only as starting material for the manufacture of
galenical preparations (3).

The cultivation of the opium poppy may be divided into production
of opium, mostly in India, and production of the straw for extraction of
alkaloids, mostly in temperate climates. Legal opium cultivation is restricted
to the following countries: Bulgaria, Greece, Iran, India, Russia, Turkey, and
the former Yugoslavia. However, great amounts are illegally cultivated in
Southeast Asia and Mexico (4). The opium production involves a great deal
of manual work: cutting of the capsules to release the latex and later, when
it has dried and turned brown, collecting (2). One capsule gives about 20
mg of opium (4). The latex is air dried and shaped into cakes of about 5
kg. In order to isolate alkaloids directly from the capsules, poppy varieties
optimized for alkaloid production have been developed and cultivation meth-
ods optimized. The harvest may be conducted at complete maturity, which
yields ‘‘straw,” or before maturity, which yields ‘“green poppy,” rich in
alkaloids. The capsules are dried and alkaloids may be extracted (2).

Morphine is the main alkaloid of opium and is known as a powerful
analgesic that acts via the central nervous system. This means that it has
many adverse effects as well as the risk of tolerance and dependence. Still,
morphine is the drug of choice for severe pain, for instance, in cancer pa-
tients. Morphine is isolated from opium in a process that begins with mixing
opium and calcium chloride to a thin paste, which releases the alkaloids
from their salts and precipitates meconic acid. Morphine is solubilized as
calcium morphinate. The next step is the purification of morphine by adding
ammonium chloride, which makes morphine precipitate. The precipitate is
collected, washed, and dried (2.4). The total synthesis of morphine was
published in 1956, but it is still isolated from the plant (5). Over 90% of
the morphine obtained is used for codeine production.

Codeine is present in small amounts in opium (about 2%) and can be
extracted, but it is usually produced by semisynthesis, 1.e., methylation, from
morphine. Codeine is an antitussive agent (4). Dihydrocodeine is an anal-
gesic (2).

Noscapin is one of the main alkaloids in opium (about 6%) and is
obtained as a by-product in the isolation of morphine. It has antitussive
properties (4).

Other semisynthetic derivatives of morphine are ethylmorphine, the 3-
ethylether of morphine, and pholcodine, 3-morpholinyl-ethylmorphine,
which are both antitussives. Diacetylmorphine (= heroin) has no use in
therapeutics but has great abuse potential. Morphine antagonists are also
prepared from morphine and include N-allylnormorphine (= nalorphine),
which is a partial antagonist, and N-cyclopropylmethyl-14-hydroxynordi-
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hydromorphinone (= naltrexone) and N-allyl-14-hydroxynordihydromor-
phinone (= naloxone), which are pure antagonists (2).

HO™" Q/
R = H: morphine
R = CHj: codeine

D. p-Sitosterol

B-Sitosterol is one of several phytosterols that are widely distributed
throughout the plant kingdom. It is common in vegetables, grains, nuts,
seeds, and fruits and is one of the main sterols in fungi and algae (6). B-
Sitosterol may be obtained from wheat and rye germ oils, cottonseed, and
other seed oils, but it is obtained mainly as a by-product in the processing
of soybean oil and tall oil. The average Western diet provides 250—-350 mg
of B-sitosterol daily (7).

B-Sitosterol, which chemically resembles cholesterol, inhibits the ab-
sorption of cholesterol. B-Sitosterol alone or combined with other phyto-
sterols has been shown to reduce the plasma total cholesterol and low-den-
sity lipoprotein (LDL) levels in human subjects (8). It is also able to relieve
the symptoms of benign prostatic hyperplasia (BPH) and is used in herbal
remedies indicated for the treatment of this ailment (9). 3-Sitosterol and its
saturated derivative, B-sitostanol, are used as cholesterol-lowering agents in
different kinds of functional foods.

sitosterot
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E. Steroids

Although total synthesis of some medicinal steroids is applied commercially,
there is also a great demand for natural products that can serve as a starting
material for their semisynthesis. Medicinal steroids for which there is a de-
mand are sex hormones (testosterone, estradiol, and progesterone), corticoids
(cortisone acetate and betamethasone), oral contraceptives (norethisterone
and mestranol), and diuretic steroids (spironolactone).

Hecogenin provides a practical starting material for the synthesis of
corticosteroids. It is obtained commercially as the acetate in about 0.01%
yield from sisal leaves (Agave sisalana Perr.). In East Africa, when removing
the fiber, a hecogenin-containing “‘sisal concentrate” is obtained. From this
the “‘juice” is separated and allowed to ferment for 7 days. The sludge
contains about 80% of the hecogenin originally present in the leaves. It is
processed by steam under pressure to complete the hydrolysis, filtered, and
dried. The final concentrate contains about 12% hecogenin. Diosgenin, ob-
tained from various Dioscorea species (yams), is suitable for the manufac-
ture of oral contraceptives and sex hormones. It can also be used as a starting
material for corticosteroid synthesis if microbiological fermentation is ap-
plied to introduce oxygen into the 1la-position of the pregnene nucleus.
Dioscorea spp., wild or cultivated, contain steroidal saponins, which can be
isolated by acid hydrolysis. Previous fermentation of the material for 4—10
days often gives a better yield. The water-insoluble sapogenin is then ex-
tracted with a suitable organic solvent (10). The soya beans (Glycine max
Sieb. et Zucc.) contain appreciable amounts of stigmasterol and sitosterol.
Stigmasterol provide a good source of progesterone and can replace dios-
genin (6,10).

F. Taxol

The history of taxol began in 1964 in a screening program of the National
Cancer Institute (NCI) in the United States, in which antineoplastic natural
agents were tested. Taxol showed cytotoxic activity in vitro. The source of
taxol was the Pacific yew, Taxus brevifolia Nutt., which contained 0.01% in
the bark (11). Isolation was not possible without extinction of the species.
Systematic screening of the Taxus genus resulted in selection and cultiva-
tion of cultivars whose needles constitute an exploitable source of taxol. In
particular, . x. media cv. hicksii has a taxol concentration of up to 0.06%.
It is also quite feasible to prepare taxol by semisynthesis from baccatin III
and 10-deacetylbaccatin III, which are structural analogues found in the
leaves of the European yew, Taxus baccata L. Synthetic work has also
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led from the same 10-deacetylbaccatin III to esters, i.e., docetaxel, known
under the trade name Taxotere®. Two approaches to the total synthesis
of taxol were published in 1993, but the interest is purely academic be-
cause the process contains about 40 steps and is thus far from cost effec-
tive (2).

Many attempts to produce taxol from cell cultures of different Taxus
species have been made. A quite successful experiment with Taxus brevifolia
suspension cultures gave a maximum taxol level of 1.43 mg/L, which was
0.013% as a specific content (12). Taxol is a mitotic spindle poison with a
very specific mode of action: it promotes the assembly of tubulin dimers
into microtubules, which it stabilizes by inhibiting their depolymerization
(2,11). Both taxol and docetaxel are indicated in the therapy of advanced
ovarian and breast cancer when no other therapy is effective. Both sub-
stances are highly toxic and severe adverse effects, including neutropenia,
peripheral neuropathy, cardiovascular problems, alopecia, nausea, and hy-
persensitivity to the solvent, are common (2).

o) CeHs O
CBHS/“\N/\;/U\O'”"
OH
taxol

G. Tropane Alkaloids

Tropane alkaloids, mainly atropine and scopolamine, are isolated mainly
from two Australian species of Duboisia, D. myoporoides R. Br. and D.
leichhardtii F. Mueller. They contain 0.6—-5% alkaloids with either hyoscy-
amine or scopolamine as the main component. The isolation of the alkaloids
starts with the powdered drug, which is extracted with a diluted mineral
acid, for instance, 0.1 N sulfuric acid. Impurities are removed by shaking
the acidic phase with an organic solvent, i.e., ethyl acetate, toluene, or chlo-
roform, in which the impurities are dissolved. The water phase is made
alkalic and the alkaloids are extracted using the same solvent (4). The tro-
pane alkaloids are parasympatholytics and are applied, for instance, in oph-
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thalmic preparations, to relieve smooth muscle spasms, and for motion sick-
ness (scopolamine) (2).

H. Vinblastine and Vincristine

Vinblastine and vincristine are binary indole alkaloids isolated from the aer-
ial parts of the Madagascan periwinkle (Catharanthus roseus G. Don syn.
Vinca rosea L.). The plant contains 0.2—1% alkaloids, which form a very
complex mixture in which about 95 components have been identified. Vin-
cristine is found at a level of 0.0003%, and vinblastine is a little more
abundant. In spite of the low concentration, both alkaloids are extracted from
plant material. Many efforts have been made to produce these substances
by cell culture, but so far no cost-effective method has been found. Both
substances are antimitotic agents. Vincristine is used for the treatment of
acute leukemia and in combination chemotherapy, and vinblastine is indi-
cated in the treatment of Hodgkin’s disease (2).

Two semisynthetic derivatives of vinblastine are marketed, namely vin-
desine and vinorelbine. Vindesine is prepared from vinblastine by formation
of the hydrazide of 16-deacetylvinblastine (with hydrazine) and reduction of
the acylhydrazide (by Raney nickel in methanol). An alternative method
consists of forming the acylazide (by reaction with nitrous acid) and then
the amide (by treatment with anhydrous ammonia). Vinorelbine is charac-
terized by the replacement of the tryptamine moiety of the upper half
(indole—CH,—CH,—N-—) with a gramine-type moiety (indole—CH,—
N-—), i.e., by the elimination of one carbon atom. The reaction goes via a
bisiminium ion, by the Polonovski reaction on anhydrovinblastine, or
through the bromoindolenine of anhydrovinblastine (2).

C')H
/ ” )—,’/ Z/ /‘v‘ {\\\H \i\)
H;CO0C ?‘—,,/\ \‘/ \‘/ )

R = CH,: vinblastine
R = CHO: vincristine
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ill. PLANT PRODUCTS AND EXTRACTS
A. Chamomile

At least three plants are known as chamomile: German or genuine chamo-
mile (Matricaria recutita L. syn. Matricaria chamomilla L.), Roman or En-
glish chamomile [Chamaemelum nobile (L.) All. syn. Anthemis nobilis L.],
and Moroccan chamomile (Ormenis multicaulis L.). It is important to dis-
tinguish between the different chamomiles because they have different
chemical compositions and thus different effects. German chamomile is the
most appreciated, most expensive, and most extensively investigated of these
three. In addition to a blue essential oil (due to chamazulene), chamomile
contains flavonoids, mostly apigenin, rutin, and their glucosides, which pos-
sess spasmolytic activity (13,14).

As is the case with all plants that are widely cultivated, there exist
numerous cultivars and chemotypes of chamomile. According to the com-
position of the essential oil, six chemotypes may be distinguished:

1. A bisabolol oxide A type from Egypt, the Czech Republic, and
Hungary.

2. A bisabolol oxide B type from Argentina.

3. A bisabolol type with up to 50% bisabolol from Spain. The cul-
tivar Degumille® developed by Asta Pharma (formerly Degussa)
belongs to this type.

4. A bisabolon oxide A type from Turkey and Bulgaria.

5. A matricine free or poor type (gives a green oil) from Egypt and
Turkey.

6. A so-called uniform type, which contains almost equal amounts
of bisabolol oxide A, B, and bisabolol (15).

There is a certain demand in the pharmaceutical industry for the che-
motype containing a-bisabolol (often along with chamazulene), because -
bisabolol has anti-inflammatory, antimicrobial, and antipeptic activities and
chamazulene is pain relieving, wound healing, and antispasmodic. In addi-
tion, chamomile oil is fungicidal (13). Chamomile flowers may be used for
tea and extracts; tinctures and ointments are prepared for both internal and
external use. The oil is also used in aromatherapy. Chamomile is the subject
of a positive German monograph describing its use internally for gastroin-
testinal spasms and inflammations, externally for skin and mucous mem-
brane inflammation (mouth) and bacterial skin disease, and as bath and ir-
rigation therapy for inflammation of the genital and anal areas (16).
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B. Echinacea

The roots and herbs of three species of Echinacea or coneflower, E. angus-
tifolia DC, E. pallida (Nutt.) Nutt. and E. purpurea (L..) Moench. are widely
used as immunostimulants. The chemical composition of Echinacea is quite
complex and comprises eight groups of compounds: caffeic acid derivatives
(echinacoside, cynarin, cichoric acid), flavonoids, essential oil, polyacety-
lenes, alkylamides, aikaloids, polysaccharides, and other constituents, in-
cluding phytosterols (17). Biological activities attributed to Echinacea are
stimulation of phagocytosis, increase of respiratory activity, and increase of
the mobility of leukocytes (18). Immunostimulatory principles have been
demonstrated in both lipophilic and polar fractions of extracts of Echinacea
species (13). Preparations containing Echinacea are mostly extracted using
water and ethanol. They are not usually standardized (earlier often stan-
dardized to echinacoside} but marker substances, cichoric acid in E. pur-
purea and echinacoside or rutin in E. angustifolia, are determined. Echina-
cea preparations have widespread use all over the world. They are registered
drugs in Switzerland, Germany, Austria, Hungary, and Australia; herbal rem-
edies in many European countries; and food supplements in the United
States (13,19). The aboveground parts of E. purpurea are the subject of a
positive German monograph on their use for the external treatment of hard-
to-heal wounds, eczema, burns, herpes simplex, etc.; as a prophylactic in-
ternal immunostimulant at the onset of cold and flu symptoms; and as an
adjuvant for treatment of chronic respiratory infections, prostatitis, and uri-
nary tract conditions. E. purpurea root, E. angustifolia root, and E. angus-
tifolialE. pallida aerial parts are not recommended because of lack of current
clinical studies (13).
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C. Evening Primrose Oil

Evening primrose, Qenothera biennis L., originally a North American spe-
cies, is cultivated in the United Kingdom and Canada for the production of
seeds. The seeds contain up to 25% oil rich in polyunsaturated fatty acids.
The major fatty acids are linoleic acid (65—80%), y-linolenic acid (GLA,
8-14%), and oleic acid (6—11%) (2). The oil also contains smaller amounts
of palmitic and stearic acid (20). Traditional breeding methods have been
employed in order to develop cultivars with a high oil and GLA content.
The oil is obtained by cold expression. Because of its high content of un-
saturated fatty acids, it is difficult to preserve and is usually incorporated in
soft gelatin capsules. Antioxidants, such as vitamin E, are often added to
preserve fatty oils (2).

In Germany and the United Kingdom, evening primrose oil is approved
for treatment of atopic eczema (4,13). Many other indications have been
claimed but remain poorly backed up by clinical studies or controversial
results. Therefore, evening primrose oil is usually considered a food supple-
ment in most countries.

Other sources of GLA are borage oil (Borago officinalis L.), with a
GLA content of 18-25%, and black currant seed oil (Ribes nigrum L.), with
16—-17% GLA (13,21).

D. Garlic

Garlic (Allium sativum L.) has been known as a medicinal plant since ancient
times. It is mentioned in Papyrus Ebers, which is dated to about 1550 BC.
It is also a popular spice in spite of a sulfuric smell. The active compound
in garlic is alliin, which is devoid of smell. When tissues are cut, alliin is
degraded by an enzyme, alliinase, to allicin. Air oxidation of allicin leads
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to diallyldisulfide, which is the main constituent of garlic volatile oil. Present
in garlic extracts are also allicin condensation products, 6Z- and 6E-ajoenes
and cycloadducts of propenethial, vinylthiines (2,4).

Several pharmacological activities are attributed to garlic. Garlic ex-
tracts and the volatile oil are antibacterial and antifungal and have choles-
terol-lowering properties and antihypertensive effects. The ajoenes have ac-
tivity against platelet aggregation (2).
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There are numerous garlic preparations on the market, and they are
produced in different ways:

1.

2.

Garlic powder (not stabilized). Garlic is dried in the sun or at
105°C, powdered, and usually dispensed in capsules.

Garlic powder (stabilized). Before drying, the garlic is treated with
hot alcohol steam, which inactivates the enzymes. This means that
products made in this way contain alliin.

Oil macerates. Fresh garlic is macerated in oil, for instance, in
soybean oil, and the macerate is dispensed in soft gelatin capsules,
which may be enteric coated.

Garlic juice may be expressed and sterilized.

Products containing volatile garlic oil are prepared by autolysis;
i.e., garlic pieces are kept in water and the enzyme activity is
allowed to go on. The process is continued by steam distillation,
which yields about 0.2% oil without allicin but with di- and tri-
sulfides. The oil is dispensed in gelatin capsules (4).

A special garlic product is the aged garlic extract, Kyolic®
(Wakunaga, Japan), prepared by fermentation and standardized
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with S-allyl cysteine. Some products may be standardized to alliin
(19).

Garlic is the subject of a positive German monograph in which it is
indicated for supportive dietary measures to reduce blood lipids and as a
preventative for age-dependent vascular changes. The ESCOP monograph
on garlic gives the same indications plus use for relief of coughs, colds,
catarrh, and rhinitis (13).

E. Linseed Oil

Linseed oil is obtained from ripe, dried linseeds (Linum usitatissimum L.),
which contain 35-45% oil. The oil is a source of a-linolenic acid (40—
62%), linoleic acid (16—25%), and oleic acid (10—-15%) (22). The oil was
obtained earlier by hot expression of linseed meal and the press was adjusted
to leave sufficient oil in the cake to make it suitable as cattle food. This
method yielded a yellowish-brown drying oil, which on exposure to air
gradually thickened, formed a hard varnish, and was used in paint (10). Now
linseed oil is isolated by a special cold expression method that yields a
yellow oil used as a food supplement.

The human body is able to produce a great variety of different types
of fatty acids, with the exception of linoleic acid and a-linolenic acid, which
are essential fatty acids (EFAs) and must be received from the diet. With a
total EFA content higher than 70% and a total content of unsaturated fatty
acids higher than 90%, linseed oil is a good source of both n-3 (a-linolenic
acid) and »-6 (linoleic acid) polyunsaturated fatty acid precursors. Linoleic
acid is the precursor of the n-6 series leading to y-linolenic acid (GLA),
dihomo-+y-linolenic acid (DGIL.A), and arachidonic acid (AA). «-Linolenic
acid is the precursor of the n-3 series, including eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA). The conversion of EFAs into other fatty
acids in the human body depends on the activity of the enzyme A-6-de-
saturase (23). Note that fish oils are natural sources rich in EPA and DHA.

F. Mint Qils and Menthol

Mint oils are some of the most commonly used essential oils all over the
world. Essential oils are isolated by distillation procedures from the plant
material, and this yields a 100% pure oil. The mint oils produced in the
largest amounts are peppermint (Mentha x piperita L.), spearmint (M. spi-
cata L.), and cornmint (M. arvensis L. var. piperascens Malinvaud). The
United States is the major producer of peppermint (3200 tons in 1992), and
spearmint and cornmint producers include Japan, Taiwan, and Brazil (13).
Peppermint leaves contain 1-3%, spearmint about 0.7%, and cornmint 1—
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2% essential oil of complex composition. Peppermint oil is characterized by
menthol and menthone, spearmint by carvone, and cornmint by a high con-
centration of menthol (70-95%). The mint oils are used extensively as fra-
grance components in toothpastes, mouthwashes, gargles, soaps, detergents,
creams, lotions, and perfumes; in flavoring chewing gums, candies, choco-
lates, and alcoholic beverages; and in medicines. Peppermint oil is used in
cough mixtures as an expectorant, as a choleretic and antiseptic agent, and
in enteric-coated capsules to treat irritable bowel syndrome. Cornmint oil is
used mainly for the production of menthol. The oil is slowly cooled, which
induces the crystallization of menthol. The dementholized oil still contains
30-45% menthol, and this is the commercial cornmint oil (2,13).
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The mint oils could in a way be regarded as standardized products
because oils from different sources are mixed to meet composition require-
ments set by the International Standardization Organisation (ISO) or by dif-
ferent pharmacopoeias. For instance, the European pharmacopoeia sets the
following requirements for the composition of peppermint oil: limonene
1.0-5.0%, cineole 3.5—14.0%, menthone 14.0-32.0%, menthofuran 1.0—
9.0%, isomenthone 1.5-10.0%, menthyl acetate 2.8—-10.0%, menthol 30.0—
55.0%, pulegone not more than 4.0%, and carvone not more than 1.0%. In
addition, the ratio of cineole content to limonene content is to be greater
that 2 (3). Menthol may be produced by freezing cornmint oil, which gives
the pure (—)-enantiomer plus dementholized oil, which is utilized to flavor
toothpastes and chewing gum. Menthol can also be produced by semisyn-
thesis starting from pinene or by total synthesis, which yields racemic men-
thol. Menthol is largely consumed by the tobacco industry and by the phar-
maceutical industry in itch-relieving creams, cough mixtures, and
preparations to relieve the symptoms of the common cold (2).

G. Saw Palmetto

As the life expectancy increases, all kinds of age-related health problems
become more common. A problem of men older than 50 years is benign
prostatic hyperplasia (BPH), i.e., enlargement of the prostata, which leads
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to different urinary tract symptoms, such as frequent urination, weak stream,
hesitancy, intermittency, and incomplete emptying. A popular cure for these
symptoms is an extract prepared from the fruits of saw palmetto, Sabal
serrulata Hook. syn. Serenoa repens (Bartel.) Small. (2).

The chemical composition of the fruits still remains poorly studied.
The fruits and seeds are rich in fatty oil with about 50% short-chain fatty
acids, for instance, lauric acid. Commercially available are lipid and sterol
hexane extracts, which contain fatty acids, linear and monounsaturated al-
kanes, aliphatic alcohols and their esters, phytosterols (among others sitos-
terol and its derivatives), and polyprenols (2). The pharmacological activities
of the extract are inhibition of steroid Sa-reductase and 3a-reductase, de-
creased binding of dihydrotestosterone to androgen receptors, and inhibition
of cyclooxygenase and lipoxygenase (2,13). In clinical trials, extracts of saw
palmetto have been superior to placebo and comparable to finasteride, a
synthetic drug used in BPH (24).

Lipidosterolic extracts of saw palmetto are the subject of a positive
German monograph in which they are indicated for micturition problems in
BPH. They are marketed as herbal remedies in many European countries.
The status in the United States is undetermined (13).

IV. STANDARDIZED EXTRACTS
A. Ginger

Ginger root is mainly a spice but is used in Oriental traditional medicine
and lately also in Western medicine. The root is rich in starch (60%) and
contains proteins and fat. Secondary metabolites found in the root are es-
sential oil (main component zingiberene) and pungent principles, i.e., gin-
gerols, which occur alongside corresponding ketones (zingerone) and in the
dried drug alongside dehydration products called shogaols. Shogaols are
twice as pungent as gingerols (2,13).

Ginger oleoresin, which is widely used in the food industry, is prepared
by organic solvent extraction (hexane, acetone, ether, alcohol). The solvent
is removed under vacuum and the product is a viscous, semisolid extract
(13). Powdered ginger root has also been used in the form of capsules to
treat motion sickness (2). The newest indication for ginger root is to relieve
rheumatic pain and help the mobility of joints. The active principles are
believed to be gingerols, and extracts are standardized to a certain content
of gingerols. Two such extracts, Zinax HMP-33 and EV.EXT™ 77 (ginger
and galanga root), are marketed by Eurovita (Karslunde, Denmark). EVEXT
77 is extracted by means of a patented extraction method based on the
LipCell technology (Eurovita product information).

Copyright © 2002 Marcel Dekker, Inc.



R 7 ~ s S (CHz)n—C H 3

gingerois
(n=1-4,6,8,10)

B. Ginkgo

The leaves of the ginkgo or maidenhair tree (Ginkgo biloba L.) contain two
groups of pharmacologically interesting compounds, flavonoids (0.5-1%)
and terpenes (diterpenes up to 0.5% and sesquiterpenes). The flavonoids are
represented by about 20 different flavonol glycosides, mostly with quercetin
as aglycone. The diterpenes are also known as ginkgolides A, B, C, I (and
M in the roots), and the sesquiterpene present is bilobalide (2). Ginkgolide
B is an inhibitor of platelet-activating factor (PAF), and the ginkgo flavo-
noids are known as free radical scavengers. The ginkgo extract promotes
vasodilatation and improves the blood flow in both arteries and capillaries
(18). Ginkgo has been the subject of numerous clinical trials for “‘cerebral
insufficiency,” and some positive results have been published concerning the
use of ginkgo in Alzheimer’s disease (25). The Ginkgo biloba extracts on
the market are concentrated (50:1), standardized products made by a mui-
tistep process. The process starts with dry, ground ginkgo leaves, which are
extracted by an acetone-water mixture under partial vacuum. The organic
solvent is then removed and the extract processed, dried, and standardized
to a potency of 24% flavonoids and 6% terpenes. The product is available
in both solid and liquid form. Ginkgo preparations are widely prescribed in
Germany. In other countries they are mainly available as over-the-counter
drugs or herbal remedies (18).
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C. Ginseng

Since ancient times, ginseng roots have had a reputation in China as a tonic
with revitalizing properties (2,13). Several species of ginseng are used: Asian
ginseng (Panax ginseng C.A. Meyer), Japanese ginseng (P. pseudoginseng
Wall.), and Western or American ginseng (P. quingquefolius 1..). Sometimes
Siberian ginseng is also mentioned, but this is an entirely different species,
Eleutherococcus senticosus Maxim., which contain different substances. The
ginseng root contain numerous compounds, but the ones considered active
are the so-called ginsenosides (about 20). They are saponins, glycosides of
tetracyclic aglycones of the dammarane series, i.e., a trihydroxylated type
(protopanaxadiols) and a tetrahydroxylated type (protopanaxatriols). The
ginsenosides are numbered: ginsenoside Ry, R, 15, Ry, Rep Ryr2, Ry (1).
The different ginseng species differ in chemical composition. Ginseng is the
subject of a positive German monograph. It is used as a tonic for invigor-
ation for fatigue and reduced work capacity and concentration and during
convalescence. It is generally referred to as an adaptogen (2,13). There are
numerous ginseng products on the market, and at least the ginseng extract
G115® from Pharmaton (Ridgefield, CT) is standardized. The manufacturer
claims that “it is prepared using a highly sophisticated standardization pro-
cess, ensuring a consistent level of active components” (Pharmaton product
information).
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D. Hawthorn

The hawthorn berries, leaves, and flowers are popular starting materials for
phytotherapeutic preparations indicated for mild heart insufficiency in Eu-
rope. In the United States, the status of hawthorn is undetermined (13).
According to the European pharmacopoeia, berries are collected from two
species: Crataegus monogyna Jacq. (Lindm.) and C. lgevigata (Poir.) DC
(syn. C. oxyacantha L.) or their hybrids. A minimum content of 1.0% pro-
cyanidins is required. Leaves and flowers are collected from the two pre-
ceding species plus C. pentagyna Waldst. et Kit. ex Willd., C. nigra Waldst.
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et Kit., and C. azarolus 1. Here a minimum content of 1.5% flavonoids is
required (26).

With so many accepted species, which have different chemical com-
positions, and different extraction procedures, it is necessary to standardize
the products. Water, water-ethano! mixtures (30-70%), and methanol (dry
extracts) are used as extraction solvents and extract different active groups
of compounds. Water is good extractant of oligomeric proanthocyanidins
(di- to hexameric), and ethanol extracts polymeric proanthocyanidins and
triterpene acids (4). The detailed protocols of the extraction procedures seem
to be confidential property of the respective companies (27). Products con-
taining hawthorn leaves and flowers are generally standardized to flavonoids,
calculated as hyperoside or vitexin, and products containing berries generally
to oligomeric proanthocyanidins, calculated as catechin or epicatechin (28).
In addition to standardized products, such as capsules, tablets, and drops,
the pressed juice of hawthorn berries is used, especially in Germany (4).

E. St. John’s Wort

The healing properties of St. John’s wort or hypericum (Hypericum per-
Sforatum L.) were known to Dioscorides and Hippocrates, were forgotten for
some time during the late 19th century, and are now being rediscovered
(18). St. John’s wort is a plant with a complex chemical composition con-
taining naphthodianthrones, hypericin, isohypericin, and pseudohypericin;
flavonoids, flavonols, flavones, glycosides, and biflavonoids (amentofla-
vone); phenols, phenolic acids, and prenylated derivatives of phloroglucinol
(hyperforin); and tannins, essential oil, and other constituents, such as ca-
rotenoids, B-sitoserol, and different acids (2,20).
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The pharmacological activities attributed to hypericum extracts are nu-
merous. Earlier studies claimed inhibition of monoamine oxidase (MAO),
later found to be inhibition of MAQO-A (13). Flavonoids and xanthones are
found to inhibit catechol-O-methyltransferase (COMT), a hydroethanolic ex-
tract containing 0.15% hypericin interacted moderately with y-aminobutyric
acid A (GABA,) and benzodiazepine receptors, and different hypericum ex-
tracts showed inhibition of serotonin uptake by postsynaptic receptors (28).
Also, hyperforin, formerly known as the antibiotic compound of hypericum,
was found to be a potent uptake inhibitor of serotonin, dopamine, noradren-
aline, GABA, and L-glutamate (29). Clinical studies have shown the effec-
tiveness of hypericum extracts compared with placebo and standard anti-
depressants in the treatment of mild to moderate depression (30).

Extracts of St. John’s wort (for instance, HyperiFin™ by Finzelberg)
are prepared using ethanol 60% (v/v) and methanol 80% (v/v) at tempera-
tures of 50-80°C. The native extract is standardized to a hypericin content
of not less than 0.3%. From this both dry extracts (for tablets and capsules)
and liquid extracts (for drops and tonics) are prepared (Finzelberg product
information). Supercritical carbon dioxide has been used to produce an ex-
tract of hypericum enriched in hyperforin (38.8%) for experimental purposes
(31). Supercritical extraction is an effective method to produce plant extracts,
but the use on a production scale is expensive. Pharmaton (Ridgefield, CT)
has launched a product containing St. John’s wort and standardized to hy-
perforin (Pharmaton product information).

V. CONCLUSIONS

Plants have been used as medicines or sources of medicines since time
immemorial and will still be used. In our need for new antimicrobial, anti-
viral, and antitumor drugs we turn to nature because only a small percentage
of the total plant species have been examined chemically and still fewer
have been tested for biological activity. Large screening projects are going
on and will certainly reveal new interesting molecules with desired activities.
The program of the annual meeting of the Society for Medicinal Plant Re-
search in 2000 contained lectures with the following titles: ‘“Will science in
the new millenium be different?,” “Ethnobotany and ethnopharmacology:
their role in future medicinal plant research,” and ‘“Understanding the mo-
lecular basis of action of natural products—a challenge for the new millen-
ium” (32). These titles reflect the focus and direction of medicinal plant
research in the near future.

On the cultivation front, it remains to be seen whether genetically
modified organisms (GMOs) will be accepted for production of foodstuffs
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and medicinal plants. At the moment, opposition to GMOs is strong among
the public, but this may change if researchers are able to show that geneti-
cally modified plants are safe to both consumers and the environment. Su-
percritical fluid extraction (SFE) will definitely be applied in the isolation
of plant-derived drugs and the preparation of extracts when the method is
out of its infancy, i.e., apparatus becomes cheaper, more readily available,
and easy to operate. SFE is an extremely powerful isolation method, and as
an extra bonus extraction using supercritical carbon dioxide leaves no sol-
vent residues in the final product and is environmentally safe. Also, extrac-
tion with subcritical water may be a method of choice in the future.

The functional food market seems to expand daily and the line between
food and drugs becomes more wavering in spite of different authorities’
efforts to make a clear distinction between the two groups. In the future we
might prevent diseases by eating functional food, cereals enriched with vi-
tamins, yoghurt enriched with fibers, soy products providing phytoestrogens,
green tea rich in flavonoids, etc., and treat diseases by replacing the gene
(or genes) responsible for the particular disease. However, not all diseases
can be treated by gene therapy; and there will always be a need for analgetics
and antibiotics, among others, and nature will provide at least part of these
drugs in the future.
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Industrial Strategies for the Discovery of
Bioactive Compounds from Plants

Helmut Kessmann* and Bernhard Schnurr
Discovery Partners International AG, Allschwil, Switzerland

I. INTRODUCTION

Plants have developed an enormous diversity of secondary products and
most of them have evolved to exhibit a certain biological activity, which is
useful for survival of the individual plant or species. Since 1000 BcC, the
Chinese and Indian literatures have described the medicinal use of plants
and many recipes are still in use (1-9). Such information from traditional
medicine has been used for decades to isolate medicinally active secondary
products. These efforts have been very successful and a number of drugs
are on the market as a result of this strategy, including plant-derived anti-
cancer compounds such as taxol, docetaxel, and camptothecin. However,
despite these successes, the advent of combinatorial chemistry led to de-
creased interest in natural products. Recently, this trend has changed again,
and natural products, including those from plant sources, are now being used
as a general source of chemical diversity, which may well complement the
chemical structures amenable to total organic synthesis. As by far most plant
species have not yet been studied for biologically active secondary products,
there is great potential to discover new drugs or lead structures for further
development. In addition, modification of secondary product formation by

*Current affiliation: Graffinity Pharmaceuticals AG, Heidelberg, Germany.
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molecular techniques and more extensive use of cell culture technologies
may further increase the chances for successful drug discovery from plants.

There are in principle two approaches for drug discovery from plant
sources: (1) sourcing using various strategies followed by ‘“‘random’ screen-
ing and (2) use of information from traditional medicine on biologically
active plant extracts and isolation of the active secondary product(s). As
strategy 2 is quite straightforward when the information is available, this
chapter focuses on random screening approaches. As an introduction, current
industrial strategies and paradigms used for drug discovery in general are
described. The reader is referred not only to published papers but also to
the Web sites of specialized companies in the particular fields. In addition,
several databases, e.g., NAPRALERT, are available for on-line searches (or
references) regarding all aspects of natural products.

Il. CHANGING PARADIGMS: INDUSTRIALIZATION
OF DISCOVERY

New chemical entities with a novel mode of action are urgently needed in
the pharmaceutical industry for further improvement of the individual com-
pany product portfolio and to meet the expectations from the financial com-
munity. The number of drugs to be marketed by the major pharmaceutical
companies needs to be tripled over the next years for companies to stay
competitive and justify their current valuation (10).

The fundamental strategies in industrial drug discovery have changed
over the past decades. Until the 1980s, basic research, low-throughput
screening, and serendipity were the basis for successful drug discovery. Dur-
ing the 1980s ‘‘rational” design was developed as a new strategy. Based on
protein structures, usually obtained by X-ray crystallography, chemical mod-
ulators were sought “in silico.” Unfortunately, despite large investments by
the pharmaceutical industry, this strategy did not fulfill its promises and new
technologies were developed in the early 1990s. These strategies still dom-
inate the drug discovery process in most companies (10).

The principal paradigm of drug discovery today is shown in Fig. 1. A
key step in the discovery process is the identification of a biochemical target
that is causally involved in a certain disease or a phenotype that one wishes
to modify by drug application. Pharmaceutical companies focus on diseases
for which a potential drug may lead to at least U.S. $100 million in yearly
revenues. Diseases for which the market is smaller are usually not targeted,
although recent legislation on such ‘“‘orphan drugs’ may change the situation
and allow especially smaller companies to develop drugs for such often
severe diseases. Natural compounds or derived structures may be particularly
interesting for such orphan diseases.
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FiGure 1 The current discovery scheme used in the pharmaceutical industry.
For the discovery of new crop protection products, companies use, in addition
to biochemical tests, assays directly with plants, insects, or plant diseases.
*In case of natural products, this step would involve (re-)isolation of active
ingredient and structural elucidation; the active structure may also be modified
using traditional or combinatorial chemistry. **Follow-up assays include tests
for specificity, initial efficacy studies in cell culture or animal models, as well
as ADME (absorption, distribution, metabolism, and excretion tests).

Once a disease-specific target is identified by basic research or —more
often—by genomic approaches, it is used to develop a biochemical assay
for high-throughput-screening (HTS). The term HTS was created in the early
1990s to describe the screening of not only a few thousand but hundreds of
thousands of chemical compounds in a short time.

In addition to new technologies for screening, the advent of combi-
natorial chemistry was a major breakthrough a decade ago (11-13). A large
number of discrete compounds are being synthesized today using automated
synthesis machines. However, not every chemical class can be synthesized
using this approach, and additional chemical diversity is needed to increase
the chance for discovery of novel chemical entities. Natural products are
ideally suited to fill such “holes” in the diversity chemical space and also
to serve as scaffolds for creation of natural compound—like libraries (7,8,14)
(see also other chapters in this book).

There have been many technological breakthroughs, but the funda-
mental change is most likely the step from the very research-based approach
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to the “industrialization of discovery” (10,15-22). The genomic efforts offer
a good example of this new paradigm. Although sequencing of the human
and other genomes is a result of the synergy between innovations in auto-
mation and informatics, it is mainly a breakthrough in process management.
The basic principle is that basic research is no longer used to discover, for
example, the function of a certain gene but standardized technologies are
used to analyze the sequence and function of all genes in the genome in a
systematic, “‘industrial” process. Mass sequencing is done today in factory-
like setups with dozens of to several hundred sequencers run in a 24-hour,
7-days-a-week fashion (15) (examples of companies pursuing this approach
are Incyte Pharmaceuticals, Human Genome Sciences, Millennium, and re-
cently PE Celara). It was expected that the human genome would be fully
sequenced in the year 2000 and that by 2002 over 60 microbial genomes
and several metazoan species would be available in company or public da-
tabases. This factory-like or industrialized process is now also applied to the
next steps in drug discovery.

The development of combinatorial chemistry and HTS has moved the
bottleneck in drug discovery to the next step: identification of important
target genes causally involved in a certain disease. Again, high-throughput
technologies are being developed to discover genes of interest in pharma-
ceutical companies as well as specialized biotechnology companies. One
example of such a functional genomics approach has been published by
CuraGen Corporation (New Haven, CT) in collaboration with the University
of Washington, Seattle, and others (18). They have used the yeast two-hybrid
system to discover protein-protein interaction in yeast. Most of the approx-
imately 6000 yeast genes were expressed separately in two haploid yeast
strains. One protein is fused to a DNA-binding domain of a transcription
factor; the other is fused to the activator region of the same transcription
factor. Upon mating, both proteins are expressed in the diploid yeast and
only yeast where such a protein-protein interaction takes place will grow.
Although this technology is well known, it had not been applied in such a
systematic way for a entire genome. A total of 957 interactions were dis-
covered involving 1004 yeast proteins. However, the fact that certain pro-
teins interact in the yeast two-hybrid system does not necessarily mean that
this interaction is relevant to the in vivo situation. Expression profiling dur-
ing the yeast life cycle and study of the subcellular localization of the pro-
teins will rule out some protein-protein interactions as not relevant to the in
vivo situation (18).

The systematic study of the function of human genes is also under
way using yeast, mice, zebra fish, Caenorhabditis elegans, Drosophila me-
lanogaster, or other model species. In addition to analyzing phenotypes after
overexpression or reduced expression of genes, expression profiling in dis-
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eased versus healthy tissue will help to identify new potential disease targets.
In many cases such studies are performed by specialized companies and data
are made available on a subscription-fee basis (see, e.g., www.exelixis.com,
www.paradigmgenetics.com, www.curagen.com).

lil. AUTOMATION FOR DRUG DISCOVERY

Until the mid-1990s, only a few thousand or 10,000 compounds were
screened in a particular target. Today, large pharmaceutical companies or
specialized drug discovery companies screen several hundred thousand com-
pounds in a particular screening in a few days or weeks. This dramatic
increase in screening capacity is due to advances in automation as well as
to novel assay technologies (Table 1). The reader is also referred to spe-
cialized journals in this field such as Drug Discovery Today, Journal of
Biomolecular Screening, and Drug Discovery and Development.

A modern industrial-scale drug discovery laboratory consists of the
following (16,17,22) (see also www.autoprt.co.uk, www.bohdan.com, www.
shimadzu.com):

A compound storage system where compounds can be automatically
accessed for primary screening and follow-up tests. Compounds are
stored in microtiter plates, often in dimethyl sulfoxide (DMSO).

A range of semiautomatic workstations or fully automated screening
machines.

Sophisticated data management that allows on-line quality control of
the screening process.

Assays are performed either in microtiter plates (96, 384, 1536, or
3456 plates) or in other very low volume screening devices. Because of the
high degree of automation, very high throughput, and in particular the in-
dustrial process management, drug discovery has become a highly standard-
ized and industrialized process, similar to the sequencing and functional
genomic efforts described earlier.

In order to screen large numbers of compounds in a short time, the
assay methods need to be fast, easy to perform, robust, and cost effective.
Fluorescence-based methods are of particular interest because they offer high
sensitivity at reasonable costs and high throughput. Fluorescence assay tech-
nologies, which have become widely used in the discovery process, are
broadly divided into two classes: macroscopic fluorescence techniques (e.g.,
fluorescence intensity, fluorescence anisotropy or fluorescence polarization,
time-resolved fluorescence technologies) and microscopic fluorescence tech-
nologies such as fluorescence correlation spectroscopy (FCS). The latter can
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TaBLE1 Some Examples of Assay Technologies Applied Today Including Their
Potential Limitations in Screening of Natural Products

Commonly used Applied for Possible problems in
assay technologies target class screening natural
(examples) (examples) products
Fiuorescence methods for Quenching, fluorescent
noncellular assays ingredients,
including nonspecific binding
Fluorescence intensity Broad
Fluorescence Proteases, kinases,
polarization nuclear receptors,
GPCR
Time-resolved Broad
fluorescence
Fluorescence correlation Broad (Technology not yet
spectroscopy (FCS) widely used)
Isotropic methods Nonspecific effects
Filtration assays
Flashplate, SPA* Broad
Luminescence Broad
Ultraviolet-visible Broad Interference with
absorbance assay signal
Cellular assays
Quantification of G protein—coupled Cytotoxic metabolites,
expressed protein, receptors, nuclear general unspecific
e.g., ELISA receptors stress by
Reporter gene metabolites

“SPA, scintillation proximity assay, a technology developed by Amersham.

be reduced down to nanoliter volumes and can even detect single molecule
interactions (23,24) (see also www.evotec.com). Another method, homoge-
neous time-resolved fluorescence, is used for kinases, receptors, proteases,
and other targets. As an example, in a protease assay one label (e.g., euro-
pium cryptate) is attached to one part of the protein substate, an allophy-
cocyanin label to the other side. Excitation at 337 nm leads to an energy
transfer from the cryptate to the allophycocyanin, which causes emission of
a delayed fluorescence signal at 620 nm. Protease cleavage leads to a larger
distance between the two labels, which resuits in a lower signal. This method
is of particular interest in natural product screening because the interference
with autofluorescence and quenching in such screening samples is limited
(23,24). A similar concept has been developed for isotopic assays.
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For most methods, standard plate readers are being used, although
digital imaging will be the readout of choice for very large throughput (19).
Other technologies currently being developed are using microfluidic devices
(see, for example, www.orchid.com, www.aclara.com) (25,26).

A significant number of the potential drug targets are tested in insect
or mammalian cell cultures, which are also run in 96-, 384-, 1536-plate or
lower volume formats (27-29). An example is the screening for modulators
of G protein—coupled receptors, the most important class of drug targets. If
the interaction of a natural ligand causes an increase in the intracellular
cyclic adenosine monophosphate (cAMP) concentration, such a receptor can
be overexpressed in a mammalian cell line and the increase in cAMP quan-
tified by the activity of a reporter gene linked to a cAMP-responsive element
(CRE). If coupling of the G protein—coupled receptor is not via the cAMP
pathway but through increase of intracellular calcium, dyes are used for
quantification of calcium (27,29). Other targets are screened by quantifica-
tion, e.g., by enzyme-linked immunosorbent assay (ELISA), of the expres-
sion of endogenous proteins in the selected cell culture after compound ap-
plication.

For natural product screening, particularly for extracts, cellular screen-
ing systems are often difficult to use because of the presence of cytotoxic
material in the extracts or other nonactive material, which interferes with
the assay (e.g., by signal quenching). In most assays such undesired effects
lead to false-negative results; i.e., if any biological activity was present in
the extract, it is not discovered because of side effects.

IV. PLANT PRODUCTS IN THE INDUSTRIALIZED DRUG
DISCOVERY PROCESS

In order to be successful in random screening, high chemical diversity needs
to be applied. During the early to mid-1990s, the interest in natural products
for screening decreased because combinatorial chemistry was believed to
deliver large chemical libraries with the required diversity at much lower
cost and at higher speed than the traditional synthesis or natural product
screening. However, although the diversity that can be generated by syn-
thetic chemistry is broad, many natural products cannot be synthesized in a
cost-effective way, if at all. Therefore, natural compounds are used today
(again) in many pharmaceutical or agrochemical companies to increase the
diversity of their screening libraries or as scaffolds for the synthesis of nat-
ural compound-—like libraries (1,5,7,8,14).

One obviously important factor for the discovery of novel secondary
products is sourcing of the material (1,3,5-7,23). Several strategies have
been developed, although it is not yet clear which of the strategies will lead
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to the most cost-effective means of discovery of new plant-derived drugs or
drug leads. In addition, any ‘“bioprospecting” must observe the rules of the
United Nations Convention on Biological Diversity, which recognizes the
right of countries over the biological resources within their boundaries. The
source country should be involved in the discovery process and should ben-
efit by technology transfer and commercial rights to novel products.

1. Use of information from traditional medicine, the most used or
widely used strategy. Chinese medicine and Indian medicine have
proved to be particularly valuable sources for plant species accu-
mulating medicinally active compounds (1-9).

2. Sourcing from extreme and/or as yet untouched ecosystems (4,7—
9).

3. Ecological observations. For example, individual plant species or
lines not attacked by certain diseases may contain fungicidal com-
pounds (6,7,23).

4. Chemotaxonomy, which is particularly useful for discovering spe-
cies with a higher yield or modified lead structures (2,3,7,8).

5. Use of biologically activated plants, e.g., after infection, infesta-
tion by insects, or under extreme environmental conditions (7).

6. Use of cell cultures with different growth conditions and/or in-
duction by microbial elicitors. This technology, which offers great
commercial potential, is currently used by some specialized com-
panies (30) (see, e.g., www.phytera.com).

In principle, two different approaches are applied today (Fig. 2):

1. The traditional approach of using crude extracts followed by pu-
rification of active principles after the discovery of activity in a
particular screening system.

2. The alternative approach, which first separates the constituents of
a plant extract and then applies such more or less pure products
to the screening process.

Strategy 1 has been used since quinine and morphine were discovered
more than hundred years ago (3.4,8). Large numbers of crude extracts can
be prepared in a cost-effective manner, and such extracts are applied in
cellular or noncellular screening protocols. The obvious advantage of this
procedure is the low cost of extract preparation, which allows screening of
many samples in a short time. Early discovery of known metabolites by
thin-layer chromatography (TLC), liquid chromatography—mass spectrom-
etry (LC-MS), or other technologies has eliminated the most important dis-
advantage of this technology: rediscovery of known metabolites. However,
the major disadvantage is still the high investment in extraction and purifi-
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Strategy 1 Strategy 2

Plants or plant cell cultures

v v

Crude extract Crude extract
Screening (HTS) Separation
Purify active Screening
ingredient (HTS or on-line tests)

v v

Pure bioactive compound for further development

Ficure 2 The two different approaches for discovery of novel discrete com-
pounds from plant sources.

cation procedures, which are still performed at a low rate of automation. In
addition, lack of standardization with every secondary product being present
in different—and sometime insufficient—concentration remains a major
bottleneck.

Strategy 2 is, in principle, a further development of the chemical
screening approach originally developed by H. Zihner in close cooperation
with the chemists W. Keller-Schierlein and A. Zeek during the 1970s (8). In
the original procedures, compounds were first separated by TLC, isolated,
and their structure determined. Purified compounds were applied for screen-
ing, or screening was performed directly on TLC plates.

This concept has now being further developed based on advances in
high-performance liquid chromatography (HPLC), MS, and other analytical
methods. Based on preparative HPL.C, the company AnalytiCon AG (Berlin)
and E. Merck KGA (Darmstadt) have developed a preparative HPLC
(SepBox) that is able to separate gram quantities of crude extracts into hun-
dreds of pure or almost pure compounds. The concentration of the com-
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pounds could be standardized using general detection methods such as evap-
orating light scattering (ELSD) or MS. Replicate samples can be eliminated
prior to the screening by their MS profile, and all new structures can be
applied to the screening process. However, with the further development of
miniaturized screening devices and assay volumes in the very low microliter
or even nanoliter range, each fraction from even a standard preparative
HPLC separation can now be tested directly with sufficient material left for
at least initial structural elucidation.

A different approach could be screening performed on line with the
separation. Such an approach has been developed by the company Screentec
in The Netherlands (www.screentec.nl).

Although very powerful, strategy 2 has not yet been implemented on
a large scale. Reasons may be its novelty but aiso the very high investment
and running costs. However, as soon as more efficient on-line screening
protocols and cost-effective automation become available, this may change
and create a new era of natural product discoveries.

V. OPPORTUNITIES FROM TRADITIONAL MEDICINE

A review on discovery of novel products from plants should also briefly
address the important role of plant extracts, which have been used in med-
icine since the beginning of mankind and still play an important role in
modern medicine. The key issue for commercialization of herbal-based med-
icines is standardization and consistency of material. Adulteration or even
contamination is a potential risk. However, recent successes of plant-derived
products, increasing interest in Chinese and Indian medicine, and favorable
regulations for commercialization have created a fast-growing market for
herbal-based medicines and nutraceuticals (Table 2). In addition to most
major pharmaceutical companies, several small companies are specializing
in such products (a list of Internet addresses is given at the end of the
reference list).

The early recipes used in traditional medicine were often the source
of pure bioactive compounds used in pharmaceutical products. First exam-
ples of active principles identified from plants include morphine from Pa-
paver somniferum, quinine from Cinchona sp., and salicin (salicylic acid)
from Spirae ulmaria. More recent examples are atropine from Atropa bel-
ladonna, vincristine and vinblastine from Carharanthus roseus, and cardiac
glycosides from Digitalis purpurea. Another famous example is the antican-
cer drug taxol, introduced by Bristol-Myers-Squibb in 1993. The great com-
mercial success of this compound led to some renewed interest in plant
secondary products and additional drugs have been successfully launched,
e.g., anticancer derivatives of camptothecin, originally isolated from the Chi-
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TaBLe2 Selection of Currently Most Popular Botanical Medicines and
Some Examples of New Products Being Reviewed by the Food and
Drug Administration

Plant species Activity or indication area

Ginkgo biloba Stimulation of peripheral circulation; cognitive
impairment®

Echinacea spp. Immunostimulant

Allium sativum Cholesterol reducing

Panax ginseng General stimulant

Tanacetum parthenium Migraine prophylaxis

Valeriana officinalis Calmative, sleep inducing

Hypericum perforatum Antidepressant®

Chinese herb formula Menopausal hot flushes,®* plantar warts,®
eczema®

“New products being reviewed by the FDA. For references, see Refs. 2, 3, 5, and 7.

nese tree Camptotheca acuminata (1) or galanthamine from Galanthus wo-
ronowiis, a reversible cholinesterase inhibitor for treatment of Alzheimer’s
disease. There have been a number of excellent reviews on natural products
as pharmaceutical compounds or lead structures for drug development (1-
9) (see also other chapters in this book).

VI. OUTLOOK

Use of plant-based diversity has been historically successful in the discovery
of new drugs, either for developing crude mixtures or as a source of discrete
compounds. As there are estimated to be approximately 250,000 plant spe-
cies in the world and probably only 10% have been tested for some type of
biological activity, plants will continue to be a rich source of novel structures
with desired biological activity. Such secondary products may also be used
as scaffolds for further structure modification using combinatorial chemistry
approaches. Strategies for discovery of novel products from plants have to
be integrated into today’s industrialized discovery process.

In order to be successful in using plant secondary products in an in-
dustrial discovery process, several approaches are possible:

1. Generation of a large number of extracts obtained under repro-
ducible conditions and from diverse and reliable sources in a fac-
tory-like setup.

2. Generation of a large number of diverse pure natural products that
can be submitted to the standard screening procedures.
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3. Further development of on-line separation, screening, and struc-
tural elucidation.

As structural bioinformatics and virtual screening will become more and
more important in the future, the structural elucidation of natural products
should be as early as possible during the discovery process.
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. INTRODUCTION

Plant breeding proper is applied science. It applies sciences, such as botany
(taxonomy, morphology, physiology), genetics (cytology and ecological,
population, quantitative, and molecular genetics), mathematics (biometry,
statistics), chemistry (food, fiber, and fuel chemistry), and finally economics
(agricultural, forest, and industrial economics).

Plant breeding is closely related to human prosperity, producing food,
feed, fiber, and fuel. It is also closely related to human socioeconomic de-
velopment, from subsistence farming through stages of societal development
to industrial farming and forestry.

Plant breeding also has strong cultural heritage values in connection
with the architecture of gardens, communities, and landscapes. Rural and
urban landscapes both rely heavily on the use of cultivated plants that are
the results of long-term plant domestication (man-made evolution spanning
human generations) and short-term efficient plant breeding (genetic manipu-
lations resulting in intellectual properties).

Depending on its socioeconomic status in the society, plant breeding
is either a state-supported social undertaking, with its values interwoven into
the state infrastructure, or a private enterprise, often with international cov-

Copyright © 2002 Marcel Dekker, Inc.



erage. Many forms of mixed structures in plant breeding are common, in-
cluding state-subsidized breeding involving different kinds of nongovern-
mental organizations (NGOs). Generally, plant breeding can become a
lucrative undertaking only in geographic regions that are optimal for the
growth of certain food or nonfood crops and where the seed or plant market
is large enough. Under more marginal conditions and in small cultivated
areas, plant breeding is inevitably a state-supported social activity. Plant
breeding typically includes agricultural crop plants, horticultural plants of
various importance (vegetables, berries, fruits, flowers, ornamentals), and,
during the last half-century, also industrial forest trees.

Plant biotechnology developed swiftly during the last quarter of the
20th century. With that, new tools have become available to plant breeding.
It is the aim of this chapter to try to evaluate where, when, and how plant
cell and tissue cultures can be adopted to practical plant breeding and also
to plant production. It must be emphasized that plant biotechnology encom-
passes much more than merely cell and tissue culture techniques. Yet these
techniques, widely adopted, have profound bearings on many of the phases
in a plant-breeding program. These new techniques open a number of new
vistas for plant breeders. These we will try to evaluate in the breeding con-
text, keeping in mind what was said earlier of the many sciences adapted
to a plant-breeding program.

We have reviewed two books that handle principles and prospects of
plant breeding, namely Plant Breeding— Principles and Prospects (1) and
Principles of Plant Breeding (2). From these two books and in addition from
volume 44 of Biotechnology in Agriculture and Forestry—Transgenic Trees
(3), we venture to look at cell and tissue culture techniques in the context
of the following key plant and tree breeding items:

Plant Breeding— Principles and Prospects (1)
Somatic hybridization
Gene transfer to plants
Micropropagation and somatic embryogenesis
In vitro selection
The need for a comprehensive plant breeding strategy
Principles of Plant Breeding (2)
Breeding self-pollinated plants
Breeding hybrid varieties of outcrossing plants
Breeding clonally propagated plants
Breeding hybrid varieties of selfing plants
Biotechnology in Agriculture and Forestry—Transgenic Trees (3)
(articles therein have been reviewed to set following items):
Cell and tissue culture versus other clonal propagation techniques
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Forest tree population structures and the adoption of cloning
Ecological aspects in tree breeding
The clonal forestry option

We believe that the preceding book chapters and in addition our own
experience in forest tree breeding will cover most aspects of how to use
plant cell and tissue cultures. Taking this approach in the discussions, we
know that repetitions are sometimes inevitable. We hope that the readers
can tolerate this. Each item listed can be read independently; we do not refer
to other items treated. There have been hundreds of articles and certainly
tens of recent books that give the technological nitty-gritty of each cell and
tissue culture technique that we are about to scrutinize. Therefore, we do
not indulge in writing procedures or giving recipes. Rather, we venture to
look at the new techniques from the viewpoint of their “comparative ad-
vantages’’ having in mind both socioeconomics and ecology. In doing so,
we inevitably encounter restrictions on the use of certain culture methods.
For instance, why use tissue culture for cloning if rooted cuttings does the
job at a lower price? Why use somatic hybrids if sexual hybridization can
be applied? Why approach somatic embryogenesis if seed propagation is
easy? However, it is also true that many new methods used in plant bio-
technology, e.g., transformations, protoplast fusions, or in vitro selections,
do not function without adequate cell and tissue culture techniques. In such
cases, we must look at how plant cell culture techniques are integrated in
larger applications of biotechnology. In fact, the integration of new biotech-
nological methods in plant breeding programs is up front in our discussions.
Finally, our view is global; we have used the Food and Agriculture Orga-
nization (FAO) 1995 study World Agriculture: Towards 2010 (4) for setting
the stage. We also wish to acknowledge the book Plants, Genes and Agri-
culture (5), whose illustrations and chapters have given us needed
perspectives.

lIl. SOMATIC HYBRIDIZATION

Pelletier (6) introduces the use of somatic hybridization techniques in plant
breeding as follows: “Somatic hybridization needs the ‘isolation’ of intact
protoplasts, the interparental ‘fusion’ of these naked cells, the ‘sustained
divisions’ of fusion products before or after their ‘selection’ and the ‘regen-
eration’ of plants.””

The first time this was successfully done was in 1972, when Carlson
and his group reported on parasexual plant hybridization in Solanaceae (7).
Since then, the technique has been greatly refined and many protocols are
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available for producing fusion products. Basically, these protocols can be
classified as chemical or electrochemical.

The somatic hybridization techniques should be used where sexual
means do not function because of some form of incompatibility. Also, one
must clearly define what characters may be useful to manipulate by fusion
and how such hybrids or cybrids can be integrated in breeding programs.
Generally, wide hybridization in plants is used in order to integrate or in-
corporate valuable traits between species or in some cases even between
genera. It comes at the very beginning of a breeding program, generally to
widen the scope of genectic variability, later selected for useful and balanced
gene combinations. It can also be seen as a means of bridging between
species, well exemplified in the bridging for disease resistance in barley (8).
Such wide hybrids, whether sexual or parasexual, generally show distorted
sexual balance, growth, and adaptation. Thus, they have to undergo a con-
siderable period of “balancing” by either direct selection in populations or
backcrossing to either parent or in some cases to a third parent. Therefore,
such undertakings have recently been classified as ‘‘prebreeding” to under-
line their time requirement and separation from typical breeding programs.
Looking at the economics of breeding programs, we have come across sev-
eral cases in which plant breeders doubt that the extra economic burden of
interspecific hybridization can be tolerated in plant breeding programs work-
ing in a competitive environment. It therefore seems more plausible that
such activities should be carried out as direct extensions of national or in-
ternational genetic resources units (gene banks), whereby the extra economic
burdens are carried by national or international research centers, publicly
funded.

At the end of the chapter on somatic hybridization, Pelletier points at
the future possibilities. Thus, it can be stated that the technology has de-
veloped to a point at which plant regeneration from protoplasts is functioning
in most of the major crop species, including the cereals. In conjunction with
polyploidy, a number of new methods of transferring organelle genomes and
combining cytoplasms with nuclei of widely differing species seems possi-
ble. One must keep in mind that from a plant breeder’s point of view, the
new techniques are not shortcuts to superior cultivars but they extend clas-
sical breeding programs. Still, these techniques must be used; they all widen
the genetic variability that the plant breeder considers imperative for com-
bining new genes for better cultivated plants in a future world that suffers
from food, feed, fiber, and fuel shortages.

lll. GENE TRANSFER TO PLANTS

Through very intensive research, many shortcomings have been solved or
diminished since 1993 and new techniques are developed almost monthly.
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From the problems listed by Potrykus (9), we would like to repeat only
those that have direct bearing on the use of cell and tissue cultures in plant
breeding.

Cell walls are perfect physical barriers and must be removed to intro-
duce foreign DNA in one way or another. Thus, protoplasts become the
targets for introduction. Here protoplast regeneration back to embryonic tis-
sues and ultimately to plants is the complication, functioning in some plant
species but not in others. Potrykus mentions the existence of many obstacles
that, as he says, “still limits efficient procedures for the recovery of sufficient
numbers of independent transgenic plants which retain their varietal iden-
tity.” However, he is optimistic that gene technology will become an integral
procedure in plant breeding in the foreseeable future. In fact, many new
techniques used in gene transfer have become more “gentle” to the living
material, avoiding the use of protoplasts and thus eliminating the limiting
procedure of protoplast regeneration to cells with walls and eventually to
plants. We like to project this foreseeable future in plant breeding programs
and ask, how does it affect tenures of plant breeding programs and ultimately
their economics?

Gene transfer to many plant species is routine today, thanks to the
development of commercial laboratory equipment and kits including all nec-
essary chemicals and vehicles. Thus, in a plant breeding program, little time
needs to be spent on technical matters. However, finding desirable single
genes in donors that will work well in the recipient is problematic in a
number of ways. The integration into the recipient genome is still today very
much at random, often causing distortion of the growth and yield of the
recipient. Just as in wide crosses, mentioned earlier, it may take many gen-
erations of genome balancing before the transgene becomes well integrated
and the transgenic plant retains normal growth and development. This con-
siderable time required should not be added to a conventional breeding pro-
gram. It is now more than ever reasonable to separate gene mapping, gene
tagging, and gene transfers to genomics, the manipulation of the genome.
Just as in the research on genetic resources, it is of considerable importance
to plant breeding, but it has to be excluded from a plant breeding program
because of its ultimate target: genome research (not plant breeding). Com-
monly, this activity is now called genetic enhancement or prebreeding.

Cell and tissue culture techniques are, of course, of central importance
in the regeneration of whole transgenic plants. Once a desirable gene is duly
integrated in the recipient genome, cell cultures may again be used in clon-
ing whole transgenic plants. It is obvious that the most diligent use of trans-
genic plants in producing new cultivars is in the domain of clonal plants,
such as the potato. If, on the other hand, the transgenes must be integrated
in autogamous plant cultivars, it will take a good deal of time and effort
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before the transgene is passed on to the whole seedlot. It will be even more
difficult to integrate the transgene into allogamous cultivated plants because
(A) backcrossing in most cases is out of the question due to inbreeding
depressions and (B) the integration of the transgene in the whole population
must inevitably cause linkage discrepancies as genes closely linked to the
transgene are dragged along, eventually also causing inbreeding problems.

A large number of perennial woody plants, both gymnosperms and
angiosperms, can now be genetically transformed (3). Going through this
recent compilation, one finds that the step after gene transfer is again cell
or tissue culture and regeneration, if possible from embryogenic cell lines.
Most trees are highly allogamous and suffer from severe inbreeding depres-
sion. Therefore the only plausible path from the transgenic tree to plantations
is through cloning of the ortet, thus introducing ramets into clonal tree plan-
tations. In the case of, e.g., poplars and aspens (Populus sp.), which fre-
quently form clones from root sprouts under natural conditions, this may be
an ecologically sound means of tree breeding. But even in this case, one
may run into problems of using only a few selected transgenic ortets, ac-
tually originating from a single batch of transgenes, all initiated from the
same initial source of “transgenic infection” of, say, a leaf tissue. The ran-
dom integration of the transgene into the genome may give rise to several
“transgenic lines.” However, these lines are genetically identical with the
exception of the position of the transgene. Therefore they do not represent
genetically diverse lines as understood by population genetics. Particularly
in conifers, the adoption of clonal forestry of transgenes may have unpre-
dictable ecological repercussions. One would need the transgene integrated
in several different ortets (genotypes) and then grow a ramet mixture in
order to retain genetic diversity in long-living tree plantations. It is the risks
of host-parasite disequilibriums in large practical plantations that cause ma-
jor concerns.

IV. MICROPROPAGATION AND SOMATIC
EMBRYOGENESIS

Breeders of woody plants, including ornamentals, fruit trees, and forest trees,
are especially inclined to adopt micropropagation in their breeding programs.
Clearly, this technique has reached practical application and can in some
cases considerably shorten the tail end of a breeding program: the production
of material used in cultivation. In some of the most drastic cases, mutations
found in natural populations can be directly micropropagated for usage, e.g.,
in propagating ornamental trees of special form or color. In Finland this
technique has found direct application in propagating various birch clones
(curly birch, laciniate forms, high-yielding single pair matings) and hybrid
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aspen clones. However, the advantages of micropropagation must be eval-
uated economically in comparison with other cloning techniques, such as
root and shoot explants or direct rooting of cuttings. It appears in many
cases that the more conventional rooting of cuttings is simply less expensive
and therefore applicable to forest trees, where the magnitude of cloning is
frequently in the million ramets range.

Economic comparisons of cloning techniques must be viewed in the
light of final plant prices. For example, plants produced for forestry plan-
tations must sell for a maximum $1 apiece as the landowner needs to plant
stands of approximately 2000 plants per hectare, whereas ornamental rho-
dodendron plants may sell for $20 apiece as the landowner considers only
single plants and not stands. Thus, the extra price added through microprop-
agation is essential in case of a forestry plant but futile in the case of an
expensive ornamental. The final method of cloning plants depends on the
numbers required and unit prices.

The dream of every plant and tree breeder is the application of somatic
embryogenesis to a breeding program. First, in this way one could avoid the
tissue and plant aging phenomenon, which causes many problems particu-
larly in woody species, including trees. It may cause plagiotrophic growth
of tissues taken from mature trees as the basically totipotent cells are ge-
netically fixed in developmental stages. Second, it may, in combination with
cryopreservation, be used for keeping cell lines or tissues embryogenic and
ready for multiplication once the same material has been through compar-
ative field testing for yield or other special values for a number of years.
Third, a somatically induced embryonic cell line or tissue can eventually be
handled for the production of ‘“artificial seed.” This would be not only a
seed but also a ““clonal seed” that could be multiplied in great numbers. If
the somatic tissue in addition has a desirable transgene, it would open great
vistas for fast adoption of transgenic plants. Fourth, somatic embryogenesis
could be used for “fixing heterosis” in clones. In this way one could cir-
cumvent the tedious construction of male sterility systems to produce hybrid
seed. Basically, one would need only one heterotic plant for manufacturing
large numbers of hybrid clonal seeds. There are several examples of vigorous
growth in interspecific hybrids of trees. However, it has often been impos-
sible in practice to utilize hybrid vigor because of difficulties in producing
hybrid seed. This is the case in larch hybrids, such as Larix decidua X L.
gmelini japonica (Fig. 1). To have practical importance, hybrid seed must
be produced in hundreds of kilograms. This has not been possible by the
seed orchard mode of breeding because of species differences in timing of
flowering. Selection of superior larch hybrids, already present as mature
trees, and the conversion of their somatic cells to an embryonic state would
solve many present problems for practical forestry. Alternatively, cell lines
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FiGure 1 Shoot proliferation of larch hybrid (Larix decidua x< L. gmelini ja-
ponica) through organogenesis in tissue culture. The culture was started from
lateral buds of a 60-year-old tree in 1996. (Photo by A.-M. Niskanen 1997.)

or tissues could be kept cryopreserved until field testing indicates which
hybrid genotypes to clone.

However, this section has to be ended with the statement that there is
still a long way to go before things work on a practical scale. What you can
manipulate in the research laboratory is a long way from practical applica-
tion in a plant or tree breeding program. Eventually, however, with the large
concentration on basic research at the moment, new useful applications will
be adopted.

V. [IN VITRO SELECTION

The benefits of in vitro selection in plant cell cultures must be seen against
the background of natural mutation rates, which form the basis of evolu-
tionary development of plants. Typically, natural mutation rates are on the
order of 1 mutant per 100,000—1,000,000 individuals/locus/generation.
Thus, it takes a very large experimental plant population to find a sponta-
neous mutation for some desired character at a single locus. One could
imagine an agricultural field of plants as an immensely large *“‘petri dish.”
If the experimental plants were grown at a spacing of 25 cm, a hectare could
contain 1,600,000 plants, which would be just over the critical 1/1,000,000.
In addition, most mutations are recessives, so the chance of picking them
up in a heterozygous state would be very small and only the dominant
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mutation would be easily distinguished. Of course, by using mutagenic
agents this low natural mutation frequency can be much increased, but that
would also introduce a situation in which lethals and sublethals would in-
crease drastically.

The advantage of the field petri dish is, of course, that the selection is
directly on the whole plant and not on single cells in suspensions or as
protoplasts. There are many examples of successful selection of cells in
culture for (1) biotic stress resistance (fungal disease) and (2) abiotic stress
resistance (cold, aluminum tolerance, herbicide tolerance). However, very
often, after regeneration to plants of the cell lines, this resistance is again
lost or at least expressed together with abnormal plant development (10).
Therefore the field petri dish may in many cases be the most appropriate
unit for selection, for instance, if one desires to find tolerance of the kinds
just mentioned. Merely growing the plant material under appropriate stress
may be the best alternative. However, in vitro selection can be made much
more effective than in vivo selection because the environmental error vari-
ation can be eliminated to a large extent. This superior precision, together
with the whole sequence of plant transformation, including the use of genetic
markers for finding the transgenes, has made in vitro selection in cell cul-
tures an integral part of the production of transgenic plants. The uncertainty
of retaining resistance after regeneration of selected cells or tissues and the
risks of developing abnormal plants put in vitro selection in the prebreeding
category, not to be directly integrated in a plant breeding program.

VI. THE NEED FOR A COMPREHENSIVE PLANT
BREEDING STRATEGY

Man has moved from historical plant domestication, which took place as an
integral part of human cultural development, to plant breeding, determined
by Mendelian genetics, to ‘“‘plant engineering,” determined by the rapid
recent development of molecular biology. It must be kept in mind that all
cultivated plants have emerged in a historical perspective, adapting the
“landraces” to human farming systems. This has taken thousands of years,
the first signs of cultivated plants dating back more than 10,000 years. Only
the past 100 years of plant breeding has been based on Mendelian genetics.
During this period, yields of our most important crop plants, rice, maize,
and wheat, have been doubled, doubled, and doubled again! When the
“green revolution” came to Mexico less than 50 years ago, Mexican farmers
grew 600800 kg of wheat per hectare. With the integration of new wheat
cultivars, resistant to lodging, into new farming systems, including irrigation,
fertilization, and pest and disease management, yields rose to 60008000
kg/ha. A whole new farming system had to be built around the new wheat
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cultivars, the new ideotypes. It was shown that the miraculous increases in
yield were due to the interaction of novel genotypes with novel environ-
ments, called genotype X environment interaction in statistical terms.

The green revolution caused threats to the environment from the ample
use of water, fertilizers, and chemicals. It also caused genetic erosion, in
which old landraces were replaced by a few new cultivars and many geno-
types were lost. To counteract this development, genbanks were established
all over the world.

At the moment, we are experimenting with even more precise and
effective methods of changing our crop plants. We need to increase yields,
we need to produce a better quality, and we need to keep cultivation risks
down. Thus the new “‘greener green revolution” emphasizes the importance
of sustainable yields, leaving the environment in a sustainable cultivation
condition for new generations of humans.

The use of modern plant cell and tissue culture techniques in selection
and ultimately in breeding new plants must be seen as a new promising and
efficient tool in the hands of plant breeding. To make maximum use of the
new technologies, they must be well integrated in plant breeding programs.
New methods cannot replace conventional plant breeding, but they may
enhance genetic improvement if properly integrated. At all times, the new
methods must be evaluated for their comparative advantages over more con-
ventional methods. If they are more effective, if they can cut expenses, and,
above all, if new cultivars are superior in sustaining the environment in
productive condition, then they should be adopted. However, to produce
more but destroy less (of the environment) is not exclusively a plant breed-
ing problem. New and more productive cultivars must be integrated in new
and more environmentally benign farming systems in terms of the use of
water, fertilizers, pesticides, insecticides, and mechanical implements. New
efficient plant breeding must at all times consider its integration in such
farming systems. No doubt, the question of sustainability in combination
with higher yield levels in order to meet global human population increases
and hunger contains a controversy. No new plant ideotype, whether produced
by conventional plant breeding or by new biotechnology, can produce much
more without more input of water and fertilizers. High-yielding new culti-
vars will thus inevitably cause environmental problems.

VIi. BREEDING FOR SELF-POLLINATED PLANTS

Many of our major crop plants are autogamous, self-pollinators. The most
outstanding are the grains (wheat, rice, barley, and oats) and the major le-
gumes (soybean, bean, pea, and groundnut). It is projected that by 2010 the
production of wheat and rice together will be 1194 million tonnes and thus
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make up about half of the world total cereal production of 2334 million
tonnes (4).

Self-pollinators keep their natural populations in balance with ecology,
pests, and disease by assembling plant populations that consist of pure-line
mixtures. Occasional outbursts of cross-pollination between the lines create
new genetic combinations. In this way self-pollinated species are minutely
attuned to environmental conditions and can react immediately to changing
conditions, such as disease outbreaks, by changing their population structure
and line composition.

New autogamous cultivars must be superior, uniform, and stable to
meet the requirements of the international “Plant Breeders Rights.” Also,
modern agricultural farming systems, including mechanized harvesting and
postharvest technology, require uniformity of the crop. This is very much
against ecological stability but has to be accepted in modern high-yielding
and uniform-quality agriculture. Traditionally, breeders of self-pollinated
crops have attained this uniformity by self-pollinating lines for about 610,
generations after which almost total homozygosity has been reached and the
crop is uniform enough to be registered as a new cultivar. How and where
can cell and tissue cultures be used in such breeding programs?

As cell cultures and in vitro selection are an integral part of all gene
transformation experiments, this is perhaps the outstanding usage of the
technique. Here, however, it must be compared with conventional back-
crossing techniques for transferring single genes. Clearly, if the desirable
single gene transfers come from genes cloned from other unrelated organ-
isms, sexually incompatible with the target receptor, then cell cultures and
in vitro selection are the only alternative. However, if the desirable gene can
be transferred by sexual hybridizing and backcrossing to the receptor cul-
tivar, it may be less risky to use the conventional technique in spite of the
fact that perhaps 5—10 generations of backcrossing are needed for the in-
tegration of the single gene. Using Agrobacterium-mediated or ballistic
transfer may, of course, save time, as only the desired single gene is trans-
ferred to an otherwise homozygous line. However, it has been shown that
single transgenes also normally need several sexual generations of integra-
tion in the receptor genome to function properly. This is particularly the case
when the transgene comes from outside the receptor species’ sexual range.
Genes function differently, however, and the most economical mode of sin-
gle gene transfer is therefore different from case to case. A single gene
changing the lysine content in the storage protein of barley has been shown
to lower total grain yields because of distortion of total storage proteins and
consequent grain shriveling. Single genes that confer disease resistance, on
the contrary, may have no detrimental effect on yield.
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VIil. BREEDING HYBRID VARIETIES OF
OUT-CROSSING PLANTS

Of our major crops, maize, rye, sunflower, rapeseed, sugar beet, and onion
are originally allogamous, outcrossers. FAO projections to 2010 show that
maize production alone will be an estimated 698 million tonnes or about
30% of total global cereal production (4). The dramatic yield increases that
have evolved in maize started around 1930 with the utilization of heterosis
or hybrid vigor (11). Since then, cytoplasmic male sterility techniques have
been developed to produce hybrid seed at reasonable prices. At present one
is working on another alternative means of “‘fixing heterosis,” namely the
transfer of apomixis to maize for asexual formation of seed. Virtually all the
allogams just mentioned are the target of this new idea and astonishingly
there is also an indication of hybrid vigor in typical inbreeders, such as rice
and wheat, hybrid rice already having reached the market in China in the
mid-1970s. It has been suggested that with seed costs falling it would now
be profitable to grow hybrid rice on 70 million hectares worldwide, which
is nearly half of the total global rice area of 145 million hectares (4).

Apomixis would produce a ‘““clonal seed” in which heterosis would be
fixed, and growers could use their own seed for several generations and thus
lower production costs. On the other hand, this is bad news for the seed
industry, which experiments with various techniques that would force the
grower to return to the seed shop each season. Protoplast and cell cultures
may be used in many ways to produce apomicts. An ideal tool would be
the use of somatic hybridization of protoplast to combine two genomes into
a new apomictic polyploid (12). Plant cell culture of embryogenic cells
(somatic embryogenesis) may be a useful complement to apomixis, perhaps
even an alternative.

IX. BREEDING CLONALLY PROPAGATED PLANTS

Plants that naturally regenerate vegetatively, such as most tubers (potato,
sweet potato, cassava), are particularly interesting plant breeding objects as
their direct cloning is a rapid means of multiplication. Also, the plant
breeder, contrary to using sexual seeds, can make use of the total genetic
variation (broad sense heritability) that includes both additive and nonad-
ditive sources of genetic variation. Clonally propagated plants do, of course,
occasionally flower and set seed, and at this stage the breeder can select
novel material with desirable trait combinations and then start cloning it for
field testing. Plants that naturally regenerate vegetatively are usually allog-
amous in their sexual reproduction, so that new gene combinations can be
formed in bursts of sexual regeneration alternating with the vegetative mode.
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Not only tubers are clonally regenerating. Many trees have the option
of root sprouting and thus, e.g., certain aspen and poplar species can form
large natural clones, including thousands of ramets. Clonal forestry has be-
come a realistic option in the breeding of certain forest tree species.

Traditionally, fruit breeding (apples, pears, plums, apricots, peaches,
oranges, grapefruits) ends in cloning, either by grafting on rootstocks or
rooting of cuttings. The same techniques have been used in propagating
selected woody omamentals, such as lilacs, rhododendrons, and roses.

In modern breeding of clonally propagated plants, traditional cloning
techniques, as mentioned earlier, may be improved by some form of micro-
propagation. However, micropropagation may often be a more expensive
method than the traditional rooting of cuttings. All depends on the numbers
to be cloned and on the market price of the cloned product. In cloning forest
trees, the numbers to be produced are in the millions of ramets. A forest
plantation often has a stand density of about 2000 individuals per hectare.
To be of economic importance, plantation forestry supplying wood for in-
dustrial fiber use must be applied on thousands of hectares. For 100,000
hectares of cultivated clonal forestry, 200 million ramets would be needed.
The individual forest tree ramet to be planted must be produced at reasonable
costs, perhaps about $1-2 apiece, which would make plant costs per hectare
$2000-4000. This could be a tolerable cost for the landowner. When con-
ventional forest tree seedlings are used, the plant costs per hectare are
roughly half of the ramet prices. On the other hand, a single fruit tree or
ornamental rhododendron plant may sell on the market for $10-20. The
landowner is willing to pay this price because a fruit tree orchard may be
planted at a density of 500 trees per orchard hectare and the annual yield
sells for a regular high price. Likewise, the owner of a small garden has
only a few fruit trees or rhododendron plants in her garden. Thus, the initial
numbers of ramets to be cloned may stay much lower than in industrial
forestry, but the piece price is 10 times higher. So the costs of cloning may
also be much higher and new micropropagation methods may become real-
istic.

X. BREEDING HYBRID VARIETIES OF SELFING PLANTS

Hybrid rice is an amazing story. Chinese farmers first grew rice hybrids in
the mid-1970s. In 1992-1993 it was grown on 19 million hectares in China
and it was spreading to many other countries in Southeast Asia. In the Phil-
ippines, the International Rice Research Institute (IRRI) has recorded yields
over 10 tonnes/ha and the upper limit may well be at 16 tonnes, approaching
similar record yields of wheat in Mexico. The limiting factor in using hybrid
rice has been the high seed costs. The problem is equivalent to the problem



of using cloned trees in industrial forestry. In the 1970s yields of hybrid
seed were 1-1.5 t/ha; the yield increased to 2.3 t in the 1980s and to 4.5 t
in 19911992 with a top yield of 6.35 t/ha. Because of the decreasing hybrid
seed cost, hybrid rice can now be grown profitably on nearly half of the
total global rice area of 124 million ha (4). The more effective hybrid rice
seed production has been based on photo- and thermosensitive genetic male
sterility. Now there is a strong research thrust to develop apomictic hybrid
seed production using transgenes and protoplast fusion. This would enable
farmers to use their own hybrid seed for several rounds of production, which
would virtually eliminate the seed cost problem. Clearly, the hybrid rice
model could be adopted for other autogamous grains, foremost in the pro-
duction of hybrid wheat.

Xl. CELL AND TISSUE CULTURE IN TREE BREEDING

Because of the long generation cycle, tree breeding using conventional meth-
ods, such as seed orchards, is inevitably time consuming. From the first
selection of superior phenotypes, in natural forests, to seed production in
orchards may require 20—30 years in temperate and boreal regions and 10—
20 years in tropical and subtropical regions. Such long-lasting programs are
generally economically possible only when financed by the forest industry
or by state resources. Very little conventional tree breeding is managed as
truly profitable private forest tree breeding. It is here that cell and tissue
culture (commonly micropropagation) may substantially shorten breeding
programs, make them more efficient, and form the basis for private enter-
prises.

First, it may be possible within natural tree variation to find genotypes
that carry valuable gene combinations directly without extra time for breed-
ing. Such is the case in curly birch (Betula pendula var. carelica), which is
particularly valuable for its ornamental wood structure. The inheritance of
wood curliness is still unclear. It does not seem to obey Mendelian laws,
and it may well be a growth anomaly caused by transposons. In this case
the direct cloning of curly ““genotypes’ has proved quick and successful.

Second, in tree breeding a few individuals are easy to produce by
artificial hand pollination. Examples are the hybrids in Berula, Populus, Eu-
calyptus, Cryptomeria, and Larix. However, from a few heterotic hybrid
individuals to forests of hybrids is a long leap. The only reasonable tech-
nique here is some form of vegetative propagation, “fixing heterosis.” It
works well in the four first mentioned genera but so far not well enough in
larch. Again, what works reasonably well in the research laboratory does
not necessarily work well enough in a cost-critical practical application
where plants for cultivation must be produced at competitive prices.
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What about transgenic trees? What would the choice genes be? Her-
bicide resistance, drought tolerance, cold tolerance, lignin reduction, apical
dominance? Whatever single gene would be transferred to a tree individual,
it would still take a great effort to clone that transgenic tree to a large number
of ramets. Here is the difference between an annual agricultural crop and a
perennial tree with a long generation interval. A new transgene in an annual
can be reproduced sexually until enough seed is available, but in case of a
tree, whole plant cloning is the only reasonable alternative.

Xll. FOREST TREE POPULATION STRUCTURES AND
THE ADOPTION OF CLONING

Almost all forest trees are allogamous cross-pollinators. Most of them are
monoecious, but in some genera both monoecious and dioecious species may
be found, as in the genus Acer. Other genera are exclusively dioecious, such
as Populus. In many of the monoecious species there are self-incompatibility
mechanisms that render progeny after selfing most unlikely. In most impor-
tant conifers, selfing is possible, but many recessive lethal or sublethal genes
lead to severe inbreeding depression. Thus, natural forest tree populations
are as a rule highly heterozygous and differences between individuals within
populations are generally large for a number of quantitative measurable
traits, such as phenology, growth habit, and resistance to disease and pests.

Analyzed marker loci (isozymes, RFLP, RAPD, AFLP, ISSR) com-
monly indicate between 1 (fixation) and 10 alleles per locus. By retaining
high heterozygosity and high variation between individuals in populations,
perennial long-living trees buffer themselves against environmental variation
(cold, heat, drought, etc.) and attacks by pests and disease (animal browsing,
insects, fungi, viruses, etc.).

The individual cloning of such variable forest tree species for large-
scale cultivation of industrially superior genotypes may be ecologically haz-
ardous as it will inevitably reduce the genetic variation present in natural
stands, thus causing instability particularly concerning disease and pest re-
sistance. The whole tree cloning of transgenics may cause similar instability.
The use in plantations of clonal mixtures has been discussed for years in
forest genetic fora. There is no definite consensus on how an artificial clonal
forest plantation should be built. Opinions vary from ‘“‘just a few clones”
(3-5) to “many clones” (10-30) per plantation. A plantation is an area of
several hectares comprising more than perhaps 10,000 plants. However, it
must be emphasized that some tree species have natural ‘“‘clone structures.”
For instance, the European aspen, Populus tremula, and the North American
trembling aspen, Populus tremuloides, both form clone structures that may
cover more than a hectare a patch. These structures come from root sprouting
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of older trees. A recent unpublished study in Finland has shown that natural
aspen stands may consist of between 2 and 10 clones. It suggests that clonal
aspen or hybrid aspen plantations could be arranged in a ““chessboard” struc-
ture, each clone grown in pure monoculture of say 1/4 ha or about 500
ramets of a selected ortet. A 1-ha plantation would consist of 4 clones and
in larger plantations, clone numbers could increase to 10 and the same clone
could be repeated in another location of the large plantation area. Trees that
do not form clones under natural conditions, such as conifers, should, how-
ever, be grown as clonal mixtures, thus imitating natural stands with their
genetic variation between individuals.

At this time there is not enough evidence from clonal plantations con-
cerning the risks of growing clones in monoculture. Trees grow for tens of
years, but insects and pests often have generation cycles of 1 year or less.
Resistant clones may at any time be victims of new disease and pest strains
that break resistance. This could be fatal to clonal forestry. We do not yet
know what the risks are, but observations on agricultural plants and theo-
retical modeling suggest epidemics and instability in cultivated plant eco-
systems if genetic uniformity is allowed. The classical example is the spread
of the corn leaf blight (Helminthosporium maydis) in hybrid maize culti-
vations in the United States due to the use of a uniform male sterility cy-
toplasm (T-cytoplasm) in the production of hybrid seed (13).

Xlli. ECOLOGICAL ASPECTS IN TREE BREEDING

Cell and tissue cultures adopted to tree breeding may greatly enhance genetic
gains in characters such as wood quality (fiber length, lignin composition,
specific gravity, bole straightness, crown form and branchiness, etc.) and
wood volume (springwood/latewood ratio, growth initiation and cessation,
nutrient uptake, drought and cold tolerance, etc.). Manipulation of wood
quality and volume, all included in final yield, may, however, be contradic-
tory to tree adaptation in a certain climate; additional yield may be at the
cost of tree adaptation and fitness. During the past 40 years the world has
experienced a considerable reduction of genetic diversity in agroecosystems
with the advent of the ““green revolution” with its high-yielding cultivars in
rice, wheat, and maize, the three outstanding agricultural staple crops. Its
consequences have been duly registered in pest and disease outbreaks.
Pressures on world forestry, particularly in developing countries that
suffer shortages of fuelwood and where high population density causes for-
ests to be turned into agriculture, there is a loss of tropical forests at about
15 million hectares per annum, 0.8% of the total tropical forest area (4). In
developed industrial countries, increasing forest area is converted into plan-
tation forestry, with a loss of natural forest biodiversity (stand variation in
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age classes and species mixtures). Forests are replaced by even-aged mono-
cultures, easy to manage and high in production. Thus, trees have been
converted to “cultivated plants.” This is where we select species, seed
sources, and tree breeding material and ultimately select clones for high
production. It is here that transgenic trees may become cloned for mass
production.

XiV. THE CLONAL FORESTRY OPTION

The industrial forestry sector has become aware of the risks involved, and
there has been an encouraging change to more ecological thinking in the
management of plantations. Where tree clones are used, their advantages are
now weighted against increasing risks. There are several ways to avoid ge-
netic narrowing in clonal forestry, the first being the use of clonal mixtures.
But when planning to use cloned transgenic trees, one runs into problems.
The transfer of a special gene to a certain location in the genome is still
uncontrollable and therefore, if the same gene is to be transferred to several
different genotypes, it ends up in different places in the genome, it functions
differently, and it may influence adjacent genes differently. In annual crops
this is not a particular problem, because the transgene can be backcrossed
several times to different genotypes and thus the location is fixed and the
gene duly integrated. Such backcrossing is prohibitive in trees simply due
to their long generation interval but also due to their almost obligate cross-
pollination with severe inbreeding depression. One is therefore forced to
whole tree cloning when the desirable gene has been transferred.

Ultimately, one ends up having a single desirable transgenic clone that
should go into plantation. There are, however, solutions to how such single
clones could be used. First, they could be mixed in plantations with other
nontransgenic clones according to regulations set for clonal forestry. The
most valuable transgenic tree clone could thus be marked in the stand and
left standing through stand thinnings until the harvesting of the most valu-
able end product at final stand rotation. Or a valuable transgenic clone could
simply be planted among normal sexual tree seedlings, which would keep
genetic variation at an acceptable “natoral” level.

Whatever method is used in productive industrial forestry plantations,
if the yield of the cloned trees is much superior to that of their wild relatives,
there may be a possibility to grow industrial forests on a “plantation basis,”
leaving a larger share of natural forests as gene reservoirs. It is a fact that
we are just now experiencing how forest trees are converted to cultivated
plants. Simultaneously, the world is experiencing clear signs of global cli-
matic change that may upset the adaptation of long-lived trees. Clonal forest
stands have lost their ability to respond genetically to such change. Natural
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forests with high degrees of genetic variability have the capacity to respond
dynamically to environmental change by genetic selection during natural
regeneration. This is why natural forests must be managed and regenerated
for a changing future environment,
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. INTRODUCTION

Because plant secondary compounds are often produced only in small quan-
tities in a particular type of cells of rare plant species, it is not always
feasible to isolate secondary compounds from intact plants. Plant cell culture
can be an alternative way to produce these compounds continuously under
artificially controlled conditions. In particular, the production of pharmaceu-
tically important plant metabolites has been a target for practical application
of plant cell culture for the last few decades. Although not all attempts at
practical production have been fully successful so far, several compounds,
i.e., shikonin, berberine, and ginseng saponins, have been commercially pro-
duced from in vitro cell cultures.

In this chapter, we describe plant cell cultures for production of sec-
ondary metabolites, how cell cultures can be established, and which factors
affect producibility of the metabolites and present several case studies of cell
culture production of pigments and clinically used antineoplastic compounds.
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. CELL CULTURE SYSTEMS USED FOR PRODUCTION
OF PHYTOCHEMICALS

A. Callus and Cell Suspension Cultures

Cell cultures are induced as callus tissues. Callus cultures are also usually
the materials from which cell suspension cultures are obtained. In addition,
selection of high-producing cell lines for a particular secondary metabolite
is carried out using callus tissues of either small-aggregate or single-cell
origin. Suspension cultures are established by transferring the callus tissue
into liquid medium of the same composition as used for callus tissues and
agitating the culture on a rotatory or reciprocal shaker. Suspension cultures
generally comprise more homogeneous and less differentiated cell popula-
tions and grow more rapidly than their parent callus cultures. Furthermore,
cell suspensions are suitable for continuous and/or chemostat culture and
easy to feed various chemical factors during the culture. These properties
make suspension cultures the material of choice for biochemical and mo-
lecular biological investigation of plant secondary metabolism. Scaling up
from flask to bioreactor for the production of phytochemicals is always per-
formed using suspension cultures.

B. Immobilized Cultures

Over the last two decades, immobilized culture systems have attracted much
attention for efficient production of plant secondary metabolites. Cultured
cells from high-density suspension cultures are trapped in an inert matrix
such as calcium alginate gel beads, stainless steel, and foam particles. The
immobilized entities are cultured in shaken flasks or aerated bioreactors.
Alternatively, the cell-encapsulated beads can be packed into a column,
which is percolated with nutrient medium. The major advantage of the im-
mobilized culture system is that cell growth and secondary metabolite pro-
duction can be separated by the precise manipulation of the chemical en-
vironment, allowing continuous or semicontinuous operation (1). However,
establishing the immobilized culture system for large-scale production of
phytochemicals is expensive. In addition, for efficient operation of the im-
mobilized system, permeation of the product from the cells to the medium
is necessary, which has not yet been fully achieved.

C. Organ Cultures

In spite of prolonged and concentrated efforts, many valuable phytochemi-
cals such as morphinan alkaloids of Papaver somniferum, tropane alkaloids
of various solanaceous species, and dimeric indole alkaloids of Catharanthus
roseus cannot be produced by callus and cell suspension cultures. Because
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most of these compounds start to accumulate when the proper organs are
regenerated from the cultured cells, production of these compounds in cul-
tured cells requires decoupling of biochemical differentiation from morpho-
logical differentiation, which has so far been unsuccessful. This situation
makes organ cultures a favored option. One major disadvantage of organ
cultures is reduced productivity in bioreactors because the physical structure
of shoots or roots results in various difficulties including handling problems
at inoculation and shear of the organs during culture.

1. Shoot Cultures

Multiple shoots regenerated either from callus cultures or directly from ex-
plants including apical buds are cultured in solid or liquid medium. Shoot
cultures have been considered appropriate when the target secondary metab-
olites are produced in aerial parts of plants. Monoterpenoid essential oil
flavors, which are not produced in dedifferentiated callus or cell suspension
cultures because of lack of oil-secretory tissues, have been reported to ac-
cumulate in shoot cultures (2,3). Production of a sesquiterpene lactone ar-
temisinin that exhibits potent antimalarial activity in shoot cultures of Ar-
temisia annua has also been actively investigated (4,5). A dimeric indole
alkaloid anhydrovinblastine that is a direct precursor of antileukemic indole
alkaloids, vinblastine and vincristine, accumulated in shoot cultures of
Catharanthus roseus at a level similar to that in the leaves of intact plants
(6). Vindoline and catharanthine, precursors of the dimeric indole alkaloids,
were also produced in multiple shoot cultures of C. roseus (7). In a few
cases, multiple shoots transformed with Agrobacterium tumefaciens were
used to investigate secondary metabolite production (8).

It is interesting to note that providing the cultured shoots with envi-
ronments similar to those of the intact plants sometimes results in enhance-
ment of the particular secondary metabolism. For example, menthol pro-
duction in Mentha arvensis shoot cultures increased with light illumination
(3). Dimeric indole alkaloid production in C. roseus shoot cultures was also
stimulated by near-ultraviolet light irradiation (9). Rooting was also reported
to enhance artemisinin formation in cultured shoots of A. annua (10).

2. Root Culture

There are two types of root culture, untransformed root culture and hairy
root culture, which are obtained by transformation with Agrobacterium rhi-
zogenes. Production of phytochemicals by hairy root cultures has been in-
tensively investigated and is reviewed in a separate chapter of this book.
Hairy roots generally show more vigorous growth than untransformed roots.
However, untransformed roots sometimes show vigorous growth to an extent
similar to that of transformed roots when cultured in auxin-containing me-
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dium. Production of hyoscyamine and scopolamine, pharmacologically ac-
tive tropane alkaloids, was more active in normal root cultures of Duboisia
myoporoides than in the hairy roots (11). Scaling up of transformed Atropa
belladonna root cultures was attained without any reduction in tropane al-
kaloid productivity by combining cutting treatment of seed roots with use
of a stirred bioreactor with a stainless steel net (12). It should also be pointed
out that the research on tropane alkaloid production in root cultures of so-
lanaceous plants starting in the mid- 1980s has fruited as molecular biological
characterization and genetic engineering of tropane alkaloid biosynthesis
(13).

D. Bioreactor Cultures

Irrespective of suspended cells, immobilized cells, or whole organs, it is
necessary to establish efficient large-scale bioreactor systems for commercial
production of secondary metabolites (14). Recent advances in this field are
described in a separate chapter.

ill. FACTORS AFFECTING SECONDARY METABOLITE
PRODUCTION BY PLANT CELL CULTURES

A. Plant Growth Regulators

Effects of plant growth regulators, especially auxin and cytokinin, on sec-
ondary metabolism in cell cultures have been extensively investigated. It is
well known that auxin is essential and cytokinin is preferable to induce cell
dedifferentiation and to maintain cell proliferation in vitro. In has also been
widely recognized that the concentration and balance of auxin and cytokinin
affect organ regeneration from cultured cells. These growth regulators reg-
ulate secondary metabolism in in vitro—cultured cells probably through con-
trolling cell differentiation. However, the effects of auxin and cytokinin are
variable from species to species and from product to product, and the mech-
anism by which the plant growth regulator up- or down-regulates the par-
ticular secondary metabolism is not clear in most cases.

Gibberellin is usually not added to culture medium, and only a few
reports describe its effect on natural product biosynthesis. Production of
berberine in Coptis japonica cell cultures was increased by gibberellin (15).
In contrast, gibberellin inhibited shikonin biosynthesis in Lithospermum
erythrorhizon cell cultures (16).

For practical application of plant cell cultures to secondary metabolite
production, it is desirable to culture the cells without phytohormones, es-
pecially when the product is used as a crude extract, for example, in the
case of anthocyanin, because contamination of the phytohormones from the

Copyright © 2002 Marcel Dekker, Inc.



culture medium may influence human health. In mammalian cell cultures,
hybridomas produced by fusion of antibody-producing cells having no pro-
liferation activity with highly proliferative myeloma cells are used to pro-
duce monoclonal antibodies. A similar approach could be possible in plant
cell cultures. Actually, protoplasts from petals of Petunia hybrida were fused
with protoplasts from cultured crown gall tumor cells, and microcalli thus
produced grew vigorously on hormone-free medium and formed anthocyanin
characteristic of parent petals (17).

B. Medium Nutrients

Optimization of medium nutrients is important to increase the productivity
of the particular secondary metabolites. There are a number of reports de-
scribing the effects of medium nutrients on secondary metabolism in plant
cell cultures. Many of these investigations seem to indicate a negative cor-
relation between cell proliferation and secondary metabolism. It might be
possible that any manipulation for inhibiting cell growth leads to an increase
in the productivity of secondary metabolites, leading to establishment of a
two-stage culture system for production of phytochemicals where the cells
are first cultured in the medium appropriate for maximum biomass produc-
tion and then transferred to the growth-limiting medium for maximum pro-
ductivity of secondary metabolites as established for shikonin production in
Lithospermum erythrorhizon cell cultures (18).

One of the most important nutritional factors is the phosphate level in
the medium. Since Nettlership and Slator (19) first reported in 1974 that use
of a phosphate-free medium increased the alkaloid productivity of Peganum
harmala cells, it has been recognized that reducing the phosphate concen-
tration results in growth limitation and a concomitant increase in the level
of secondary products.

Nitrogen is essential to support cell growth as a source of protein and
nucleic acid synthesis, thus affecting secondary metabolism. Generally, cul-
ture medium contains N sources as NH; and NOj, and both the concentra-
tion of total nitrogen and the ratio of NH; to NO; regulate cell growth and
secondary metabolism. In many cases, reducing the total nitrogen concen-
tration in the medium leads to lower cell growth and higher product for-
mation as typically reported for anthocyanin production by Vitis vinifera (20)
cell cultures. However, cell growth and production of betacyanin in Phyto-
lacca americana cell cultures increased with an elevated nitrogen supply
(21). If used as a sole nitrogen source, NH} is often toxic to cell growth.
Shikonin production in L. erythrorhizon cell suspension cultures was com-
pletely inhibited when the cells were cultured in NH; -containing medium
(22). It is important to find an optimum ratio of NH; to NO; for attaining
maximum production of secondary metabolites.
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Sucrose is utilized most as a carbon source. In contrast to phosphate
and nitrogen, an increase in the initial sucrose concentration in culture medium
leads to an increase in secondary metabolite production. The enhancing effect
of sucrose was most impressively shown in the case of rosmarinic acid for-
mation in Coleus blumei cell suspension cultures, where the rosmarinic con-
tent increased sixfold in a medium containing 5% sucrose compared with that
in the control medium (2% sucrose), reaching 12% of dry weight (23). This
effect was not due to the higher osmotic pressure because addition of mannitol
to low-sucrose medium did not increase rosmarinic acid production. In con-
trast, the stimulatory effect of sucrose on anthocyanin production in Vitis
vinifera cell cultures was shown to be due to osmotic stress (24). The carbon-
to-nitrogen ratio is also an important factor in secondary metabolism as shown
by anthocyanin production in Vitis cell cultures (25).

Although less investigated compared with macronutrients, micronutri-
ents are also expected to affect secondary metabolism. In fact, the shikonin
content in L. erythrorhizon cell cultures increased drastically with an in-
creasing Cu®" level in the medium (22).

C. Elicitors

Elicitors are the active components in extracts of microbial and plant origin
that induce defense responses when applied to plant tissues. The elicitors
produced by microorganisms and plants are referred as biotic elicitors, while
physical and chemical stresses such as ultraviolet (UV) irradiation, heat or
cold shock, and heavy metals also induce a wide range of defense responses
and are defined as abiotic elicitors. Abiotic elicitors are thought to induce
the release of biotic elicitors from plant cell walls. It has been shown that
elicitors are capable of not only inducing de novo formation of phytoalexins
but also activating biosynthetic potentials of various constitutive metabolites
in cultured plant cells. Production of sequiterpene gossypol in Gossypium
arboretum was increased over 100-fold by elicitors prepared from Verricil-
lum dabliae elicitors (26). Elicitor treatment increased the biosynthesis of
the benzophenanthridine alkaloid sanguinarine 26-fold in Papaver som-
niferum cell cultures (27). Induction of isoflavonoid biosynthesis in Pueraria
lobata cell cultures by either a biotic elicitor yeast extract or the abiotic
elicitor CuCl, has also been extensively investigated, especially at the mo-
lecular level (28).

Elicitors provide important clues to understanding the molecular basis
of the transducing pathway through which exogenous signals lead to sec-
ondary product biosynthesis, involving various signal compounds such as
reactive oxygen species, jasmonic acid, Ca’*, and phosphoinositides. Induc-
tion of secondary metabolism by elicitors in cell suspension cultures of
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various plant species was correlated with earlier rapid and transient accu-
mulation of jasmonic acid and its methyl ester methyl jasmonate, and jas-
monic acid was proposed to be a key signal compound in the cellular process
of elicitation leading to the accumulation of various secondary metabolites
in the cultured plant cells (29). Production of various phytochemicals in-
cluding rosmarinic acid (30), alkannin (31), taxol (32), shikonin (33), and
stilbene (34) has been reported to be induced by jasmonic acid or methyl
jasmonate. A cDNA encoding geranylgeranyl diphosphate synthase, which
catalyzes an important biosynthetic step leading to taxol, was cloned from
Taxus canadensis cell cultures pretreated with methyl jasmonate to induce
taxol biosynthesis (35). This suggests that jasmonic acid (or its methyl ester)
may be used as an inducer of secondary metabolism in cultured plant cells
not only for practical application but also for basic research.

D. Physical Factors

Physical factors controlling secondary metabolite production synthesis in
cultured plant cells include light, temperature, medium pH, aeration, cell
density, etc. The effect of light on natural product biosynthesis is quite var-
ied. Light illumination usually induces chloroplast differentiation, which
sometimes leads to elevation of secondary metabolism. A lupine alkaloid
lupanine was produced only in the green callus of Thermopsis lupinoides
cultured under light illumination (36). Light illumination is often essential
to induce anthocyanin biosynthesis, although its biosynthesis is not localized
in chloroplasts. In contrast, biosynthesis of nicotine in tobacco cells (37)
and shikonin in Lithospermum erythrorhizon cell cultures is inhibited by
light illumination (38). From a biotechnological viewpoint, a light require-
ment for secondary metabolite formation is problematic because it is difficult
to provide adequate illumination without affecting temperature.

The optimal culture temperature and medium pH are usually between
20 and 25°C and between 5.6 and 6.0, respectively. Although these factors
are expected to affect secondary metabolism in cultured cells, they have not
received much attention so far. Aeration is also an important factor to reg-
ulate both cell growth and product yield, especially in bioreactor cultures,
and is discussed later in this chapter and in a separate chapter. Cell density,
which is mostly determined by cell inoculum size, is also an important factor
affecting product yield. High-density cultures were established for berberine
production by Coptis japonica cultures (39) and anthocyanin production by
Perilla frutescens cultures (40).

E. Biological Factors

One of the most important factors controlling secondary metabolite produc-
tion is cell-to-cell variation. Within a population of cultured cells there is a
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difference in metabolic behavior, especially in ability to synthesize particular
metabolites even if the cell population was induced from the same piece of
explant and cultured in the same physical and chemical environments. Al-
though a molecular biological basis for such cellular variation in secondary
metabolism has not yet been clarified, it has been well recognized that se-
lective subculture of cell aggregates whose content of the secondary metab-
olite is higher than others will eventually result in the isolation of so-called
high-producing cell lines for a particular secondary metabolite. Such selec-
tion is easy to perform when the target compound is a pigment (41) but still
possible for colorless compounds by using a convenient cell-squash method
(42) or a semiautomated immunoassay (43).

Another important biological factor is stability of the biosynthetic ca-
pability of cultured plant cells. Alkaloid-producing cell lines of Catharan-
thus roseus that were established by repeated selection lost their biosynthetic
ability during subcultures; the indole alkaloid content decreased 70-fold over
8 years of subculture (44). A similar kind of biochemical instability was also
reported for nicotine in Nicotiana rustica callus (45), cardenolides in Digi-
talis purpurea callus (46), and cinnamic acid in Capsicum frutescens cell
suspension (47). These results indicate that it is important to subculture the
cells under selection pressure or with occasional reselection.

IV. PRODUCTION OF PLANT PIGMENTS
A. Anthocyanin

Anthocyanin constitutes a major flavonoid pigment. It is ubiquitous in the
plant kingdom and provides scarlet to blue colors in flowers, fruits, leaves,
and storage organs. Chemically, they are based on a single aromatic mole-
cule, that of delphinidin, and all are derived from this pigment by hydrox-
ylation, methylation, or glycosylation (Fig. 1). Interest in anthocyanins as
food colorants has been increasing not only because they are less toxic than
synthetic red dyes but also because they exhibit significant antioxidant ac-
tivity, which might protect against cardiovascular diseases and certain can-
cers (48).

There have been a number of publications describing anthocyanin pro-
duction by plant cell cuitures; some of the more recent ones are summarized
in Table 1. Progress in sophisticated spectroscopic technology such as fast
atom bombardment mass spectrometry (FAB-MS) and two-dimensional nu-
clear magnetic resonance (2D-NMR) together with high-performance liquid
chromatography (HPLC) separation has led to elucidation of complex struc-
tures of anthocyanin as reported in cell suspension cultures of Perilla sp.
(49), Daucus carota (50), Ajuga reptans (51), and Ajuga pyramidalis (52).
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TaBLE 1 Anthocyanin Production by Plant Cell Cultures Reported

after 1990
Plant species Culture system Light  Productivity = Reference
Ajuga pyramidalis  Callus Yes 52
Ajuga reptans Callus/suspension Yes 100 mg/L (s)° 76
51
Aralia cordata Callus No 10.3% dw (c) 56
Daucus carota Callus Yes 50
23.7% dw (c) 77
Fragaria ananasa  Callus No 0.4% dw (c) 58
Hibiscus sabdariffa Callus/suspension Yes 3% dw (¢) 69
Malus pumila Callus/suspension  Yes 0.49% fw (c) 78
Oxalis linalis Callus/suspension  Yes 79
Perilla frutescens Cailus/suspension  Yes 3.87 g/L (s) 40
Vitis hybrid Callus/suspension  Yes 2.9 g/L (s) 63
Vitis vinifera Callus/suspension  Yes 1.2 g/L (s) 54
57

®c, in callus cultures; s, in suspension cultures.

Although it is suggested that polyacylated anthocyanins are stable in neutral
aqueous solution and thus suitable for application as food colorants, the
occurrence of such acylated anthocyanins in plant cell cultures has not been
reported in many cases. However, this does not necessarily mean that plant
cell cultures lack the ability to synthesize acylated anthocyanins but may
mean that they have been overlooked because of the lability of the acylated
pigments in the extraction solvent containing hydrochloric acid.

Because anthocyanin is relatively inexpensive, extensive optimization
of anthocyanin production in cultured plant cells is necessary to reduce the
production costs for commercial, including cell line selection, manipulation
of the physical and chemical environment, process management of large-
scale culture, and manipulation of the genome using genetic engineering.

1. Cell Line Selection

Even when cell cultures accumulate anthocyanin, it is apparent that the cul-
tures are mostly heterogeneous and the population of the pigmented cells is
usually low. For example, only 10% of Catharanthus roseus cells in culture
actively accumulated anthocyanin (53). However, because anthocyanins are
colored compounds, it is relatively easy to perform visual cell aggregate
selection by repeatedly subculturing red sectors of the callus tissues. Such
cell aggregate selection was described most typically and systematically in
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Euphorbia milli callus, whose anthocyanin levels increased sevenfold, reach-
ing 13% of dry weight, and the capability was stable for 24 passages (41),
and it has been applied to various anthocyanin-producing plant cell cultures.
By small-aggregate cloning combined with HPLC analysis, a cell line of
Vitis vinifera accumulating malvidin-3-glucoside, a main anthocyanin in
most red wines, at 63% of total anthocyanins was established from an initial
culture with a malvidin-3-glucoside level of 13% (54).

2. Physical Environment

One of the most important physical factors affecting anthocyanin biosynthe-
sis is light. In many cases, strong light irradiation is required for anthocyanin
production in cultured plant cells. However, for commercial exploitation of
anthocyanin production by plant cell cultures, scaling up and efficient op-
eration of photobioreactors with high light intensity are difficult and expen-
sive, especially because light illumination always affects the temperature of
the culture and thus generates the problem of cooling. Hiracka et al. (55)
succeeded in establishing a cell line of Bupleurum falcatum capable of pro-
ducing anthocyanin in the dark by selectively subculturing red portions of
the callus tissue that eventually appeared in the dark. This approach has
been used to obtain culture strains accumulating anthocyanin in the dark of
Aralia cordata (56), Vitis vinifera (57), and Fragaria ananassa (58). Bio-
reactor-cultured Perilla frutescens cells were able to accumulate significant
amount of anthocyanin (about 10% dry weight) without light irradiation
when aerated at 0.2 vvim but not at 0.1 vvm (59).

3. Chemical Factors

Effects of the plant growth regulators on anthocyanin production in cultured
cells are apparently variable. In Vitis vinifera suspension cultures (54) and
Strobilanthes dyeriana callus cultures (60), better growth and anthocyanin
production were obtained with 1-naphthaleneacetic acid (NAA) than 2,4-
dichlorophenoxyacetic acid (2,4-D). In contrast, 2,4-D favored anthocyanin
production in Hibiscus sabdariifa (61), Euphorbia milli (62), Vitis hybrid
(63), and Fragaria ananassa (64) cultured cells, whereas it was inhibitory
at a higher concentration (63). Generally, cytokinins hardly affect anthocy-
anin production in cultured cells with a few exceptions; e.g., kinetin is su-
perior to benzyladenine in grape cell suspension cultures (65). It was also
shown that in strawberry suspension cultures the cyanidin-3-glucoside con-
tent increased and peonidin-3-glucose level decreased with increases in
auxin and cytokinin levels (66).

Among various medium nutrients, nitrogen sources and phosphate are
important factors affecting anthocyanin production by plant cell cultures.
Reducing the nitrate concentration in the medium increased anthocyanin
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accumulation in cell cultures of Vitis hybrid (25) and Catharanthus roseus
(67), whereas increasing the ratio of nitrate to ammonium was effective for
anthocyanin production in cell suspension cultures of Aralia cordata (56)
and Euphorbia milli (62). It has been reported that phosphate limitation is
associated with growth limitation and a concomitant increase in anthocyanin
level in the cultured cells of various plants, including Vitis hybrid (25),
Daucus carota (68), Hibiscus sabdariffa (69), and Vitis vinifera (70).

4, Bioreactor Culture

There have been some reports describing successful scaling up of the cul-
tures (up to a 500-L pilot scale) for anthocyanin production as summarized
in Table 2. However, in some cases, including Vitis vinifera cells (57), an-
thocyanin productivity decreased in jar-fermenter cultures compared with
suspension cultures. The CO, level in culture vessels, agitation method, and
volumetric oxygen transfer are important factors controlling both biomass
and anthocyanin production in a bioreactor.

5. Engineering Anthocyanin Production Using Recombinant
DNA Technology

It is now possible to engineer plant cell metabolism genetically using a wide
range of new techniques in molecular biology. The molecular biological
aspects of anthocyanin biosynthesis have been extensively studied, and
genes or cDNAs encoding almost all of the enzymes in anthocyanin bio-
synthesis have been cloned (71). In addition, some genes encoding tran-
scriptional factors that regulate the expression of all or a subset of antho-
cyanin biosynthesis genes have been identified and isolated (72). Proper use
of such regulatory genes may lead to a general strategy for switching on the
entire pathway of anthocyanin biosynthesis. Expression of such transcrip-
tional factors in cultured maize cells stimulated expression of the genes of
flavonoid biosynthesis, resulting in accumulation of anthocyanin (73,74).
Another interesting target for engineering anthocyanin production is its
transport into central vacuoles. Hirasuna et al. reported that the up-regulation
of anthocyanin production in grape cells in culture by reducing the nitrate
concentration in the medium may be due to the involvement of a nitrate-
sensitive ATPase in the accumulation of anthocyanin in vacuoles (63). The
finding of a glutathione S-transferase involved in transport of cyanidin-3-
glucoside into vacuoles (75) may provide a biochemical basis for engineer-
ing vacuolar targeting of anthocyanin in cultured plant cells.

B. Shikonin

Shikonin and its S-isomer alkannin are red naphthoquinone pigments accu-
mulated as acyl esters in the cork layer of the roots of various boraginaceous
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TasLE2 Large-Scale Production of Anthocyanin by Bioreactor Cultures

Plant species Bioreactor volume  Agitation/aeration  Light Medium Productivity = Reference
Vitis hybrid 30L (20 L)* Aeration 0.4 vwm No Modified MS® 12.5 mg/L/day 25
2,4-D 0.01 mg/L (12 days)°
Kinetin 0.6 mg/L
Sucrose 0.292 M
Perilla frutescens 26L(2L) Aeration 0.1 vvm Yes LS 290 mg/L/day 82
2,4-D 1 uM (10 days)
BA 1 uM
Sucrose 3%
Aeration 0.2 vwvm No 165 mg/L/day 59
(10 days)
Aralia cordata 500 L (300 L) Agitation 30 rpm No MS 110 mg/L/day 80
Aeration 0.2 vvm 2,4-D 1 mg/L (12 days)
with CO-enriched Kinetin 0.1 mg/L
(0.3%) air Sucrose 3%
Euphorbia milli 30L Air flow rate Yes Modified B5® 50 mg/L/day 81
1.0 L/min 2,4-D 1 uM (10 days)

BA 0.01 uM
Sucrose 5%

*Working volume.

*Production medium was established based on Murashige and Skoog medium.
°Culture period.

“Production medium was constructed based on Gamborg’s BS medium.
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species except for Plagyobotrys arizonicus, which accumulates alkannin in
the cuticle layer of the leaves. Shikonin exhibits a wide range of pharma-
cological activities such as antimicrobial, anti-inflammatory, wound-healing,
and antitumor actions. Investigations have also shown that shikonin inhibits
topoisomerase-1 activity in vitro and angiogenesis and induces apoptosis in
the HL-60 human leukemia cell line (see Ref. 83 and literature cited therein).

1. Large-Scale Production of Shikonin Derivatives by
Lithospermum erythrorhizon Cell Cultures

In 1974 Tabata et al. (38) first demonstrated that callus tissues of L. erythro-
rhizon produced the shikonin acyl esters (shikonin derivatives) as those in
the roots. Visual selection of the cell aggregate led to the establishment of
a high-producing cell line whose shikonin content increased 20-fold, reach-
ing up to 1.2 mg/g fresh weight of the cells (84). By using this culture line,
various factors controlling shikonin production in cultured cells of L. ery-
throrhizon were extensively investigated (Table 3). Media optimized for bi-
omass production (growth medium) and for shikonin production (production
medium) were separately established (22). Two-stage culture in a 750-L
airlifted bioreactor yielded 1.4 to 2.3 g/l. shikonin for 23 days (18). Thus,
in 1983 Mitsui Petrochemical Industry declared commercial production of
shikonin using L. ervthrorhizon cell cultures, which became the first and is

TaBLE 3 Physical and Chemical Factors
Regulating Shikonin Production in
Lithospermum erythrorhizon Cell
Suspension Cultures

Factor Reference

Up-regulating

Sucrose 98
Cu®* 22
Agar powder/agaropectin 99
Oligogalacturonide 90
Methyl jasmonate 33
Down-regulating
Light 38
Lumiflavine 100
2,4-D 38
GA; 16
NH** 22
Glutamine 101
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still one of few examples of successful use for industrial production of a
phytochemical.

2. Regulatory Mechanism of Shikonin Biosynthesis

L. erythrorhizon cell culture does not merely represent an industrial appli-
cation of cell culture technology to phytochemical production but provides
us with a model system suitable for investigating regulatory mechanisms of
plant secondary metabolism.

After a preliminary experiment in which feeding radiolabeled precur-
sors into an intact plant of L. erythrorhizon was unsuccessful because of
extremely low incorporation of the tracers, shikonin was demonstrated to be
biosynthesized through the prenylation of p-hydroxybenzoic acid (PHB)
with geranyldiphosphate (GPP) yielding m-geranyl-p-hydroxybenzoic acid
(GHB) by precursor feeding to L. erythrorhizon callus tissues (85). Since
then, a series of investigations using L. erythrorhizon cell cultures has clar-
ified a biosynthetic pathway leading to shikonin and its metabolically related
compounds as shown in Fig. 2. GPP is synthesized in the mevalonate path-
way in L. erythrorhizon cells (86), although it is postulated that the non-
mevalonate pathway is involved in the formation of monoterpenes in plants.

The activity of GPP:PHB acid geranyltransferase (PHB geranyltrans-
ferase) catalyzing the formation of GHB from PHB was detected in a cell-
free extract of L. erythrorhizon cells in culture (87). When shikonin pro-
duction was repressed by culturing the cells under light illumination, the
activity of this enzyme was strongly inhibited and instead PHB O-gluco-
syltransferase was activated, resulting in rapid accumulation of PHB O-
glucoside (88). The shikonin-nonproducing suspension cells cultured in LS
medium produced dihydroechinofuran, which was probably derived from
GHB via geranylhydroquinone (89). GHB formation was completely inhib-
ited by white light but not by the other inhibitors of shikonin biosynthesis
such as 2,4-D, glutamine, and gibberellin 3 (GA;). Addition of oligogalac-
turonides to L. erythrorhizon cells cultured in MS medium in which shikonin
biosynthesis was usually repressed rapidly and transiently induced PHB ger-
anyltransferase activity followed by increases in the echinofuran level and
then shikonin content (90). These results unambiguously indicate that the
formation of GHB is an important step in the regulation of shikonin bio-
synthesis, especially by light. Neither purification of PHB geranyltransferase
nor cloning of cDNA encoding this enzyme has been unsuccessful to date.
Furthermore, the enzymes catalyzing biosynthetic steps after GHB formation
have not yet been well characterized except for hydroxylation of the iso-
prenoid side chain of geranylhydroquinone (91) and conversion of deoxy-
shikonin to shikonin derivatives in cell-free extract of L. erythrorhizon cell
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cultures (92). These remain to be investigated to obtain further insight into
regulatory mechanisms in shikonin biosynthesis.

3. Intracellular Localization of Shikonin Biosynthesis

Based on electron microscopic and biochemical analyses (93,94), it has been
postulated that a series of enzymatic reactions starting from prenylation of
PHB by the prenyltransferase are located in the vesicles derived from rough
endoplasmic reticulum (tER). The vesicles are suggested to fuse with the
cell membrane and excrete shikonin pigments, which are accumulated on
the cell wall as oil droplets.

4. Engineering Shikonin Biosynthesis in Cultured Plant
Cells

Shikonin biosynthesis in L. erythrorhizon cell cultures is suitable as a target
for metabolic engineering because (1) the biosynthetic pathway is clearly
elucidated and involved in a complex consisting of a shikimate-phenylpro-
panoid pathway and a mevalonate pathway, (2) we have various network
factors in hand to either up-regulate or down-regulate shikonin biosynthesis,
(3) various cell lines differing in shikonin biosynthesis capability are present,
and (4) a stable transformation system using Agrobacterium rhizogenes (95)
and a plant regeneration system from the callus tissues (96) have been es-
tablished. However, the investigation in this direction has just started (97).
Cloning and characterization of the structural and/or regulatory genes in-
volved in shikonin biosynthesis will be a next step for further understanding
and manipulating cellular events underlying shikonin biosynthesis.

V. PRODUCTION OF CLINICALLY USED
ANTINEOPLASTIC COMPOUNDS

A. Catharanthus Alkaloids

The dimeric indole alkaloids, vincristine and vinblastine (Fig. 3), are clini-
cally used as antileukemic agents, which are produced in Catharanthus ro-
seus (periwinkle). These dimeric alkaloids are formed by condensation of
vindoline and catharanthine, which are both derived from strictosidine as
the common intermediate for all monoterpenoid indole alkaloids (Fig. 3). A
number of studies have been performed to produce antineoplastic com-
pounds in cell cultures of C. roseus. These include callus, cell suspension,
and transformed hairy roots (102,103). Although substantial amounts of
monomeric indole alkaloids can be produced in these cell cultures, produc-
tion of the dimeric alkaloids is not fully successful.

Feeding of biosynthetic precursors, secologanin and loganin, resulted
in increased accumulation of ajmalicine and strictosidine (104). Cell differ-
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Ficure 3 Chemical structures of clinically used antineoplastic compounds
from plants.

entiation also induced the production of the alkaloids (105). Since the genes
encoding tryptophan decarboxylase and strictosidine synthase were isolated,
the effects of overexpression of these two genes in C. roseus cell culture
were elucidated (106). The cell lines with enhanced strictosidine synthase
activity accumulated over 200 mg/L. of the indole alkaloids. A recent study
has partially clarified the signal transduction cascade of strictosidine syn-
thase gene expression, which involves the octadecanoid pathway and protein
phosphorylation (107). The specific transcriptional factor for inducible gene
expression of tryptophan decarboxylase and strictosidine synthase has been
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isolated (108). These molecular factors for regulation of indole alkaloid
biosynthesis are promising for future application to engineered cell culture
production.

B. Camptothecin

Camptothecin is a pentacyclic quinoline alkaloid, which was isolated from
Camptotheca acuminata in 1966 (109) (Fig. 3). It exhibits potent anticancer
activity that is due to the strong inhibitory action on DNA topoisomerase I.
Irinotecan is a semisynthetic derivative of camptothecin improved by de-
creasing the cytotoxicity of camptothecin and increasing the water solubility.
Irinotecan is a prodrug that is metabolically activated by esterase to an ul-
timate form for anticancer action.

Although the final skeleton of camptothecin belongs to the group of
quinoline alkaloids, it is synthesized via strictosidine, a common interme-
diate of monoterpenoid indole alkaloids. However, the biosynthetic pathway
after strictosidine and strictosamide is not yet clear (110). Camptothecin has
been found not only in C. acuminata (Nyssaceae) but also in several other
plant species of different plant families, i.e., Icacinaceae, Rubiaceae, and Apo-
cynaceae.

Because of its potent antitumor activity and the unique mechanism of
action, a number of attempts at production by cell culture have been made
(Table 4). These are mostly with C. acuminata. The first trial of production
by cell culture of C. acuminata was performed in 1974 by Misawa’s group
(111). Although they established a rapidly growing cell suspension culture,
the productivity was not satisfactory. A shoot culture instead of a cell sus-
pension of C. acuminara produced a high amount (0.1% dry weight) of
camptothecin, but the growth rate was low (112). High producibility (0.2%
dry weight) was reported with a few cell lines of C. acuminata callus (113),
although the growth rate of these lines was not measured. With C. acuminata
cell cultures, the addition of yeast extracts and jasmonates increased camp-
tothecin production (114).

Species in the genus Ophiorriza (Rubiaceae) are receiving growing
attention as a target for cell cultures producing camptothecin instead of C.
acuminata. Although a callus culture of O. pumila did not produce camp-
tothecin, the regenerated aspetic plantlets accumulated camptothecin and its
derivatives (115). More interestingly, a hairy root culture stimulated by in-
fection of a pathogenic soil bacterium, Agrobacterium rhizogenes, showed
rapid proliferation and also good camptothecin producibility (0.1% dry
weight) (116,117). A substantial amount of camptothecin was excreted into
the liquid medium. Because camptothecin is cytotoxic and exhibits inhibi-
tory activity toward plant growth, there should be a particular mechanism
of sequestering camptothecin into vacuoles or excretion to outside the celis.
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TaBLE 4 Camptothecin Production in Cell Culture

CPT content Growth

Species Tissue (% dry wt.) rate Reference
Ophiorriza pumila Hairy root 0.1 16/5 w 116,117
Camptotheca acuminata Cell suspension 0.00025 10/3 w 11

C. acuminata Cell suspension 0.004 16/4-5 w 123

C. acuminata Shoot culture 0.1 15/4 w 112

C. acuminata Callus 0.2 16/13 w 113
Nothapodytes foetida Plantlets 0.0007 — 124
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C. Paclitaxel (Taxol)

Paclitaxel (taxol) is a diterpene compound initially isolated from Taxus brev-
ifolia (Pacific yew) in 1971 as a cytotoxic substance against leukemia cells
(118). It is also found in all species belonging to the genus Taxus. Paclitaxel
was discovered through an extensive program in the United States to screen
plant extracts for discovery of new anticancer drugs among 110,000 com-
pounds from 35,000 species (119). It is now clinically used for the treatment
of ovarian and breast cancer. The mechanism of action is to promote the
assembly of microtubules and inhibit the disassembly process.

For the clinical trials, the limited supply of paclitaxel only from the
bark of T. brevifolia was problematic. Total synthesis of paclitaxel was
achieved; however, the synthetic process involved long steps and a low yield
and was not commercially feasible. The semisynthesis of paclitaxel from its
precursors isolated from leaves and stems of Taxus cultivars is also estab-
lished. However, plant cell culture has a strong long-term potential for pro-
duction of paclitaxel or its precursors, in particular, by adopting advances
in biosynthetic understanding and genetic engineering.

The production of paclitaxel and related compounds in plant cell cul-
ture has been investigated with several species of the genus Taxus, e.g., T.
brevifolia, T. baccata, T. chinensis, T. canadensis, T. cuspidata, and T. x
media. A number of trials of production in callus and cell suspension cultures
of these Taxus plants have been reported as summarized by Wickremesinhe
and Arteca (119). The highest producibility of paclitaxel was achieved upon
inducion by methyl jasmonate with 7. media cell culture (120). They found
that the addition of 100 uM methyl jasmonate increased paclitaxel produc-
tion up to 0.6% content in cells and 110 mg/L. medium for 14 days. This
producibility was fivefold higher than that of the control without addition
of methyl jasmonate. The content of baccatin III was also induced 20-fold
(0.2% of cell weight) with T. baccata culture. Jasmonate is known to play
a role in a signal transduction system involved in the defense process in
plant cells. This is a good example of how one can manipulate the produc-
tion of secondary compounds in cell culture by a particular signal molecule.

D. Podophyliotoxin

Podophyllotoxin is a lignan compound derived from two phenyl propanoid
units. The clinically used antitumor compounds etoposide and teniposide are
semisynthetic derivatives of podophyllotoxin (Fig. 3). They act as inhibitors
of the microtubule assembly for antitumor activity.

The rhizomes of Podophyllum species are the source for extraction of
podophyllotoxin. However, the occurrence of these plants is limited and the
growth of the plants is slow. Therefore, production by cell culture has been
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TaBLES Podophyllotoxin Production in Cell Culture

Ptox content

Species Tissue (% dry wt) Growth rate Comments Reference
Linum album Cell 0.25 71w 125
suspension

Juniperus Callus 0.005-0.016 11/40 days Enhanced by oligosaccharide 122
chinensis elicitor and phenylalanine

Callitris Cell 0.02 (dark)- 20-25%/3 w Induced by light, mostly 126
drummondii suspension 0.1 (light) B-D-glucoside form

Podophyllum Cell 0.1 (dark)— 2/2 w Increased by feeding coniferyl 126,127
hexandrum suspension 0.03 (light) alcohol as soluble form

Podophyllum Callus 128
peltatum

Linum flavum Root culture 129
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required. As shown in Table 5, cell cultures of several plant species have
been established for the production of podophyllotoxin and its derivatives
such as its glucoside, 5-methoxypodophyllotoxin, and desoxypodophyllo-
toxin. Production cell culture of P. hexandrum was increased by a factor of
6- to 30-fold by the addition of the precursor coniferyl alcohol, solubilized
as a B-cyclodextrin complex or a a glucoside form, coniferin (121). Addition
of a precursor, phenylalanine, and an elicitor, chito-oligosaccharide, also
resulted in increased production of podophyllotoxin in Juniperus chinensis
calli (122).

VI. FUTURE PROSPECTS

A number of attempts have been made for feasible production of secondary
compounds in plant cell cultures. Although there are a few successful ex-
amples achieving high producibility in cell cultures, in most cases pro-
ducibility was lower than that of differentiated particular cells of intact
plants. These are presumably because of the lack of our understanding of
molecular mechanisms of regulation of secondary compound production.
However, as in some cases the molecular mechanism of signal transduction
and regulation of gene expression of secondary metabolism is being re-
vealed, these new findings can be directly applied for metabolic engineering
in cell cultures. Entire DNA sequencing of the whole genome of Arabidopsis
thaliana, a model species of higher plants, is being accomplished. Thus, in
the near future it will be necessary to combine the molecular biological
techniques with the cell culture methods more tightly.
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United Kingdom

. INTRODUCTION

Plant transformation is an indispensable tool, both for the experimental in-
vestigation of gene function and for the improvement of plants either by
enhancing existing traits or introducing new ones (1-3). It is now possible
to introduce and express DNA stably in nearly 150 different plant species.
Many aspects of plant physiology and biochemistry that cannot be addressed
easily by any other experimental means can be investigated by the analysis
of gene function and regulation in transgenic plants. This offers an unprec-
edented opportunity to study the molecular basis of important processes that
have been intractable to conventional analysis, such as the complex signal
transduction pathways and hierarchies of genetic regulation that underlie
plant-microbe interactions, sexual reproduction, and development.
However, much of the effort in plant transformation research reflects
expectations that the technology can rapidly produce plants with improved
or novel traits for the benefit of mankind (2). These improvements would
be difficult or impossible to achieve with conventional breeding alone. The
fruits of this research are already available and include herbicide-tolerant
plants; plants showing resistance to insect pests and viral, bacterial, and
fungal diseases; plants with improved nutritional qualities; plants used as
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bioreactors to produce valuable proteins such as antibodies and vaccines;
and plants in which metabolic pathways have been engineered to produce
valuable products such as speciality oils and drugs (4) (see Chapters 14-30
in this volume). This chapter reviews the technology available for gene
transfer to plants, focusing particularly on recent advances, and discusses
the constraints that must still be overcome to realize the full potential of
plant transformation.

II. REQUIREMENTS FOR PLANT TRANSFORMATION
A. Overview

In general, plant transformation systems are based on the introduction of
DNA into totipotent plant cells, followed by the regeneration of such cells
into whole fertile plants. Two essential requirements for plant transformation
are therefore an efficient method for introducing DNA into plant cells and
the availability of cells or tissues that can easily and reproducibly regenerate
whole plants. DNA can be introduced into isolated cells or protoplasts, ex-
planted tissues, callus, or cell suspension cultures. However, the process is
characteristically inefficient and only a proportion of cells in a target pop-
ulation will be transformed. These cells must be induced to proliferate at
the expense of nontransformed celis, and this can be achieved by introducing
a selectable marker gene and regenerating plants under the appropriate se-
lective regime. Efficient DNA delivery, competence for regeneration, and a
suitable selection system are therefore prerequisites for most plant transfor-
mation systems, although there has been recent development in the appli-
cation of in planta transformation strategies, which circumvent the require-
ment for extensive tissue culture (discussed later). Other criteria that define
an efficient transformation system are listed in Table 1.

B. DNA Transfer Methods

DNA transfer to plants was first attempted in the 1960s, although the lack
of selectable markers and molecular tools to confirm transgene integration
and expression made the outcome of such experiments unclear (5). A break-
through came in the late 1970s with the elucidation of the mechanism of
crown gall formation by Agrobacterium tumefaciens (6). The discovery that
virulent strains of A. rumefaciens carried a large plasmid that conferred the
ability to induce crown galls and that part of the plasmid (the T-DNA) was
transferred to the plant genome of crown gall cells provided a natural gene
transfer mechanism that could be exploited for plant transformation (7).
Tobacco plants carrying recombinant T-DNA sequences were first generated
in 1981, aithough the foreign genes were driven by their own promoters and
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TaBLE1 Criteria for an Efficient Plant Transformation System

Essential prerequisites for plant transformation
Efficient method of DNA transfer
Availability of cells/tissues competent for regeneration (not required for in
planta transformation strategies)
Suitable selection system
Other criteria that define an efficient transformation system
Reproducibly high transformation efficiency (number of transgenic plants
recovered as a proportion of cells/explants originally transformed)
Minimal culture time, to avoid somaclonal variation and sterility.
High-frequency recovery of phenotypically normal, fertile transgenic
plants
Technically simple procedure
Economical procedure
Versatile (applicable to many species)
Genotype-independent (applicable to all cultivars and varieties, including
elite genotypes)

were not expressed in plant cells (8). The first transgenic tobacco plants
expressing recombinant genes in integrated T-DNA sequences were reported
in 1983 (9). The technique of Agrobacterium-mediated transformation has
been developed and refined since then to become a widely used strategy for
gene transfer to plants.

Although it is convenient and versatile, a major limitation of Agro-
bacterium-mediated transformation is its restricted host range, which until
relatively recently excluded most monocotyledonous plants (3). The devel-
opment of strategies to extend the range of plants susceptible to Agrobac-
terium infection is discussed in the following. A number of alternative plant
transformation methods were developed to facilitate gene transfer to these
recalcitrant species. These methods can be grouped under the term “direct
DNA transfer’” and include the transformation of protoplasts using polyeth-
ylene glycol (PEG) or electroporation, microinjection, the use of silicon
carbide whiskers, and particle bombardment. So far, only direct DNA trans-
fer to protoplasts and particle bombardment have gained widespread use (2).
The development and application of Agrobacterium-mediated transforma-
tion, particle bombardment, protoplast transformation, and other transfor-
mation techniques is discussed in more detail below.

C. Cell and Tissue Culture and Plant Regeneration

Small explants of living plant tissue can be maintained on a simple nutrient
medium. Transformation may be carried out on tissues dissected from seeds,
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leaves, stems, roots or buds because under the appropriate conditions these
can be induced to dedifferentiate and proliferate to produce undifferentiated
callus cultures. Different hormone treatments induce callus to form shoots
and roots, allowing the regeneration of whole plants. Alternatively, the callus
can be maintained and subcultured indefinitely or can be broken up in liquid
medium to provide a cell suspension culture, which can yield individual
cells and protoplasts. Depending on the transformation method, tissue ex-
plants, callus, dispersed cells, or protoplasts can be used as transformation
targets (Fig. 1).

After transformation, cells are allowed to proliferate on selective me-
dium to increase the amount of callus and kill nontransformed cells. Trans-
genic plants can then be regenerated by two methods: somatic embryogen-
esis or organogenesis. Somatic embryogenesis involves the formation of
embryogenic callus direct from somatic tissues. This recapitulates the entire
developmental pathway, including the embryonic stage. Organogenesis in-
volves the direct growth of shoots from the callus of transformed tissues or
in some cases direct growth from transformed explants without a callus
stage. The shoots can be transferred to rooting medium and regenerated into
plants or grafted onto seedling rootstock and propagated. In some species,
only one regenerative process is possible under the conditions used for trans-
formation. For example, transgenic rice and maize plants are generated pre-
dominantly by somatic embryogenesis, and transgenic cassava plants can be
generated only by the organogenesis of shoots. In other species, such as
banana and soybean, both processes are possible and the method of choice
depends on the starting material and culture conditions and which process
produces transgenic plants the most rapidly and with the greatest efficiency.

An alternative to these processes is the development of transgenic
plants by true embryogenesis from transformed seeds, zygotes, or gametes
that undergo diploidization. Such techniques do not require extensive tissue
culture and are discussed along with in planta transformation strategies later.

D. Selectable Marker Genes

Most foreign genes introduced into plants do not confer a phenotype that
can be conveniently used for selective propagation of transformed cells. For
this reason, a selectable marker gene is introduced at the same time as the
nonselectable foreign DNA. This confers upon transformed cells the ability
to survive in the presence of a particular chemical, the selective agent, that
is toxic to nontransformed cells (10,11). In direct DNA transfer methods,
the selectable marker and nonselected transgene(s) may be linked on the
same cointegrate vector or may be introduced on separate vectors (cotrans-
formation). Both strategies are suitable because exogenous DNA, whether
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homogeneous or a mixture of different plasmids, predominantly integrates
at a single locus (cointegration) (12). Similarly, separate T-DNAs introduced
into the same cell tend to integrate at the same locus, although independent
integration events have also been demonstrated (13). Ideal selection systems
should kill nontransformed cells rapidly, but the selective agent (and its
detoxification products) should affect neither the physiology nor the regen-
erative capacity of transformed cells and should be inactivated quickly. The
selective regime should be simple and inexpensive to implement. Most plant
selectable marker genes currently in use are dominant selectable markers,
i.e., they function in the hemizygous state because they confer a heterolo-
gous property upon the plant cell for which there is no competing endoge-
nous activity. In most cases, selection is toxic to nontransformed cells, but
one system confers the ability to use mannose as a carbon source and re-
stricts the growth of nontransformed cells without killing them (14). Popular
selection systems in current use are listed in Table 2.

il. AGROBACTERIUM-MEDIATED TRANSFORMATION

A. Agrobacterium tumefaciens: A Natural Gene
Transfer System

Agrobacterium tumefaciens is a Gram-negative soil bacterium responsible
for crown gall disease, a neoplastic disease of many dicotyledonous plants
characterized by the appearance of large tumors (galls) on the stems. Viru-
lence is conferred by a large tumor-inducing plasmid (Ti plasmid) containing
genes encoding plant hormones (auxins and cytokinins) and enzymes that
catalyze the synthesis of amino acid derivatives termed opines (6). The plant
hormones are responsible for the deregulated cell proliferation that accom-
panies crown gall growth, while the opines are secreted by the plant cells
and used by the bacteria as food. These genes are contained on a specific
region of the Ti plasmid, the T-DNA (transfer DNA), so called because it is
transferred to the plant nuclear genome under the control of vir (virulence)
genes carried elsewhere on the Ti plasmid (15). It is this natural gene transfer
mechanism that is exploited for plant transformation.

B. Development of Ti-Plasmid Vectors

The earliest indication that T-DNA could be used as a plant transformation
vector was the demonstration that DNA from an Escherichia coli plasmid
(the Tn7 transposon) could be stably transferred to the plant genome by first
incorporating it into the T-DNA (16). However, transgenic plants could not
be recovered from the transformed cells, either by regeneration or by grafting
onto normal plants, because the hormones encoded by the T-DNA oncogenes
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TaBLE 2 Plant Selectable Marker Genes in Current Use

Phenotype and other

Gene (product) Source comments
aad (aminoglycoside Shigella flexneri Provides resistance to
adenyltransferase) trimethoprim, streptomycin,
spectinomycin, and
sulfonamides. Used mainly
for chloroplast
transformation
ble (glycopeptide- Streptalloteichus  Resistance to the
binding protein) hindustantus glycopeptide antibiotics
bleomycin and pheomycin
(and the derivative Zeocin)
dhfr (dihydrofolate Mouse Resistance to methotrexate
reductase)
sul1 (dihydropteroate E. coli Resistance to sulfonamides
synthase) (Asulam)
epsps Petunia hybrida Resistance to the herbicide
(enolpyruvylshikimate glyphosate
phosphate synthase) '
hpt (hygromycin Klebsiella Resistance to the
phosphotransferase) aminoglycoside antibiotic
hygromycin B. Popular
selectable marker in rice
manA (mannose-6- E. coli Ability to grow on mannose as
phosphate sole carbon source
isomerase, MIP)
neo/nptli/aphll E. coli Resistance to the
(neomycin aminoglycoside antibiotics
phosphotransferase) neomycin, kanamycin, and

bar (phosphinothricin Streptomyces
acetyltransferase) hygroscopicus

geneticin (G148)
Resistance to
phosphinothricin (PPT),
which is a component of
the herbicides bialophos,
Basta, and glufosinate

For details, see Refs. 10 and 11.

caused unregulated and disorganized callus growth (16). In rare cases, shoots
were derived from such callus tissue, and analysis showed that much of the
T-DNA (including the oncogenes) had been deleted from the genome (17).
An important step in the development of T-DNA vectors was the realization
that the only requirements for T-DNA transfer to the plant genome were the
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vir genes and the 24-bp direct repeat structures marking the left and right
borders of the T-DNA. No genes within the T-DNA were necessary for
transformation, and any sequence could be incorporated therein. This al-
lowed the development of disarmed Ti plasmids (18) lacking all the onco-
genes, facilitating T-DNA transfer to plant cells without causing neoplastic
growth.

Once suitable selectable markers had been incorporated into the T-
DNA (Table 2), Ti plasmids became very powerful gene delivery vectors.
However, wild-type Ti plasmids were unsuitable for the task due to their
large size, which made them difficult to manipulate in vitro (large plasmids
have a tendency to fragment and they lack unique restriction sites for sub-
cloning). An early strategy to overcome this problem was the development
of intermediate vectors, where the T-DNA was subcloned into a standard E.
coli plasmid vector, allowing in vitro manipulation by normal procedures,
and then integrated into the T-DNA sequence of a disarmed Ti plasmid
resident in A. fumefaciens by homologous recombination (19). This system
was simple to use but relied on a complex series of conjugative interactions
between E. coli and A. tumefaciens, requiring three different bacterial strains
(triparental matings). However, because the vir genes act in trans to mobilize
the T-DNA, it was soon discovered that the use of large natural Ti plasmids
was unnecessary. Intermediate vectors have been largely superseded by bi-
nary vectors (20), in which the vir genes and the T-DNA are cloned on
separate plasmids. These can be introduced into A. tumefaciens by conju-
gation with an E. coli donor or by freeze-thaw cycles or electroporation.
Most contemporary Agrobacterium-mediated transformation systems employ
binary vectors.

C. General Protocol for Agrobacterium-Mediated
Transformation

At first, Agrobacterium-mediated transformation was achieved by coculti-
vating a virulent A. rumefaciens strain containing a recombinant Ti plasmid
with plant protoplasts and then obtaining callus from the protoplasts from
which fertile plants were regenerated. This strategy was widely replaced by
a simpler method in which small discs were punched from the leaves of
recipient species and incubated in medium containing A. fumefaciens prior
to transfer to solid medium (21). Infection can be promoted under conditions
that induce virulence (presence of 10-200 puM acetosyringone or «-hy-
droxyacetosyringone, acidic pH, and room temperature), although these need
to be optimized for different species. After coculture for several days, the
discs are transferred to a medium containing selective agents to eliminate
nontransformed plant cells, antibiotics to kill the bacteria, and hormones to
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induce shoot growth. After a few weeks, shoots develop from transformed
callus cells. These can be removed and transferred to rooting medium or
grafted onto seedling rootstock. Most current protocols for the Agrobacte-
rium-mediated transformation of solanaceous plants are variations on the
leaf disc theme, although different tissue explants are suitable transformation
targets in different species. Alternative methods are required for the trans-
formation of monocots. Rapidly dividing embryonic cells (e.g., immature
embryos or callus induced from scutellar tissue) are required for the trans-
formation of rice (22) and other cereals. These are cocultured with Agro-
bacterium in the presence of acetosyringone (3).

D. Recent Advances—Expanding the Agrobacterium
Host Range

Although versatile and efficient for many plants, Agrobacterium-mediated
transformation was, until recently, limited to dicots and monocots of the
orders Liliales and Arales (which excludes most of the agronomically im-
portant cereals). The range of plants amenable to genetic manipulation by
direct DNA transfer is limited only by the availability of cells competent for
regeneration, and the range of plants amenable to genetic manipulation by
A. tumefaciens is further restricted to the species with cells that are both
competent for regeneration and susceptible to infection by A. tumefaciens.

Driven in part by the potential financial benefits of transgenic crop
plants, much research effort has been directed toward extending the Agro-
bacterium host range. In some cases careful optimization of transformation
conditions is required. For example, the addition of a surfactant to the in-
oculation medium was responsible for the successful transformation of wheat
embryos and callus (23). Such optimization can also dramatically increase
the efficiency of transformation in susceptible plants. The duration of co-
cultivation was shown to be important for the transformation of citrange
(24). The use of feeder cells can also significantly increase transformation
efficiency; for example, Niu et al. (25) have shown that cocultivation on a
tobacco cell feeder layer significantly increases the efficiency of Agrobac-
terium infection of peppermint. Artificial infiltration of the bacteria into plant
tissues using a syringe or by vacuum infiltration can improve transformation
efficiencies in tobacco and is routinely used for the transformation of Arab-
idopsis.

A further consideration is the fact that A. tumefaciens usually infects
wounded cells in its natural hosts, being attracted to phenolic compounds
such as acetosyringone that induce expression of the vir genes. Infection
and T-DNA transfer are therefore stimulated by wounding tissues (e.g., by
crushing or cutting) or by treating explants with acetosyringone. Several
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monocot species have been infected by pretreating the cells with the exudate
from wounded dicot plants, such as potato (26). The transformation of re-
calcitrant species such as barley (27) and sunflower (28) has been achieved
by prewounding embryonic or meristematic tissue, respectively, with metal
particles or glass beads, while sonication has facilitated the uptake of Agro-
bacterium by soybean tissue (29). The preinduction of virulence genes may
circumvent the necessity to induce a wounding response. Infection may be
achieved by testing a range of different Agrobacterium strains, and hyper-
virulent strains such as ALG1! in which the Ti plasmid contains vir genes
enhanced by mutation have proved especially useful. Virulence can also be
increased by the use of superbinary vector systems wherein the vir com-
ponent carries muitiple copies of the virulence genes. Superbinary vector
systems such as pTOK have facilitated the transformation of important
monocots, including maize (30) and sugarcane (31) (see Table 3).

Finally, some crops are amenable to Agrobacrerium infection but resist
gene transfer in other ways. Comparative studies of T-DNA gene expression
in tobacco and maize cells, for example, have suggested that maize inhibits

TaBLE 3 Recent Advances in Agrobacterium Gene Transfer Technology for the
Transformation of Cereals

Agrobacterium
Plant strain Vector name Strain/vector properties Target tissue
Rice EHA101 plG121 Normal strain LBA4404 Immature
LBA4404 pTOK233 containing embryos, callus,
superbinary vector suspension
pTOK233 performed cells

Maize LBA4404
Barley AGL1

Wheat  C58 (ABI)

better than
hypervirulent strain
EHA101 containing
the same
superbinary vector
pTOK233 Superbinary vector
pDM805 Hypervirulent strain

pMON18365 Binary vector

Immature embryos

Immature embryo
explants

Immature
embryos,
embryogenic
callus

Table shows Agrobacterium strain, vector name, and type and the tissue used as a transfor-

mation target.

Source: Data are taken from Refs. 22, 23, 27, 30, and 99.
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the integration of T-DNA by suppressing gene expression (32). Other plants
defend themselves against T-DNA integration by forming necrotic bound-
aries. In some species (e.g., grape), such defenses have been overcome by
treatment with antioxidants (33).

E. Recent Advances—Increasing the Capacity of T-DNA

Another early problem with Agrobacterium-mediated transformation was the
inability to transfer large DNA fragments to the plant genome. Although a
maximum size limit for T-DNA gene transfer was not determined, the trans-
fer of foreign DNAs larger than 30 kbp was not routinely achievable until
about five years ago. This prevented the transfer of large genes or T-DNA
sequences containing multiple genes. The problem was addressed by Ham-
ilton and colleagues, who developed a novel binary vector system in which
the T-DNA vector was based on a bacterial artificial chromosome and the
vir component expressed higher levels of virG and virE. This bibac (binary
BAC) vector facilitates the transfer of up to 150 kbp of DNA to the plant
genome, allowing the introduction of gene libraries into plants and the si-
multaneous introduction of many genes on a cointegrate vector (34).

F. Conjugation Systems and Ri Plasmids

The mechanism of T-DNA transfer has many similarities with bacterial con-
jugation systems, and indeed it has been shown that broad host range bac-
terial plasmids will transfer from Agrobacterium to the plant genome under
the control of their own mobilization genes (35). Another system with close
similarities to the A. tumefaciens Ti plasmid is the Ri plasmid of Agrobac-
terium rhizogenes. This causes hairy root disease though the integration of
its own T-DNA, carrying genes that activate endogenous plant hormones.
Ri plasmids have also been exploited as gene transfer vectors and have the
advantage that they do not induce cell proliferation in the host plant (i.c.,
they are naturally disarmed) (Table 3). Agrobacterium strains containing
both Ti and Ri plasmids often transfer both T-DNAs to the host plant (36).
The Ri T-DNA induces hairy root disease and acts as a marker for trans-
formation, while the disarmed Ti plasmid carries the transgenes of interest.
In this system, dominant markers are not required and regeneration is not
prevented by the Ri T-DNA.

IV. PARTICLE BOMBARDMENT

In 1987, a novel method for plant transformation was introduced by John
Sanford and colleagues (37). This was based on a device that used gunpow-
der to accelerate small tungsten particles to a velocity of approximately 400
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m s~'. The particles were coated with DNA and could penetrate plant cells
without killing them. Initial experiments showed that this device was ca-
pable of delivering tobacco mosaic virus (TMV) RNA into onion epidermis
cells (resulting in virus coat protein synthesis) and similarly DNA com-
prising the CaMV 35S promoter and the cat reporter gene could be deliv-
ered, resulting in high levels of transient CAT activity. Later experiments
showed that particle bombardment was an efficient method for stable in-
tegrative transformation (38). A different device was developed by Agra-
cetus Inc., which used a high-voltage electrical discharge to generate the
accelerating force (Accell™) (39). The rather erratic gunpowder-based de-
vice was refined to a system based on high-pressure blasts of helium (40),
and this is the only commercially available particle gun, which is marketed
by Bio-Rad.

A. Advantages and Disadvantages of
Particle Bombardment

Particle bombardment is simple both conceptually and in practice. Typically,
plasmid DNA is prepared by standard methods and precipitated onto tung-
sten or gold particles using CaCl,. Spermidine and PEG are included to
protect the DNA during precipitation, and the particles are washed and sus-
pended in ethanol before drying onto Mylar aluminized foil. This is fired
against a retaining screen that allows the microprojectiles through, to strike
the target tissue. Particle bombardment is widely used because it circumvents
two major limitations of the Agrobacterium system. First, it is possible to
achieve the transformation of any species and cell type by this method be-
cause DNA delivery is controlled entirely by physical rather than biological
parameters. The range of plant species transformable by particle bombard-
ment is therefore restricted only by the competence of cells for regeneration,
and the technique is genotype independent and thus useful for the transfor-
mation of elite cultivars as well as model varieties. However, careful opti-
mization is required to tailor the method for different species and different
cell types and to achieve the highest efficiency transformation with the least
cell damage. Important parameters include acceleration method, particle ve-
locity (controlled by the discharge voltage and/or gas pressure), particle size,
and the use of different materials (tungsten, gold) (reviewed in Ref. 41). It
has also been shown that, for some species and/or tissues, osmotic pretreat-
ment prior to bombardment increases the transformation efficiency (42). This
can be achieved by partial drying or the addition of osmoticum (mannitol
and/or sorbitol) to the culture medium. Optimization experiments are usually
carried out by bombarding explants with a screenable marker gene such as
gusA and assaying for transient expression {(41). In general, stable transfor-
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mation by any direct DNA transfer method occurs at a much lower frequency
than transient transformation. A number of different reporter genes are used
for transient expression analysis in plants as shown in Table 4.

Second, particle bombardment allows the stable and heritable intro-
duction of many different genes at once using different plasmids, as these
tend to concatemerize to form one DNA cluster that integrates at a single
locus. Conversely, multiple transformation using the Agrobacterium system
requires the cointegration of all the genes in the same T-DNA. Chen et al.
(43) reported the cotransformation of rice with 14 separate plasmids con-
taining various marker genes and showed data confirming the cointegration
of at least 13 of the plasmids in one plant. Cotransformation has also been
used to introduce up to four agronomically important genes into rice plants,
producing plants showing resistance to a spectrum of insect pests and plants
with pyramiding resistance against individual pests (44,45). Cointegration
prevents different transgenes segregating at meiosis. This can be very im-
portant in breeding programs where plants carry two or more transgenes
required to generate a single protein, €.g., in plants expressing recombinant
human antibodies.

A potential disadvantage of the particle bombardment method is the
cost of purchasing or hiring the bombardment device. However, a number
of articles have been published providing instructions for the construction
of alternative economical devices, such as the particle inflow gun based on
flowing helium (46). Another disadvantage of particle bombardment is the
tendency for DNA sequences introduced by this method to undergo complex
rearrangements prior to or during integration. Transgene rearrangement is a
pitfall of all direct DNA transfer methods but is perhaps more acute in
particle bombardment because the forces involved may cause more DNA
fragmentation than other methods and because bombarded plant cells may
be induced to produce DNA degradation and repair enzymes in response to
their injury (47). This may limit the usefulness of particle bombardment for
the introduction of large DNA molecules. However, although an upper size
limit has not been established, it has been possible to introduce YAC com-
plementary DNA (cDNA) clones into plant cells by this method (48).

B. Recent Advances

Recent advances in particle bombardment technology include the clean DNA
and agrolistic systems for limiting the amount of plasmid backbone sequence
that enters the plant genome, as discussed in more detail below. Successful
nuclear integration requires that the metal particle actually enters the nucleus
(49), and recent experiments have shown that transgene integration may be
facilitated by damage caused to DNA strands as the particle moves through
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TABLE 4 Reporter Genes Used in Plants

Reporter gene (product)

Comments

gusA (B-glucuronidase)

cat (chloramphenicol
acetyltransferase)

luc (luciferase)

Anthocyanin regulators

Copyright © 2002 Marcel Dekker, Inc.

Source: E. coli

Activity: catalyzes the hydrolysis of
B-glucuronides

Assays: nonisotropic; in vitro assays are
colorimetric or fluorometric; also
histochemical assay format using
X-gluc

Advantages: simple, sensitive,
quantitative, many assay formats
available, inexpensive

Disadvantages: assays are destructive;
enzyme is stable so unsuitable for
studies of down-regulation

Source: E. coliTn9

Activity: catalyzes the transfer of acetyl
groups from acetyl coenzyme A to
chloramphenicol

Assays: in vitro assays only, isotropic

Advantages: simple to perform

Disadvantages: low sensitivity, expensive,
low resolution in vivo, reliance on
isotopic assay format

Source: The firefly Photinus pyralis

Activity: light produced in the presence of
luciferase, its substrate luciferin,
oxygen, Mg®", and ATP

Assays: nonisotopic bioluminescent
assays in vitro and in vivo

Advantages: sensitive, rapid turnover,
quantitative

Disadvantages: expensive detection
equipment, limited reproducibility of
some assay formats

Source: Zea mays

Activity: induces pigmentation

Assays: visual screening for pigmented
cells in vivo

Advantages: simple, inexpensive,
nondestructive

Disadvantages: low sensitivity, not
quantitative, background expression,
adverse effects on transgenic plants



TaBLE 4 Continued

Reporter gene (product) Comments
GFP (green fluorescent Source: the jellyfish Aequorea victoria
protein) Activity: intrinsic fluorescence under
blue-UV light
Assays: nonisotopic, in vivo assays in live
plants

Advantages: intrinsic activity (no substrate
i requirements), sensitivity, use in live

plants

Disadvantages: weak signal in some
systems (this is being addressed
through the use of modifed GFPs with
stronger emission and emission at
different wavelengths)

Examples of GFP and GUS activity are shown.
Source: Adapted from Refs. 100 and 101.

the nucleus. Occasionally, exogenous DNA integrates at two different sites
separated by megabase pairs of DNA (although these still segregate as a
single locus). Confocal analysis of the interphase nucleus following fluores-
cence in situ hybridization (FISH) to transgene sequences has shown that
these sites may occupy the same region of the nucleus at interphase and that
such integration patterns may reflect localized damage to DNA caused by
the particles (author’s unpublished data, in preparation).

V.  TRANSFORMATION OF PROTOPLASTS

Protoplasts are plant cells from which the cell wall has been enzymatically
or mechanically removed. As with animal cells, the contents of the protoplast
cytoplasm are enclosed in a cell membrane, and the transformation of pro-
toplasts can be achieved using many of the procedures routinely used to
transfect cultured animal cells. Two procedures that are commonly used to
introduce DNA into protoplasts include the uptake of naked DNA mediated
by polyethylene glycol and a divalent cation (either Ca*" or Mg”*) (50,51)
and electroporation (52), although other agents such as lipofectin have also
been used (53). Plant protoplasts can also be transformed using Agrobac-
terium. Following transformation, protoplasts are placed on selective me-
dium and allowed to regenerate new cell walls. The cells then proliferate
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and form a callus from which embryos or shoots and roots can be regen-
erated with appropriate hormonal treatments (54).

In principle, protoplasts from any plant species can be transformed,
but the technology is limited by the ability of protoplasts to regenerate into
whole plants, which is not possible for all species. Although economical and
potentially a very powerful procedure, direct transformation of protoplasts
is disadvantageous because of the long culture times involved. Not only
does this mean that the transformation process itself is time consuming, but
cells cultured for extensive periods either fail to regenerate or frequently
regenerate plants that show full or partial sterility and other phenotypic ab-
normalities (somaclonal variation). Protoplast preparation, maintenance, and
transformation is a skilled technique, which, compared with Agrobacterium-
mediated transformation and particle bombardment procedures, requires a
greater investment in training. Advances in other transformation techniques
are making protoplast transformation obsolete.

Vl. OTHER DIRECT TRANSFORMATION METHODS

Although the three transformation methods just discussed provide a route
for the transformation of most plant species, there is value in the continuing
exploration of novel transformation techniques. In some cases, it is possible
to learn lessons from animal cell technology, where a number of alternative
transformation systems have been established. Microinjection of DNA into
animal eggs and zygotes, for example, is a routine procedure for generating
transgenic animals that is applicable to all animal species. Microinjecting
DNA into plant cells, while laborious and technically challenging, is advan-
tageous in that it is the only current strategy available to study transforma-
tion events at a single-cell level. The injection of DNA into plant zygotes
is being explored as a method for regenerating whole transgenic plants;
however, it is currently highly inefficient. For example, isolated maize zy-
gotes microinjected with DNA mimic embryonic development but abort at
an early stage (55). Recently, the same technique has been applied to barley
protoplasts, resulting in the recovery of numerous embryo-like structures but
only two transgenic plants (56).

In 1986, Kurata et al. (57) devised a novel transformation strategy for
animal cells in which DNA was taken up from solution after piercing the
cell membrane with a finely focused laser beam. Although applicable to only
a small number of cells, this technique achieved stable transformation effi-
ciencies of 0.5%. A similar technique for plant transformation is available
(58), although stable transformation has not been achieved.

Electroporation is used for the transformation of plant protoplasts but
has been adapted for the transformation of walled plant cells in tissues. For
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example, maize explants have been transformed by electroporation either
following partial enzymatic removal of the cell wall (59) or without treat-
ment (60). This technique has also been successfully applied to rice and
sugarcane explants (61,62). Pollen has also been transformed using electro-
poration (63).

Finally, a novel approach for the transformation of maize cells is to
mix cells with silicon carbide whiskers. These penetrate the cells, allowing
DNA uptake presumably through transient pores. This method is cheap, re-
producible, and very simple to perform. Although initially used only for
maize transformation (64), the technique has now been applied to other
cereals (3,65).

VIl. TRANSFORMATION WITHOUT TISSUE CULTURE

Most of the transformation procedures discussed so far have one major dis-
advantage—they rely on tissue culture for the regeneration of whole plants.
As discussed, the tissue culture requirement adds significantly to the time
and cost of producing transgenic plants and is perhaps the most serious
limitation to the technology because it restricts the range of species amenable
to genetic manipulation. Methods that circumvent tissue culture all together
—in planta transformation systems-—are therefore highly desirable, al-
though until recently they were available only for the model dicot Arabi-
dopsis thaliana. These techniques include seed transformation, in planta
DNA inoculation, and flower dipping or infiltration, and all involve Agro-
bacterium-mediated transformation.

For seed transformation, Arabidopsis seeds are imbibed and coculti-
vated with Agrobacterium tumefaciens and then germinated (66). This is
convenient in Arabidopsis because a large number of seeds are produced
(10,000 per plant) and the seeds are very small. The procedure is relatively
inefficient and is not very reproducible, but because the plant is small it is
relatively easy to screen for transformants. A more efficient procedure is to
inoculate plants with bacteria after severing the apical shoots (67). The bac-
teria infect the wounded meristematic tissue and about 5% of shoots emerg-
ing from the wound site are transgenic. Another method is to dip Arabidopsis
flowers into bacterial suspension, or vacuum infiltrate the bacteria into the
flowers, at around the time of fertilization (68,69). This generates plants
with transformed and wild-type sectors of vegetative tissue, and these give
rise to transgenic progeny at a low frequency (510 offspring per plant).
Again, the low transformation frequency is acceptable because of the large
number of seeds and the ease of screening.

In planta transformation techniques involving direct DNA transfer have
also been developed. These techniques have been applied to a number of
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economically important crop plants, although they have yet to catch on be-
cause they have low reproducibility. Generally, these techniques fall into
four classes:

1. Introduction of DNA into meristematic tissue, e.g., by electro-
poration, injection of DNA/lipofectin complexes, or particle bom-
bardment, followed by the recovery of transgenic shoots—this has
been attempted in rice (70).

2. Introduction of DNA into flowers around the time of fertilization,
followed by the recovery of transgenic seeds—this has been at-
tempted in cotton (71) and rice (72).

3. Imbibing seeds with a DNA solution—this has been used for soy-
bean (29).

4. Introducing DNA into pollen or mixing pollen with DNA before
applying to stigmata—this has been attempted with rice (72) and
tobacco (73).

These techniques have met with variable levels of success.

VIll. PLANT VIRUSES AS GENE TRANSFER VECTORS

Plant viruses do not integrate into the genome and therefore have little value
as integrative transformation vectors. They also do not pass through the
gametes, so their effects are not heritable through meiosis, although they
can be transmitted to new stock by grafting. However, they have a number
of attractive properties that suggest they could be developed as episomal
gene transfer vectors. First, they naturally infect intact plant cells including
those of species that have, so far, resisted other transformation methods.
Viruses exist that infect all the commercially important crop plants, and in
many cases even the naked nucleic acid is infectious if applied to, e.g., the
leaf surface. Gene transfer by viral transduction is therefore much easier
than Agrobacterium-mediated transformation, much simpler than protoplast
transformation, and much cheaper than particle bombardment. Second, be-
cause they multiply to high copy numbers in the plant cell, viruses can
facilitate very high-level transgene expression. Third, many plant viruses
cause systemic infections, i.e., they spread to every cell in the host plant,
therefore obviating the need to regenerate transgenic plants from transformed
cells. These properties have led to the development of a number of RNA
virus—based expression vectors for recombinant protein synthesis, including
those based on tobacco mosaic virus (74), potato virus X (75), and cowpea
mosaic virus (76).

Plant viruses can also be used as a sensitive assay to detect T-DNA
transfer to the plant nucleus. Since viruses replicate to such high copy
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numbers, viral infection symptoms can be used to confirm the presence of
T-DNA in single cells of a given explant. This procedure, termed agroinfec-
tion, involves the transfer of a viral genome into the plant cell between T-
DNA border repeats and was first used to confirm the genetic transformation
of maize (77).

IX. ORGANELLE TRANSFORMATION

So far, only transformation of the nuclear genome has been considered. It
can be desirable, however, to introduce DNA into organelle genomes as this
increases the number of transgene copies in the cell and facilitates high-
level transgene expression (78). The first reports of organelle transformation
were serendipitous. For example, de Block et al. (79) reported the transfor-
mation of tobacco chloroplast DNA using Agrobacterium-mediated trans-
formation of tobacco protoplasts. The rare organellar transformation event
was discovered because of the maternal transmission of the transgene, con-
firmed by Southern blot analysis of chloroplast DNA. The targeted trans-
formation of chloroplasts by particle bombardment was achieved in 1988
by Boynton and colleagues (80) using the unicellular green alga Chlamy-
domonas rheinhardtii. The same technique was used by Svab and Maliga
(81) to transform tobacco chloroplast DNA. In each case, the particles pen-
etrated the double membrane of the chloroplast so that a biological mech-
anism to pass through the membrane was unnecessary. More recently, PEG-
mediated transformation of protoplasts has been used to introduce DNA into
the tobacco chloroplast genome (82) and the two methods have been com-
pared (83). Generally, only one of the many organelles in the cell is trans-
formed, which means that homoplastomic cells must be obtained by intense
selection. In most reports, the aad selectable marker gene has been used
(Table 2). A recent strategy to track chloroplast transformation involves the
fusion of this selectable marker to the gene for green fluorescent protein
(84).

X. FUTURE PROSPECTS—CONTROLLED TRANSGENE
INTEGRATION AND EXPRESSION

A. Overview

While the major goal of plant transformation technology over the last two
decades has been to introduce and stably express transgenes in plants, the
challenge for the next decade is to refine these techniques and introduce
single transgene copies at defined sites without extraneous DNA sequences
such as parts of the vector backbone or marker genes. The ultimate aim

Copyright © 2002 Marcel Dekker, Inc.



would be to produce transgenic plants with the transgene integrated at a
known site, allowing the experimenter full and predictable control over
transgene expression.

B. Clean DNA Transformation

A major disadvantage of all direct DNA transfer transformation methods is
the tendency for exogenous DNA to undergo rearrangement and recombi-
nation events leading to the integration of multiple fragmented, chimeric,
and rearranged transgene copies. Such clusters are prone to internal recom-
bination and may therefore be unstable, as well as promoting transgene
silencing. Kohli et al. (47) have shown that such rearrangements may be
caused, in part, by recombinogenic elements in the vector backbone of the
transformation plasmid. The backbone also contains bacterial markers and
other sequences, such as the origin or replication, which are unnecessary for
transformation.

A major breakthrough has been achieved in the last year in the pro-
duction of transgenic plants without integrated vector backbone sequences.
Fu et al. (85) describe a clean DNA technique involving the use of linear
minimal transgene cassettes for particle bombardment. These cassettes lack
all vector backbone elements but contain the DNA sequences essential for
transgene expression: the promoter, open reading frame, and terminator.
Transgenic rice plants regenerated from callus bombarded with such cas-
settes showed very simple integration patterns, with one or a few hybridizing
bands on Southern blots. Comparative transformation experiments using
whole plasmid DNA resulted in much more complex integration patterns,
with multiple bands of different sizes (Fig. 2). Furthermore, release of a
diagnostic fragment from the transgene showed that fewer rearrangement
events had occurred in the plants carrying the linear cassettes. The progeny
of these plants were examined for transgene expression, and there were no
reported instances of transgene silencing. Conversely, whole plasmid trans-
formation by particle bombardment routinely leads to silencing in about 20%
of the resulting transgenic plants. This work also showed that linear cassettes
promoted the same efficiency of cotransformation as normal plasmids, so
the clean DNA strategy is a promising technique for the generation of trans-
genic plants carrying multiple transgenes.

Agrobacterium-mediated transformation was for a long time regarded
as a naturally clean system, in which one to three intact T-DNA copies
integrated into the genome, and only the DNA between the T-DNA border
repeats was transferred. More recent data show, however, that DNA outside
the border repeats is cotransferred to the plant genome at a very high fre-
quency (>75% of transformants) (86). In many such cases, the backbone is
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FIGURE 2 The clean DNA transformation system compared to particle bom-
bardment with whole plasmid DNA. The transformation strategy is shown, and
two representative Southern blots are compared to demonstrate the simpler
integration patterns resulting from transformation with linear minimal cas-
settes. (D